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Abstract

We seek to improve polypyrrole and other conducting polymer actuators by discover-
ing and exploiting the connection between nanoscale transport events and macroscale
active strain. To this end we have used diffraction and electron microscopy to inves-
tigate the microstructure of polypyrrole, and propose a new description consisting
of disordered polypyrrole chains held together by small crystalline bundles, around
which solvent and counterions are randomly distributed. We utilize different modes
of deformation to impart orientational texture to polypyrrole films. and show that by
controlling polymer chain conformation and packing at a sub-micron level a conduct-
ing polvmer actuator can be engineered that shows a significantly larger macroscopic
electroactive response. We also alter the svnthesis and doping conditions to produce
films with widelv varying surface morphologies. allowing us to control the rate of elec-
troactive response. Our detailed understanding of polypyrrole morphology at differ-
ent lengthscales provides valuable insight to the mechanisms of polypyrrole actuation.
and has helped us process polypyrrole more intelligently for improved electroactive
devices.
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Chapter 1

Introduction

1.1 Motivation

As engineers develop devices inspired by nature in their function, mechanics, and
style. they create a need for new. muscle-like materials to drive these devices. Engines
and motors can be made to be very efficient, but they tend to be bulky, inflexible and
not always appropriate for biomedical engineering or personal actuator applications.
For example, small machines that emulate fish or insect locomotion must be powered
bv something that is lightweight and flexible. Soldiers, fire-fighters and other first
responders are often hindered by having to carry heavy loads into intense situations.
Muscle-like actuators incorporated into their equipment to increase their performance
and help keep them safe will not be practical if the actuators require very heavy
battery packs. noisy combustion engines or continuous access to a stationary power
source. Instead. a new technology must be developed that can convert energy to
work quietly and efficientlv. without the bulky constraints of traditional motors and
engines.

To address this need, a range of novel, “artificial muscle” technologies are being
developed. some examples of which are presented in Table 1.1. These materials
respond to an electrical. thermal or chemical impulse by changing shape. and can
be used to move parts in devices in the same way that human muscles move parts

of the body. It should be noted that these artificial muscle materials cannot replace
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natural muscle, and may never do so. They are so named because they operate in a
muscle-like way, i.e. they operate silently, they are lightweight, flexible, and powerful,
and they consume relatively little energy.

Duplicating the properties of natural muscle is a significant challenge for engineers,
as natural muscle has evolved over thousands of years and is seamlessly coupled with
systems for sensing, energy supply, waste removal, and self-regeneration. However,
much can be learned from the highly specialized nature of muscle, in that it is nanos-
tructured to have exactly the right elements for actuation. The overall goal of this
thesis is to produce an actuator out of synthetic materials that uses a specialized

microstructure to increase its electroactive properties to mimic skeletal muscle.

Active Work |Peak Strain
Acti flicien
Actuator & ‘("f/ ) stress density Rate B (%) <y Advantages Disadvantages
strai () o
(MPa) | (ki/m’) (%ls)
Has systems for heat and | Requires specialized chemical
Mammalian 20 0.35 8 > 50 ~40 waste removal, energy | and thermal environment, not
Skeletal Muscle delivery and regeneration | synthetically produced
Dielectric Typically 30, | Very high strains and High voltages (>1 kV) and
Elsstomers | P03 e B up 0 90 strain rates fields (~150 MV/m) required
Liquid Crystal | 45in 30in Large strain for thermal | Thermal versions are slow
Elastomers thermal, thermally 75 in electrical m"‘“ﬂsj fast strains for unless very thin or
(thermallyor | 2-4in | 00105 | ~20 | activated, _ electrical. Photo- photoactivated. Electrical
electrically electrical 1000 in activation has been versions require high fields
activated) | materials electrically achieved (1-25 MV/m)
Polypyrrole | Upto39
(conducting | reported, 5 |TUpto30 | 100 12 2 st s“"m("h. e S . o
polymer) reliably e P P ]
Tonic Polymer Low voltage (<10V), | o1y ugeful for bending
Metal 0.5-3 3 upto5 3 153 mechanical amplification (not linear) motion
Composites gives large displacements
Carbon Large operating . i .
Nanotube <1 up to 30 2 20 0.1 temperature range. Mmmls.m EXPEREIVE, Aciive
strains are very low
Actuators Low voltage.
Thermally Very high power Difficult to control
Activated Shape H upto 200 | > 1000 300 <5 (>100 kW/kg). (run between fully contracted
Memory Alloys Low operating voltage | and extended but not between)

Table 1.1: Properties of different actuator materials, from [13]. Some materials, such
as dielectric elastomers and liquid crystal elastomers, can achieve very high strains and
strain rates but require large voltages or electric fields to run them. Other materials,
such as ionic polymer metal composites and carbon nanotube actuators, run at much
lower voltages but do not show strains that are comparable to muscle. Polypyrrole
provides a material that runs at a low operating voltage, but still achieves moderate
actuation metrics.
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The ideal actuator would not only actuate in a muscle-like way, its metrics would
actually exceed mammalian skeletal muscle. It would strain above 20% when actu-
ated, but not require more than a few volts to do so. It would be flexible enough to
show a large active strain, but stiff enough to provide a large active stress and to be
held in tension without excessive creep. It would work at the range of temperatures
in which humans live (-20°C to 40°C) and run off of a portable power source. And
finally, it would be able to run for millions of cycles without degradation. As shown in
Table 1.1, there are currently no technologies that can meet all of these requirements.
For example, dielectric elastomers can have exceptionally high strains and efficiencies,
but require huge power supplies to run them at voltages of 1 kV or more. This makes
them impractical and dangerous for many biological applications. Carbon nanotubes,
on the other hand, are lightweight, require very little voltage and show a reasonably
high strain rate. Unfortunately, the total active strain achievable is too low for many
applications.

The perfect artificial muscle material does not yet exist, but in this thesis we seek
to improve our understanding of and the performance achievable by a certain class
of actuators: conducting polymers. By studying the connection between microscale
structure and macroscale electroactive response, we improve our understanding of
conducting polymer actuation and develop methodologies for harnessing that mi-

crostructure to improve electroactive response.

1.2 Material Platform

Of the artificial muscle technologies available, conducting polymers such as polypyr-
role provide a particularly attractive platform because they are inexpensive to manu-
facture ($3/kg). thermally and chemically robust, require very little voltage to operate
(1 to 3 V). and have good electroactive properties (Table 1.1). The first conducting
polymer. polyacetylene. was first published in 1977 [14] and garnered the Nobel prize
in chemistry for Shirakawa. MacDiarmid and Heeger in 2000 [15]. Some other com-

monly used conducting polvmers are shown in Figure 1-1. Conducting polvmers have
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conjugated backbones that allow electrons or holes introduced into the backbone via
doping to easily travel along the chain. Details about the mechanism of conductivity

in conducting polymers will be discuss in Section 3.1.

Figure 1-1: Commonly used conducting polymers. a) Polyacetylene (PA). b) Polvani-
line (PANI). ¢) Polypyrrole (PPy). d) Polythiophene (PT). e) Poly(3-hexylthiophene)
(P3HT). ) Poly(3.4-ethylenedioxythiophene) (PEDOT).

Actuators made from conducting polymers were first proposed in the early 1990s
[15-18], when it was discovered that cycles of oxidation and reduction in an electro-
chemical cell led to a volume change and force production. It is interesting to note
that at the time. conducting polymers were generally being developed for electronic
and battery applications in which a volume change upon charging or discharging was
a problem to be overcome. The accepted actuation mechanism for these materials
is based on volume changes that result from the uptake or exclusion of counter ions
to maintain electro-neutrality during a redox cycle [19,20], and will be discussed in
detail for polypyrrole in Section 2.3.

Of the electroactive polymers currently available, polypyrrole and polyaniline have
shown the largest active stresses and strains, and have spawned the most actuator-
related research and development. Polvaniline is an interesting actuator candidate
because it is more processable than polypyrrole [21,22]. but it is used in acidic environ-
ments where the pH is below 4.5 [23,24]. Polvpyrrole provides a conducting polvmer
actuator platform that regularly achieves comparable active strains to polyaniline
and can be actuated in a variety of less severe environments [13.20.25.26]. Recently,

very large metrics (up to 39% maximum strain. over 10% repeatable strain) have
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been reported for polypyrrole synthesized [3,27-29] and actuated [3,30,31] in novel
electrolytes. As will be discussed in Chapter 6, we have observed some of these
large maximum strains to be transitory and therefore currently impractical for elec-
traoctive devices. However, we have observed large (over 10%) repeatable strains for
processed films (Section 5.3), and the promise of larger strains with improved pro-
cessing remains. The large electroactive metrics, light weight, low operating power
and potential for improvement make polypyrrole an attractive candidate for actuator
development.

The microstructure of polypyrrole is yet unclear, as will be discussed at length in
Chapter 4. Questions typically asked about polymer systems, such as the molecular
weight or percent crystallinity, are still unknown for polypyrrole. After it is synthe-
sized. polypyrrole is insoluble and unmeltable, rendering many polymer characteri-
zation techniques impossible and making it very difficult to manipulate or change its
microstructure. Conducting polymers such as polypyrrole can be substituted, copoly-
merized or blended with flexible polymers to improve their processability or solubility,
but it is difficult to significantly increase their processability via thermal and chemical
means without negatively affecting their conductivity [32-39).

Polvpyrrole has been extensively studied as an electroactive material, but these
studies have provided little elucidation as to the nanoscale mechanisms of actuation
and how the morphology accommodates (or hinders) those mechanisms. We believe
that it is imperative to discover and to take advantage of the link between morphology
and electroactive performance. Moreover, controlling polymer chain configuration
and electronic properties at a sub-micron level will enable development of a superior
conducting polymer actuator that shows a larger, faster macroscopic electroactive

response.

1.3 Thesis Overview

The first step towards understanding how actuation is controlled by structure is to

further elucidate the microstructure of polvpvrrole. We have used electrochemistry.
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microscopy and x-ray and electron diffraction to probe the micro and nanoscale struc-
tural elements that contribute polypyrrole’s success as an actuator. The results of
these studies are presented in Chapter 2 and Chapter 4. In Chapter 4, we propose a
new description of polypyrrole microstructure that explains the diffraction patterns
we (and others) observe, as well as polypyrrole’s mechanical, electrical, and electroac-
tive properties.

We also seek to manipulate the structure of polypyrrole to increase the electroac-
tive properties currently observed. It has been previously shown that every aspect of
the polypyrrole polvmerization conditions (including solvent, dopant, temperature,
electrochemical conditions and electrode material) contributes to the morphology of
the final polypyrrole product. In order to understand how the material can be changed
and what effect these changes may have on actuation, we have reviewed prior stud-
ies on polypyrrole production and structure in Chapter 3. Our work to achieve new
morphologies by altering the polymerization conditions is presented in Chapter 6.

While altering the deposition conditions can change the polymer film proper-
ties significantly. we also seek to improve the properties of polvpyrrole films post-
deposition. By mechanically deforming the films to have anisotropic textures (ob-
servable by x-ray diffraction) and then measuring the films’ electroactive properties,
we can observe how different chain arrangements affect the electroactive response.
This work has led us to new insights to the nanoscale mechanisms of actuation as
well as significant improvements in the magnitude of electroactive response, and is
presented and discussed in Chapter 5.

Over the course of this thesis. new insights to polypyrrole structure and the mech-
anism of actuation are discussed and methodologies to control structure and improve
polypyrrole actuation are presented. These findings are summarized with our sugges-

tions for future work in Chapter 7.
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Chapter 2

Synthesis and Characterization of

Polypyrrole Actuators

In this chapter. our standard methods for producing and testing polypyrrole films
are discussed. to give the reader a context for the polypyrrole actuators we develop.
Production of polvpyvrrole is discussed in Section 2.1 and methodologies for testing
conductivity and surface morphology are presented in Section 2.2, to set the stage
for the experimental results that will be presented in the following chapters. We test
the electroactive properties of our films using a custom-built electrochemical dynamic
mechanical analvzer that is described in Section 2.3, along with the testing details and
factors influencing the electroactive response. The way that polypyrrole’s mechanical
properties change during actuation is reviewed and further studied in Section 2.3.8,
to improve our understanding of the mechanics of actuation. Finally, the effect of the

ageing on polvpyvrrole actuators is discussed Section 2.3.9.

2.1 Synthesis

Polypvrrole is representative of many conducting polymers in that it can be electri-
cally or chemically polvmerized to make an insoluble, free-standing film. Electropoly-
merized polypyrrole typically has a conductivity of to 3 to 5 x10* S/m. an elastic

modulus around 0.2 GPa. and an ultimate tensile strength around 30 MPA.
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Figure 2-1: Polymerization mechanism for polypyrrole. A typical deposition solution
is 0.05 M pyrrole, 0.05 M tetraethylammonium hexafluorophosphate and 1%vol water
in propylene carbonate. The polymerization results in a robust, conducting film doped
with hexafluorophosphate anions.

2.1.1 Electropolymerization

The most conductive and electroactive pyrrole films are made via electropolymer-
ization. The exact mechanism of the polymerization reaction is the subject of de-
bate [40], but it is generally believed that a pyrrole monomer is oxidized, forming a
cation with several resonance forms. Two cations then come together to form a dimer.
This reaction is shown in Figure 2-1 [41,42]. This dimer is then oxidized to form a
new cation. and the chain continues to grow. Whether additional pyrrole monomers,
dimers or chains are added to the growing chain is not yet well understood. Sadki et

al. published a review in 2000 that covered several of the possible mechanisms [40].

Electropolvmerization takes place in an electrochemical cell. an example of which
is shown in Figure 2-2. Polypyrrole is polvmerized from a solution of 0.05 M pyr-
role. 0.05 M counterion salt (tetraethylammonium hexafluorophosphate (TEAPF6)
or tetrabutvlammonium hexafluorophosphate (TBAPF6)). and 1%vol water in propy-
lene carbonate. We deposit from a two-electrode cell. with a glassy carbon working
electrode and copper foil counter electrode. Films are deposited at constant current
(galvanostatically). at 1 A/m?® of working electrode. The entire reaction is conducted

at -40°C. to minimize cross-linking and branching of the growing polypvrrole chain.
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Working Electrode:
Glassy Carbon Cylinder

Growing
Polypyrrole Film

Counter Electrode:
Copper Foll

Deposition
Solution —>

Glass Beaker —>»

Figure 2-2: Standard large scale deposition cell. A glassy carbon cylinder (diameter
= 75 mm, height = 100 mm) is used as the working electrode, and placed in the
center of the deposition solution bath. A copper foil is used as the counter electrode
and reference electrode. A potential is applied between the working and counter
electrodes, such that pyrrole oxidation happens at the working electrode surface.
Electron flow is shown with blue arrows.

As the polypyrrole chains grow (and their conjugation increases), their oxidation
potential decreases resulting in slightly oxidized polymer chains [40]. Anions from
solution are incorporated into the polymer matrix to maintain charge neutrality, re-
sulting in a “doped” conducting polymer film at the end of deposition. When using
the deposition conditions described here, the film deposits onto the working electrode
at a rate of approximately 2 pm/hour. Films used in free-standing actuator appli-
cations are typically 10 to 40 pm thick, as thinner films show a faster active strain
response but films that are less than 10 gm thick are usually too fragile to handle.

There are many parameters within the electrochemical synthesis that can affect
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the properties of the polypyrrole film, including the choice of solvent, electrolyte salt,
and electrode materials, the geometry of the cell, the deposition temperature, and the
potential or current density at which the synthesis is conducted. The conditions pre-
sented above are our “standard” polypyrrole deposition conditions, and are used for
all films in this thesis unless specified otherwise. The effects that changing deposition
parameters have previously shown on the morphology and microstructure of polypyr-
role films is discussed in Chapter 3, while our work towards better understanding of

how the different morphologies affect actuation is discussed in Chapter 6.

2.1.2 Chemical Polymerization

Polypyrrole can also be synthesized via chemical polymerization, using a chemical
oxidant such as FeCl; [43,44]. During chemical polymerization, pyrrole and a water-
soluble counterion salt are added to an aqueous FeCls solution. The FeCl; initiates
pvrrole polvmerization, and the black polymer falls out of solution. This method
can be used to coat fabrics or other non-conducting surfaces with polypyrrole, as the
polvpvyrrole will deposit on any surface exposed to the reaction solution.
Alternatively, anhvdrous FeCls can be dissolved in an organic solvent. When pyr-
role is mixed into this solvent, it will be oxidized, and the resulting polypyvrrole will
precipitate out of solution. Both methods of chemical polymerization produce pow-
deryv products that are not free-standing, and are generallv used when one wants to
coat a non-conductive surface [43—45] or to make polypyrrole with a very large surface
area for capacitor applications [46,47]. Because free standing films are necessary for

actuator applications, this work focuses on polypyrrole produced electrochemically.

2.2  Film Quality

There are several metrics by which one can measure the quality of electropolymer-
ized polvpyrrole. but two of our most commonly used checks include the electrical
conductivity and surface morphology. Conductivity is measured as an indication of

the polyvmer’s electronic properties and robustness. while surface morphology has im-
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plications in both the speed and magnitude of the electroactive response. The two
are often linked. in that the films with the highest conductivity tend to have the
smoothest surfaces. Chapters 3, 5 and 6 discuss the ways in which conductivity and
surface morphology have been observed to influence actuation at length, but here we

discuss the techniques used to measure and understand these properties on their own.

2.2.1 Conductivity Measurements

When polypvrrole is synthesized electrochemically, the chains are left slightly oxi-
dized. Approximately one out of every three monomers has a positive charge, sup-
ported by a counterion [48,49]. One should note that these counterion dopants are
different from substitutional dopants in more traditional semiconductors, as they are
separate from the polymer backbone and simply donate or accept charges from the
polymer chains [50]. Charges (in the case of polypyrrole, holes) can easily move along
the polvmer chain. due to the delocalized nature of the electronic orbitals. Because
no single polypyvrrole chain is long and straight enough to transverse an entire bulk
sample, the positive charges must “hop” between chains to move across the sample
and give the material a measurable bulk conductivity [51]. It is easier for charges to
move along the polymer chain than to hop between chains. The conductivity of the
bulk conducting polymer same will increase with increasing conjugation length [52.53]
and polvdispersity of conjugation lengths [52], as both allow charges to traverse more
of the sample along a polvmer backbone. The detailed nature of polypyvrrole’s con-

ductivity will be discussed in Section 3.1.

The conductivities of polvpvrrole samples are measured using a standard four-
point probe connected to an Agilent 3441A 6% Digit Multimeter. In a four-point
probe measurement. one contacts the sample with four point leads in a straight line.
A constant current is applied to the two outer leads and the potential drop is measured
by the inner leads. When using the multimeter. the measurement is read as resistivity
(measured voltage over applied current). Conductivity is typicallyv calculated via the

following equation:
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_In(2)

where o is conductivity in S/m, R is the resistivity as measured with the four point
probe. and t is the thickness of the sample. However, Equation 2.1 assumes that the
width of the sample is 3 to 4 times the distance between the inner leads. In our case,
samples are cut to be 10 - 20 mm long X 1 - 2.5 mm wide in order to capture any
anisotropy that may have been induced into the sample (Chapter 5). The leads on
the four point probe are only 2.5 mm apart. so the assumption that the width of the
sample is much greater than that between the leads is no longer valid. To account

for this, we use the following equation:

d
o= (2.2)
where d is the distance between the inner leads, and ¢ and w are the thickness and
width of the polymer sample. While it is not the standard equation for four point
probe measurements, Equation 2.2 has been shown to be quite accurate as long as
w is smaller than d [54]. Unprocessed electropolymerized polypyrrole typically has
conductivities of 3 to 5x10* S/m, while oriented samples can have conductivities up

to 1x10° S/m. Work towards achieving high degrees of orientation in polypyrrole

and its effect on conductivity are discussed in Chapter 5.

2.2.2 Surface Morphology Evaluation

Depending on the polyvmerization conditions. the surface morphology of polypyrrole
can vary from smooth and featureless to a rough, nodular morphology, as shown in
Figure 2-3. In some cases both morphologies will be observed on the same film. as
the electrode side is smooth while the solution side is rough and nodular. The effect
of polvmerization conditions on surface morphologv is discussed in Chapter 3. and
our work towards manipulating surface morphology to improve electroactive response
is discussed in Chapter 6. To some extent. one can infer the surface morphology of

polvpyrrole simply by visually examining the film. While the surface features are too
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Figure 2-3: Solution and electrode faces of nodular polypyrrole film. A small flap of
film has curled back and is observable in the foreground. The bumpy surface observ-
able in the background and on the flap of film is the solution face of the polypyrrole
film. The smooth surface observable on the flap of film in the foreground is the
electrode face. Microscopy was conducted on an FEI/Philips XL30 FEG ESEM. A
voltage of 10 kV and spot side of 2.0 were used. The ESEM was run in environmental
mode, and no gold coating of the film was necessary.

small to be discerned by eye, a smooth film will appear shiny under ambient light
while a nodular film will appear matte. For more detail on the microscale features

that produce this effect, we turn to scanning electron microscopy (SEM).

Electron microscopy of polymeric samples is particularly difficult, as the electron
beam can ablate the sample during imaging. Because polymeric materials are gener-
ally insulating, there is no mechanism to dissipate the electrons hitting the sample,
leading to localized charging and radiation damage. Polypyrrole is more resistant
to electron beam damage than non-conductive polymers, as its conjugated structure

allows charge to dissipate. However, at slow scan rates, high magnifications, and in
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samples of particularly low conductivity, beam damage is often evident (Figure 2-4).
Care must be taken to avoid scanning the same area for extended periods of time in
order to keep beam damage to a minimum. One alternative is to focus the microscope
on one area of the sample, then quickly move the sample and image an adjacent area.
As long as the sample height remains constant (so the new area is also in focus) this
allows one to avoid imaging areas that have been damaged by focusing. Additionally,
a thin (~10 A) coating of gold can be sputtered onto the sample to help dissipate

charge and prevent sample damage during imaging.

Figure 2-4: Beam damage in polypyrrole sample. Micrograph taken on JEOL JSM-
5910 with an accelerating voltage of 5 kV and a spot size of 20. Beam damage is
evident in rectangle marked by pink lines. The dark region is due to a lower yield
of secondary electrons that may be caused by polymerization of pump oil (deposited
onto the sample when the chamber was pumped down) by the electron beam.

For this work, scanning electron micrography was conducted on three instruments:
an FEI/Philips XL30 FEG ESEM, a JEOL JSM-5910, and a JEOL JSM-6060. Op-
erating voltages were typically between 10 and 20 kV, and spot size was 2.0 for the
XL30 and typically 20 to 40 for the 5910 and 6060. The polypyrrole samples were

conductive enough that gold coating of the polypyrrole film was seldom necessary.
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2.3 Electroactive Response

Because the goal of this thesis is to increase microstructural understanding and control
in order to produce a better actuator, the ultimate measure of polypyrrole film quality
is how well it actuates. During actuation, polypyrrole is either oxidized or reduced in
the presence of a mobile electrolyte, and ions are incorporated or expelled from the
bulk polymer in order to maintain charge neutrality. This incorporation or expulsion
results in a net volume change or change in stress state of the polymer. The effect of
morphology on actuation is described in Chapter 3, while our work towards improving
electroactive response is presented in Chapters 5 and 6. The methods of electroactive

testing and typical results for polypyrrole actuators are described here.

We probe polypyrrole’s electroactive response either isotonically [55-57], where
the polymer is actuated under constant load and its length change is monitored, or
isometrically [58,59], where the polymer is held under tension at a constant length and
the change in stress upon actuation is monitored. We conduct both testing methods
in a custom-built electrochemical dynamic mechanical analyzer (EDMA), a diagram
of which is shown in Figure 2-5 [59]. In this apparatus a small (~ 5 mm x ~ 2 mm)
polypyrrole film is held at constant length (isometric) or constant force (isotonic)
while submerged in a liquid electrolyte bath. The film is clamped in two gold-coated
clamps, the outsides of which are covered in insulating epoxy to avoid leakage current
in the electrochemical cell. One clamp is connected to a Futek 1 N load cell used
measure the stress in the polymer, and the other is connected to an Agilent linear
stage used to apply tension and measure displacement. Both clamps are used to make

an electrical connection between the polypyrrole film and the potentiostat.

The polypyrrole film serves as the working electrode in the electrochemical cell,
and is accompanied by a counter electrode (often stainless steel foil) and reference
electrode (silver wire). An AMEL 2053 potentiostat is used to apply a user-specified
potential waveform between the working and counter electrodes. The applied po-
tential is measured with the reference electrode. A computer is used to control the

potentiostat and linear stage, as well as to take current and potential data from the
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Figure 2-5: Electrochemical Dynamic Mechanical Analyzer (EDMA). The polypyrrole
acts as the working electrode in a three-electrode cell, and a potential is applied
across the cell by the potentiostat. Linear change in volume or stress state due to ion
incorporation or expulsion into the polypyrrole matrix is measured by the load cell
and linear stage.

potentiostat, displacement data from the stage, and force data from the load cell.

The apparatus is controlled by running custom-built software [59].

2.3.1 Warm-up

Before beginning an isometric or isotonic test, a “warm-up” procedure is conducted
to measure the state of the film and ensure that all tests are conducted on comparably
swollen films. This procedure also allows one to be sure the active strain measured
is not contaminated by the initial uptake of solvent that may occur upon submersion

in an electrolyte. This initial uptake can be significantly larger than the repeatable
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electroactive response, as will be discussed in Section 6.4.1. Immediately after the film
is loaded into the apparatus (before submersion in the electrolyte) its passive elastic
modulus is measured by the application of three cycles of 1% strain at a frequency of
1 Hz. The elastic modulus is calculated as the slope of the stress vs. strain curve, and
referred to as the “dry” elastic modulus. Figure 2-6i shows the dry modulus for films
deposited from propylene carbonate solution. As the black and blue curves in Figure
2-61 show, samples can be stored unsealed for several weeks without an appreciable
change in modulus. A significant amount of propylene carbonate (up to 30%wt)
remains in the films after deposition, and can remain even after several weeks due to
its very low room temperature vapor pressure (40 Pa)®. If the film is subjected to
vacuum, this residual propylene carbonate is removed and the dry modulus increases
(Figure 2-6i, red curve).

A change in deposition recipe may change the dry modulus, as will be discussed in
Chapter 6. This change is apparent when comparing the blue curves in parts i and ii
of Figure 2-6. The blue curve in Figure 2-6i is from a film deposited from a propylene
carbonate solution, and has a modulus of 670 MPa. The blue curve in Figure 2-6ii
is from a film deposited from a methyl benzoate solution and has a modulus of 765
MPa. This difference may be due to the higher room temperature vapor pressure
of methyl benzoate (130 Pa)!, which causes more of the residual solvent in the film
to evaporate. If a dry film deposited from methyl benzoate solution is soaked in
propylene carbonate solution prior to testing, the modulus drops far below that of
the standard film (Figure 2-6i, black curve: modulus = 100 MPa).

After the dry passive modulus is measured, the linear stage moves the clamps
towards each other until the film is slackened, and the bath is raised to submerge
the film into the electrolyte without removal from the clamps. A triangle potential
waveform is applied until the current response stabilizes.” At this point the film is
considered to be in steady state condition for the applied electrochemical conditions.
An example of the electrochemistry after warm-up in a solution of 0.1 M Lithium

bis(trifluoromethanesulfonly)imide in propylene carbonate (LiTFSI/PC) is shown in

1MSDS information from Mallinckrodt Baker, Inc.
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Figure 2-6: Passive modulus measurements for polypyrrole samples. i) Comparison
of passive modulus in films synthesized from the standard deposition recipe. Blue
curve: film tested one week after deposition. Modulus = 670 MPa. Black curve: film
tested five weeks after deposition. Modulus = 670 MPa. Red curve: film tested five
weeks after deposition, after exposure to vacuum (94 kPa) for 15 hours. Modulus
= 1180 MPa. ii) Comparison of passive modulus in films synthesized from 0.2 M
pyrrole, 0.2 M Lithium bis(trifluoromethanesulfonly)imide (LiTFSI) in Methyl Ben-
zoate. Blue curve: film tested four weeks after deposition. Modulus = 765 MPa.
Black curve: film tested four weeks after deposition after soaking overnight in 0.1 M
LiTFSI/PC Modulus = 100 MPa. Pink curve: soaked film after “warm-up” in 0.01
M LiTFSI/PC/H20. Modulus = 90 MPa.
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Figure 2-7: Electrochemical warm-up for films actuated in 0.1 M LiTFSI/PC. Films
were slackened, and a £0.8 V triangle wave was applied at a rate of 0.1 V/s. i)
Incomplete warm-up. The current response is changing upon each voltage cycle. ii)
Complete warm-up. After initially transient cycles, the current response re-traces the
same path upon each additional voltage cycle.

Figure 2-7. The warm-up period usually involves incorporation of solvent and coun-
terions, and when the films are placed back in tension they are usually longer than
before warm-up.

After the electrochemical warm-up, the elastic modulus is again measured by the
application of three cycles of 1% strain at a frequency of 1 Hz. The electrochemical
cycling causes additional solvent and counterions to be incorporated into the film,
increasing chain mobility and decreasing elastic modulus (Figure 2-6ii, pink curve).
This modulus is referred to as the “wet” elastic modulus.

Elastic modulus can be affected by deposition recipe (Chapter 6) or electrochem-
ical state of the polymer (Section 2.3.8). Post-deposition processing can induce
anisotropy to the polymer microstructure, which also significantly affects the pas-

sive elastic modulus. This will be discussed in Chapter 5
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2.3.2 Isotonic Testing

During isotonic testing, a small load (typically 0.5 to 2 MPa) is applied to the polypyr-
role film, and maintained throughout the test. A potential waveform is applied be-
tween the film and the counter electrode, causing ions to enter or leave the film,
which causes the film to expand or contract. The change in length is measured as the
distance the EDMA has to move the stage in order to maintain the constant load. It
should be noted that upon ion incorporation the polymer should expand in all three
dimensions, but with this apparatus we are only measuring the change in length of
the film. The implications of actuation in the other directions will be discussed in

Chapter 5.

A diagram of the EDMA cell and an example of typical isotonic data is shown
in Figure 2-8. The film in this example is actuated in a solution of 0.1 M Lithium
bis(trifluoromethanesulfonly)imide in propylene carbonate (LiTFSI/PC), with the
application of a 0.8 V potential square wave at a frequency of 8.3 mHz (Figure
2-8, line 1). Under these conditions, the TFSI™ anions dominate the electroactive
response. As the polymer is held at +0.8 V, it is oxidized (electrons are removed
from the film). This causes a buildup of positive charge in the film, so TFSI~ anions
are incorporated from solution to balance the charge. The movement of TFSI~ anions
causes the observed electrochemical current response (Figure 2-8, line 2), the integral
of which is the calculated charge response (Figure 2-8, line 3). The EDMA will allow
the polymer film to expand or contract as necessary to maintain the initial load,
and this displacement is the measured strain response (Figure 2-8, line 4). In this
example, there is a slightly larger expansion (dip to peak) than contraction (peak to
dip) as the polymer sample exhibits an overall expansion during testing. The charge
also displays a net increase over the course of this test, which may be a result of more
ions entering the polymer film than leaving (which would cause this unrecovered film
expansion). However, irreversible glectrochemistry in the cell (such as degradation of
the clamps if they are not perfectly coated, for example) may also lead to a charge

imbalance over each cycle.
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Figure 2-8: Isotonic actuation in 0.1M LiTFSI/PC, with an initial stress of 0.5 MPa.
The TFSI™ anions dominate the electroactive response under these conditions. As
the polymer is oxidized, TFSI™ anions enter the polymer matrix and the polymer
film expands. Upon reduction, TFSI™ anions leave the film and the film contracts.
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While it is impossible to exactly quantify the phenomena contributing to charge
transfer based on our relatively crude electrochemical tests, one can use the general
trend of charge transfer to track ion movement during actuation. When the charge
is compared to the isotonically measured strain one can find a constant “strain to
charge” ratio for a given sample [41]. This ratio allows one to estimate how much
current must be applied (as the current is directly related to the amount of charge
inserted into the polymer) to get a certain value of expansion. A good conducting
polymer actuator system will have a high strain to charge ratio, so little energy is
needed to produce high strains. Polypyrrole has a strain to charge ratio on the order
of +1071° m®/C (assuming isotropic actuation), the sign (positive or negative) of
which depends on whether the cations or anions are the mobile species [60]. The ex-
act value of the strain to charge ratio depends on the electrochemical solution used.
For example, polypyrrole actuated in 0.1 M tetraethylammonium hexafluorophos-
phate in propylene carbonate has a strain to charge ratio of approximately 1.3x10~1°
m3/C, while polypyrrole actuated in the liquid salt 1-butyl-3-methyl imidazolium
tetrafluoroborate has been shown to have a strain to charge ratio up to 8.8x1071°
m3/C [41,61).

In some cases, the polymer exhibits a net increase in length without a net increase
in charge, as the film exhibits irreversible creep. In this work, very small loads are
utilized in order to minimize the occurrence of creep, but for some samples it is
impossible to avoid. To minimize its impact on our measurements, the “active strain”
is measured as the difference between the maximum peak strain and the following
minimum strain of each voltage cycle. This corresponds to the contractile strain in

the polymer.

2.3.3 Isometric Testing

During isometric testing the polymer film is held at a constant length and subjected to
electrochemical cycling. When ions enter the polymer matrix the film would expand,
but the length is constrained so instead the stress decreases. As ions leave the film,

the film would contract, but the length is constrained so the stress increases. An
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Figure 2-9: Isometric actuation in 0.1M LiTFSI/PC, with an initial stress of 0.5 MPa.
The TFSI™ anions dominate the electroactive response under these conditions. As
the polymer is oxidized, TFSI™ anions enter the polymer matrix and the polymer
film relaxes. Upon reduction, TFSI™ anions leave the film and the stress exerted by
the film increases.

example of this is shown in Figure 2-9.

When a film is subjected to the same electrochemical input in isometric and
isotonic mode (as was the case for Figures 2-8 and 2-9), the difference in time constants
for the two modes is apparent. Upon reduction in this particular electrolyte the TFSI™
anions leave the film and the film either contracts (isotonic mode) or the stress in the
film increases (isometric mode). In isotonic mode, the film contracts over the entire
60 second reduction cycle. In isometric mode, the stress increases for the first 10
seconds of the cycle, and then levels off. The geometrical constraint of the isometric
test prevents further contraction in the direction being measured. It is likely that
after the first 10 seconds the polymer film begins to contract anisotropically - the
length is held constant while the unconstrained sides of the film contract.

We have often observed that the rate of ion influx and expulsion are different, and

this has previously been reported in the literature for conducting polymer systems
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[62]. In Figures 2-8 and 2-9, the shape of the stress and strain responses for ion influx
and expulsion are different, and in both cases the ion expulsion happens more quickly
than ion incorporation. This may be due to the compressive forces exerted by the
polymer matrix. When the polymer film is oxidized, the anions must overcome the
resistance of the polymer matrix to expansion, increasing the time needed for swelling.
Upon reduction, the retractive forces exerted by the swollen polymer matrix help push

the anions out, decreasing the time needed for contraction.

2.3.4 Mobile Species

Both the cations and anions in the electrolyte are theoretically capable of neutralizing
the applied charge by entering or exiting the polymer film. However, electropolymer-
ized polypyrrole is a cationic system, i.e. the chains are oxidized [26]. During gentle
electrochemical cycling, the chains become slightly more or slightly less oxidized, but
remain positively charged. Thermodynamically, this means that the system should
be balanced by anion incorporation or expulsion. Whether or not this thermodynam-
ically favored response is observed will depend on the kinetics of the movements of
the various species. In some cases the movement of both species is observed, while in
other cases one species clearly dominates. The experimental parameters that affect
which species are observed in the electroactive response are discussed in the following
_sections.

While scientifically interesting, systems that exhibit dual ion movement are very
inefficient actuators. Expansion or contraction instigated by the movement of one ion
is counteracted by the opposite movement of the other ion. When building devices,
an electrochemical system should be chosen where one ion dominates the electroactive

response.

Effect of Species Size

A significant size differential is the most commonly used method to isolate the move-

ment of one ion. If the anion is small and mobile when compared to the cation, it
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will generally dominate the electroactive response. For example, when polypyrrole
is placed into a solution of tetrabutylammonium hexafluorophosphate (TBAPF6) in
propylene carbonate (the species shown in Figure 2-10), the PF; anions dominate
the electroactive response over the majority of potentials. When the polypyrrole is
oxidized, the PF; anions enter the polymer film, causing the film to expand. When
the polypyrrole is reduced, the PFy anions are expelled from the polymer film, caus-
ing the film to contract. If the anion is so large that it is effectively immobile under
the electroactive conditions used, the cation will dominate [25,26,63]. For example,
with sodium dodecylbenzenesulfonate (NaDBS) (the species shown in Figure 2-11),
the film expands upon reduction (as cations diffuse into the film) and contract upon
oxidation (as cations leave the film).

If a system is chosen to have a cation and anion that are similar in size and
mobility, the motion of both species can be observed [20, 26,63-68]. For example,
as the film is reduced, the film may contract while the anions are expelled. As it is
reduced further, it will expand while the cations are incorporated. The opposite ion
movement will occur upon oxidation [20,63,64]. As the discrepancy between the size

of the two ions increases, so does the permiselectivity of the actuation mechanism [66].

Propylene Carbonate (PC) Tetrabutyl Ammonium (TBA*) Hexafiuorophosphate (PF6°)
r=2.76A r=4.15A r=2.54A

Figure 2-10: Relative sizes [69] of species in an anion-dominated electrolyte system.
Tetrabutylammonium hexafluorophosphate is dissolved in propylene carbonate (typ-
ical concentrations are 0.05 M to 0.1 M) and used as the electrolyte for electroactive
testing.
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Propylene Carbonate (PC) Sodium (Na*) Dodecylbenzene Sulfonate (DBS")
r=276A r=1.16A £~ 20A

Figure 2-11: Relative sizes [69] of species in a cation-dominated electrolyte system.
The dodecylbenzenesulfonate (DBS) anions are too large to effectively enter or leave
the polypyrrole matrix, so upon actuation only sodium movement is observed.

Effect of Electrolyte Concentration

The likelyhood of dual ion movement also increases with increasing electrolyte con-
centration. For polypyrrole doped with DBS and actuated in aqueous NaCl, Bay et
al. observed a cation-dominated response at low concentrations, and observed both
ions moving at higher concentrations [70]. Bruckenstein et al. also observed a de-
pendence on electrolyte concentration for polypyrrole actuated in aqueous sodium
tosylate [62,65]. At lower concentrations (0.01 or 0.1 M) only anions could be ob-
served moving when the potential was scanned at 2 mV/s. At a higher concentration

(0.5 M) this permiselectivity was lost.

Effect of Scan Rate

As an electrochemical stimulus is applied, there will be a competition between the
kinetically favored species and the thermodynamically favored species. For example,
Bruckenstein et al. used an electrochemical quartz microbalance (EQCM) to measure
the mass of a polypyrrole film during electrochemical cycling in 0.5 M NaCl in water,
and found that the mobile species could be dictated by the potential scan rate. At
high scan rates (100 mV/s) a reduction of the sample led to an increase in mass
[62,65]. This implies that the cations were dominating the electroactive response,

as ions entered the film upon reduction. At slow scan rates (2 mV/s) reduction of
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the same amount of charge lead to a decrease in mass [62,65]. This implies that
the anions were dominating the electroactive response, as ions left the film upon
reduction. It is clear from this data that which species (cations, anions. or solvent)
dominates the electroactive response is influenced by the kinetics of the system. At
faster scan rates the smaller (and therefore kinetically favored) cations dominated the
response, while at slow scan rates the larger (but thermodynamically favored) anions

dominated [62, 65].

2.3.5 Solvent Transfer

In addition to ion influx and expulsion, it expected that the electrolyte solvent moves
in and out of the material during actuation. Solvated ions will pull solvent molecules
into the polymer as they are incorporated [65,68,71]. Several authors have also
described a contribution from solvent not directly associated with an ion. Bay et al.
observed a larger electroactive response for polypyrrole actuated in dilute aqueous
NaCl than in more concentrated NaCl, and attributed this to an osmotic effect [68).
The authors theorize that as counterions swell the polymer. solvent also enters the
polvmer matrix to maintain the osmotic balance with the surrounding electrolyvte.
This results in a larger net expansion than can be explained by the amount of charge
passed. Velmurugu and Skaarup confirmed this result for NaCl and NaBr solutions
of different concentrations [71].

During the quartz microbalance experiments discussed earlier. Bruckenstein et al.
observed that for all but the slowest scan rate, the sample mass did not return to its
original state upon the completion of one cycle, even though the charge did [65.67].
Other researchers’ EQCM experiments have shown similar results [62.66]. The fact
that the change in mass does not correspond to the change in charge implies the
transfer of a neutral species at a slower timescale than the species maintaining charge
neutrality. Hillman et al. commented that neutral solvent movement would natu-
rally be slower than ion transfer because it is unassisted by migration [62]. Contrary
to the conclusions of Bay and Velmurugu. Bruckenstein et al. claim that the neu-

tral species transfer counteracts the ion-induced volume change. Thev theorize that
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solvent enters the polymer matrix as ions leave, helping the film to maintain a con-
stant volume [65,67]. The assumption that polypyrrole deposited onto an EQCM
would maintain constant volume during electrochemical cycling is tenuous, consider-
ing polypyrrole’s well-documented success an actuator. Bruckenstien et al. did not
measure the dimensions of their sample during or after electrochemical cycling, so
their assumption of constant volume is unsupported.

One should note that experiments discussed in this section where neutral solvent
transfer was observed all took place in aqueous solutions. It is probable that an
equivalent phenomenon happens in non-aqueous electrolytes, but this has not yet

been explicitly shown.

2.3.6 Actuation in Liquid Salts

The assumption that polypyrrole should thermodynamically be an anion transfer
system does not explain the results observed when actuating polypyrrole in 1-butyl-
3-methylimidazolium hexafluorophosphate, (BMIMPF6). Neat BMIMPFG is one of a
growing library of ionic compounds that are liquid at room temperature. commonly
referred to as “liquid salts.” Liquid salts can be used as electrolytes in electrochemical
cells without the addition of solvent. In neat BMIMPF6 the cations dominate the
electroactive response, which means that film expands upon reduction and contracts
upon oxidation [63.72.73]. This behavior is surprising, because in this system the
BMIM™ cation (ionic radius = 3.30 A) is larger than the PF; anion (2.54 A) (Figure 2-
12) [74]. It is not entirely understood why in BMIMPF6 the BMIM™ cation dominates
the electroactive response. It may be because the diffusivity of the BMIM™ cation
is higher than the PFg anion in neat BMIMPFG6 [75], or because the cations self-
assemble on the polymer film surface, blocking anion movement [59,76,77).
Polypyrrole has been shown to give a larger electroactive response in neat lig-
uid salt than in solvated electrolytes [59.61.73, 78], but the reason for this improved
electroactive performance has not been explicitly proven. It may be because of the
extremely high concentration of ionic species in the liquid salts. For neat BMIMPF6

the electrolvte concentration is 4.2 M. which is considerably higher than the 0.05 to
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BMI* PF6-
r=3.30A r=2.54A

Figure 2-12: Relative sizes of species in neat BMIMPF6 [69, 74].

1 M concentrations typically used in solvated electrolytes. This means that when
actuating in neat BMIMPFG there is an effectively constant reservoir of cations avail-
able near the film surface to participate in actuation. Additionally, ionic liquids are
more electrochemically stable than most solvated electrolytes [72, 73], so more ag-
gressive potentials can be applied resulting in larger electroactive responses without

electrolyte breakdown.

Liquid salts such as BMIMPFG6 can also be dissolved in organic solvents, and used
as more traditional electrolytes. In dilute (0.05 M) BMIMPF6/PC, the potential
waveform can be adjusted such that movement of the BMIM™ cation or the PFy
anion can be observed in the electroactive response. Dual ion movement has been
observed in many electrolyte systems [20,63-67], but in this example we specifically
chose potentials and timescales at which one ion clearly dominates the response. If
the potential is switched between 1 V and 0 V at 0.05 Hz, one observes a stress
response dominated by the PFy anions. When the polymer is oxidized, PFg anions
enter the polymer bulk and the film relaxes. When the polymer is reduced, the PFg
anions leave and the film contracts. This response is shown in the isometric test in
Figure 2-13i, where the stress decreases as the charge increases (as PFy enter the
film during oxidation), and the stress increases as the charge decreases (as PFg leave
the film during reduction). The opposite response is observed when one switches the
potential between 0 V and -1 V at 0.05 Hz, as shown in Figure 2-13ii. The stress
increases as the charge increases (as BMIM™ cations leave the film during oxidation),
and the stress decreases as the charge decreases (as BMIM™ cations enter the film

during reduction).
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Figure 2-13: Isometric testing in BMIMPF6/PC. i) The film was held in tension at a
constant strain of 0.6%, resulting in an initial stress of 0.25 MPa. A +1V potential
square wave was applied at a frequency of 0.05 Hz, and the stress response was
measured. The active stress decreases upon oxidation and increases upon reduction.
ii) The film was held in tension at a constant strain of 0.6%, resulting in an initial
stress of 0.32 MPa. A -1V potential square wave was applied at a frequency of 0.05
Hz. and the stress response was measured. The active stress increases upon oxidation
and decreases upon reduction
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2.3.7 Speed of response

The speed of actuation is limited by the rate at which the counterions can diffuse
through the polymer film. When polypyrrole is oxidized in the presence of TEAPF6,
the negative PFg anions in the solution are attracted to the polymer surface, while
the positive TEA™ cations are driven away. The high concentration of PFg anions
at the polymer surface will drive diffusion of anions into the polymer, causing the
increase in volume upon actuation [79]. This diffusion has been described by the

equation for Brownian motion (Equation 2.3):
z* =Dt (2.3)

where r is the diffusion length, D is the diffusivity, and t is the time for diffusion.
This means that if z is halved ¢ will be quartered, so a small change in the diffusion
length will significantly decrease the diffusion time. Polypyrrole film actuators tyvp-
ically have strain rates of approximately 1%/sec [41,60, 80], and are limited by the
small diffusivity of the ions through the polymer film (1071° to 107!® m2?s~1) [41.81].
The diffusivity of PFg in films produced as part of this work has been measured to
be on the order of 107!? m2s~! [82]. As one would expect, the size of the counterion

influences the diffusivity in polypyrrole, with small anions such as C1~ having diffusiv-

2.-1

ities on the order of 1071° m?s~!, while a larger ion such as tosylate has a diffusivity
on the order of 107'® m2s~! [81]. Furthermore, polymer chain orientation induced by
processing also has implications for the magnitude and anisotropy of diffusion, as is

discussed in Chapter 5.

It should be noted that there are factors in this svstem that complicate diffusion
bevond simple Brownian motion. For example, upon severe reduction the polypyrrole
film may not be conductive enough to assume all charges are instantaneously trans-
ported to the surface, so migration effects may be introduced [83,84]. The actuation
of free-standing films is studied via bulk measurements. so gradients through the film
that mayx occur at short timescales are missed. Furthermore. as was mentioned pre-

viously. we have often observed that the rate of ion influx and expulsion are different.
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In addition to the resistance of a polymer matrix to expansion, a change in mechani-
cal properties of the polymer film could be occurring during electrochemical cycling.
This change may take place on a different timescale from the electrochemically in-

duced swelling and contracting. and is investigated in the next section.

2.3.8 Dynamic Elastic Modulus

In addition to the change in film volume or stress state, it has also been observed that
mechanical properties such as the elastic modulus change upon conducting polymer
oxidation and reduction. However, previous investigations of this change in modulus
in polypyrrole have had quite varied results. For example, several authors have held
a polvpyrrole film in an electrochemical cell at a constant potential, then slowly
stretched the film to measure the elastic modulus. The results of their analyses are
shown in Table 2.1.

When comparing these previous works, one is confronted with discrepancies in
magnitude of elastic modulus (as will be discussed later) and change in modulus with
oxidation state for polypyrrole. As shown in Table 2.1, an increase in modulus and
expansion of the film upon oxidation was observed for actuation in tetrabutylam-
monium hexafluorophosphate in propylene carbonate (TBAPF6/PC) and aqueous
LiClO, [56.85.88]. Alternatively, an increase in modulus accompanied contraction
of the film during oxidation in aqueous NaCl. aqueous KCl, and the ionic liquid
ethylmethyl-imidazolium tetrafluorosulfonic acid (EMITFSA) [70, 85,87]. In these
examples, the modulus was found to be higher in the oxidized state, regardless of
whether that state is contracted or expanded. This has also been observed for poly
(3-methy] thiophene) actuators [89].

A more complicated response was observed for actuation in aqueous 1 M NaNOQOsg,
where polvpvrrole exhibits dual ion movement. The modulus increased when the
potential was raised from -0.8 V to 0 V (causing film contraction as Na* cations were
expelled) but then decreased when the potential was further raised from 0 V to 0.4
V (causing film expansion as NOj3 anions are incorporated) [86.87]. In this case.

" a higher modulus was measured in the contracted state than the expanded state,
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Potential Modulus Potential Modulus

Author Electrolyte (V) (MPa) State (V) (MPa) State
.1 |0.25M TBAPF6/PC| -3 40  cont. 3 160  exp.
Spinks liquid salt 5 70 _exp.| 5 80 cont.
1M KCl (aq) -0.5 1400 exp. ocp 3400 cont.

Murray’ | 4\ NaNOs (ag) | 0.8 1900 exp.| O 3200 cont.
0 3200 cont. 0.4 2400 exp.

Bay? 0.1 MNaCl (aq) | -0.9 600 _exp. 0 900  cont. |
Otero’ 1M LIiCIO, (aq) | -0.6 485 cont.| 0.8 505 exp.

Table 2.1: Previous static investigations of polypyrrole’s Young’s modulus under
different electrochemical conditions. Films have not been subjected to post-deposition
processing. The expanded state is labeled by “exp.” and the contracted state by
“cont.” Not all experimental parameters are given in the published works. but the
available details are as follows. 1) Polypyrrole fiber doped with PFg, with embedded
Pt wire helix. The desired potential was held for 4 minutes, and the modulus was
tested at 0.5 mm/min. One should note that absolute values of the applied potentials
in this entry are higher than the potentials at the polymer surface, as the experiments
were conducted without a reference electrode [56, 85). 2) Polypyrrole film doped
with tosylate. The desired potential was held, and the modulus was tested at 1
mm/min [86,87]. “ocp” is the open circuit potential of the electrochemical cell. 3)
Polvpyrrole film doped with toluene sulfonate. Films were cycled several times. then
the modulus was measured at the desired potential. In this work the authors also
tested films doped with larger anions, with the same result (increase in modulus and
contraction upon oxidation) [70]. 4) Polypyrrole film doped with perchlorate. The
desired potential was held for 15 minutes. and the modulus was measured by “gradual
stretching” of the polvmer film [88].

49



regardless of which was more oxidized. Other authors have observed the same trend

for polyaniline fiber actuators [23,24,90].

Work has also been conducted where the modulus of polypyrrole was measured in-
situ during electrochemical cycling. Koehler et al. conducted electrochemical quartz
microbalance (EQCM) experiments to observe the change in shear modulus during
actuation of polypyrrole doped with perchlorate or tosylate anions. They observed
an increase in shear modulus upon oxidation in both systems, even though the ClO4-
doped polypyrrole expanded during oxidation and the toslyate-doped polypyrrole con-
tracted upon oxidation [91). Samani et al. observed the modulus of polypyrrole using
in-situ tensile testing [55], and observed a complex actuation and modulus response
when actuating a polypyrrole fiber in 0.1 M TBAPF6/PC. During the oxidataion
sweep (-1 V to +1 V) they observed an increase in modulus while the polypyrrole
fiber expanded (-1 V to -0.6 V), a further increase in modulus as the fiber contracted
(-1 V to 0 V), then a decrease in modulus while the fiber expanded (0 V to 1 V)
again. During the reduction sweep (+1 V to -1 V), they observed a further decrease
in modulus while the fiber began to contract (+1 V to 0 V). an increase in mod-
ulus as the fiber continued to contract (0 V to -0.6 V), and then a much smaller
increase in modulus as the fiber expanded again (-0.6 V to -1 V) [55]. Samani et
al. also conducted EQCM experiments (similar to those performed by Koehler et al.)
in which they observe a response comparably complex to their tensile experiments,
with changes in modulus that did not directly correspond to changes in film volume

or oxidation state [92].

Clearly, the change in polyvpvrrole’s mechanical properties during actuation is a
complicated phenomenon that has not vet been fully characterized. Several mecha-
nisms for the change in elastic modulus have been proposed, including plasticization
due to counterion [87.92] and solvent [55.68,92] swelling, stiffening of the polvpyrrole
chains due to oxidization [87.92]. and ionic crosslinking between charged polvmer
chains and incorporated anions [87.91]. It is likely that all of these mechanisms can
contribute to the change in mechanical properties upon actuation, and that differences

in polvpyrrole sample geometries. film qualities. electrolvte chemistry. frequency of
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electrochemical stimulation and frequency of mechanical testing cause different mech-

anisms to dominate in each experiment.

We also observe an electrochemically driven change in polypyrrole stiffness, and by
limiting ourselves to moderate potential windows and short timescales we observe that
the level of counterion swelling clearly dominates the elastic modulus. By limiting
our experiments to these conservative conditions we are not fully investigating every
mechanism possibly involved in polypyrrole actuation, but are probing a parameter

space in which polypyrrole actuators can be operated in a predictable manner.

To measure dynamic elastic modulus #n-situ, polypyrrole samples are clamped
into the electrochemical dynamic mechanical analyzer described in Section 2.3, and
warmed up using the methodology described in Section 2.3.1. After the current
response stabilizes, the films are measured in isometric mode. The film is held at a
constant ~1% strain, and a potential waveform is applied. The resulting change in
stress is measured and considered the “active stress,” that is, the stress caused by
electrochemical actuation. The applied potential (time dependent) and strain (~1%)
and the resulting stress response are shown in Figure 2-14i. The film modulus is then
immediatelv measured under an oscillatory strain input, without removal from the
apparatus. The film is held in the electrolyte at ~1% strain, and the same potential
square wave is applied. During the electrochemical cycling a small (amplitude =
0.3%) sinusoidal perturbation in strain is applied to the film at a frequency much
higher than the frequency of the applied potential (in this case 10 Hz). This results
in a high-frequency stress response superimposed on the low frequency active stress.
The time dependent applied potential and strain and the resulting stress response for
this oscillatory strain input are shown in Figure 2-14ii. The choice of a 10 Hz strain
perturbation makes the strain rate in these experiments approximately one order of
magnitude higher than the static experiments from Table 2.1. but we have not fully
probed the effect of frequency on the elastic modulus of polypyrrole. We do suspect
that frequency of testing is the cause of some of the discrepancies between results of
previous works. and future work will include in-situ observation of the elastic modulus

over several orders of frequency.
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Figure 2-14: Electroactive response under constant and oscillatory strain. i) Testing
in BMIMPF6 with constant strain input. The film was held in tension at an initial
strain of 1.4%, resulting in an initial stress of 0.5 MPa. A +1V potential square
wave was applied at a frequency of 0.0167 Hz, and the stress response was measured.
ii) Testing in BMIMPF6 with oscillatory strain input. The film was held in tension
at an initial strain of 1.4%, resulting in an initial stress of 0.5 MPa. A sinusoidal
perturbation in strain with an amplitude of 0.003 and frequency of 10 Hz was applied.
A +£1V potential square wave was applied at a frequency of 0.0167 Hz. and the stress
response was measured.
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Figure 2-15: Modulus respouse for tests in neat BMIMPFG. ‘The magnitude of the
high frequency response was divided by the magnitude of the applied oscillatory strain
to caleulate the modulus. Under these conditions, the modulius inereases 220%. upon
oxidation. and decreases to its original value upon reduetion.

The high-frequency stress response is isolated by subtracting the isometrie active
stress (the last curve in Figure 2-141) fromn the stress response under oscillatory strain
(the last curve in Figure 2-14ii). The modulus (E(t)) is calculated by dividing the
high frequency stress response by the high frequency applied strain perturbation. and
is shown in Figure 2-15. We do not separate this modulus into real and complex
parts. as with a 10 Hz perturbation we do not observe a change in phase lag hetween
the applied oscillatory strain and resulting oscillatory stress even as the oscillatory
stress magnitude changes.

As shown in Figure 2-15, we observe an elastic modulns of approximately 100 to
350 MPa. for polypyrrole tested at 10 Hz during actuation, while our as-deposited
polypvrrole films tested statically (via a stress ramp of H000 kPa/min) in air have an
average modulus of 300 MPa. This is typical for polypyrrole filins produced from our
standard deposition conditions. As is evident from Table 2.1, there is a large variation
in the magnitude of published values for the elastic modulus of polypyrrole (40 - 3400

MPa). Variables in the polyvpyrrole deposition such as purity of monomer, choice



of solvent. electrolvte, electrode material, deposition current density and deposition
temperature will all affect the microstructure and hence the mechanical properties of
the polypyrrole samples, while differences in the testing rate and environment will
affect the measured modulus [6,29,93-96]. These variables make it quite difficult to
compare previously published works in this area, and we seek to simplify the exper-
iment by studying one commonly used polypyrrole system (PFg doped polypyrrole
films synthesized from propylene carbonate solution) [6,10,60,97] under electrochem-

ical conditions that produce a significant but straightforward electroactive response.

Dynamic Modulus in Different Electrolyte Solutions

To probe the electrochemical dependence of polypyrrole’s elastic modulus, we test
films in three different electrolvte systems: neat 1-butyl-3-methylimidazolium hex-
afluorophosphate, (BMIMPF6). an 0.05 M solution of 1-butyl-3-methylimidazolium
hexafluorophosphate in propvlene carbonate (BMIMPF6/PC) and an 0.05 M solution
of tetrabutylammonium hexafluorophosphate in propylene carbonate (TBAPF6/PC).

As was discussed in Section 2.3.6, liquid salts such as neat BMIMPF6 have shown
excellent stability and improved performance over solvated electrolytes for conducting
polvmer actuators [72,73,85]. In neat BMIMPFG, the BMIM™ cations dominate the
electroactive response over a very wide potential range [63,72.73]. This means that
as the film is reduced. BMIM™ cations enter the film and the film expands. We
use neat BMIMPF6 as an electrolvte containing no neutral solvent. to minimize any
modulus change caused by solvent transfer analogous to the osmotic effect described
by Bay et al. [68]. We use BMIMPF6/PC as a system where the electroactive response
can be easily switched from cation- to anion-dominated. as was discussed in Section
2.3.6. Finally. we use TBAPF6/PC in this study to provide an electrolyte without a
liquid salt component. Under the conditions applied in this study. the electroactive
response is dominated by the PFg anions for the TBAPF6/PC system. That is. when
the polvmer is reduced. anions leave the film and the film contracts.

In neat BMIMPF6. we observe a 30% decrease in modulus while the film is held

at a negative potential for 10 seconds. as shown in Figure 2-16i. The modulus then
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increases as the film is re-oxidized, returning to its original value. Alternatively,
when actuating in TBAPF6/PC, the modulus decreases 10% during oxidation and
increases during reduction as shown in Figure 2-16ii. In both of these cases, the
modulus decreases as ions are brought into the film, and increases as ions are expelled.
These results are notably different from static experiments discussed earlier, where the
modulus was observed to increase only slightly (1%) when film was oxidized in a liquid
salt solution and to increase significantly (300%) upon oxidation in TBAPF6/PC [56,
85]. However. the previous TBAPF6/PC work was performed under static conditions,
using a two-electrode configuration. A two electrode cell does not provide sufficient
control over the charge state of the polymer, and when the same group probed elastic
modulus in a three-electrode cell they observed a softening of polypyrrole over part of
the oxidation sweep in TBAPF6/PC [55]. For this study we use a three-electrode cell
to control the potential at the polymer film, and by narrowing the potential limits
and length of potential holds we avoid the dual ion movement and neutral solvent

transfer that has complicated the electroactive response in previous three-electrode

studies of polypyrrole in TBAPF6/PC [55,92].

When a -1V square wave is applied to a film in BMIMPF6/PC, we observe an elec-
troactive response dominated by the BMIM™ cations (Figure 2-13ii). The modulus
response for this svstem is shown in Figure 2-16iii. The direction of modulus change is
similar to the neat BMIMPF6 system which is also dominated by the BMIM™ cations,
in that there is an increase in modulus upon oxidation and decrease upon reduction.
When a +1 V square wave is applied to a polypyrrole film in BMIMPF6/PC, we
observe an electroactive response dominated by the PFg anions (Figure 2-16i). The
modulus response is similar to that of the TBAPF6/PC system. the other syvstem
dominated by the movement of PFg anions. and is shown in Figure 2-16iv. In all
cases. regardless of the presence of solvent or liquid salt. the modulus decreases as
ions enter the film and increases as ions are expelled. We attribute the decrease in
elastic modulus with increasing ion concentration to a plasticization of the polvpvr-
role film by the small electrolvte molecules. Plasticization resulting from counterion

incorporation has been reported during static experiments [23.87], but has not been
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previously shown to dominate the in-situ oxidation-reduction modulus response. In
our case the polymer is not equilibrated at a particular potential and then tested,
instead the change in modulus is observed in real time with the changing counterion
swelling of the film.

Under the conditions shown in Figure 2-15, the modulus increases to three times
its original value upon expulsion of counterions and contraction of the film. A change
of this magnitude will significantly affect the amount of work a polypyrrole actuator
will be able to produce under load. The implications that a change in elastic modulus
will have on actuation have been discussed at length in the literature [23.56,58.98,99],
and it has been shown that a larger work-per-cvcle can be achieved by an actuator
whose modulus increases upon contraction than by one whose modulus decreases
or remains constant [58]. Our results show that all of the conditions applied in
this study allow us to operate in this highly productive regime. Awareness of this
variation in modulus is critical to developing the mechanics and loading conditions
of polvpyrrole-driven devices, as well as understanding the theoretical and practical
active stress and strain one can achieve in a given electrochemical environment. This
will be discussed further in Chapter 7. along with suggestions for additional in-situ

modulus experiments.

2.3.9 Effect of Ageing

Over the course of this work, we have observed that the achievable active strain is
affected by the age of the polypyrrole film. Figure 2-17 shows the isotonic electroac-
tive response for films of different ages. actuated in neat BMIMPF6. A film tested
immediately after processing shows an active strain of 4.73%, while a film tested 12
weeks after processing shows an active strain of only 2.27% under the same elec-
trochemical conditions. There are several factors associated with polvpyrrole ageing
that could contribute to a decrease in electroactive performance, such as an increase
in stiffness [100] or a decrease in conductivity with ageing in ambient [100.101] or
heated [102-104] conditions. However. prior studies of ageing in polvpyrrole have not

addressed the electroactive properties of the material. and have not been conducted
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on polypyrrole deposited from our standard recipe.

As was discussed in Section 2.3.1, we do not observe a change in elastic modulus
after five weeks of storage in ambient conditions, so we do not believe a stiffening of
the films accounts for the decrease in performance shown in Figure 2-17. The conduc-
tivities of the films shown in Figure 2-17 were measured immediately after deposition,
not immediately before testing, so we do not know whether the conductivity changed
over time for these particular samples. In other samples, we have observed a decrease
in conductivity with time (up to 30% over two years). Unfortunately, the effects of
ageing in our samples were too recently discovered to be a focus in this thesis. These
results were surprising to find upon compilation of data from previous vears, and are
presented here to alert future researchers to the importance of sample age. Additional

study is clearly necessary in this area, as is discussed in Section 7.3.

2.4 Chapter Conclusions

It was the intention of this chapter to help the reader understand the testing method-
ologies we use to study our polvpyrrole actuators, and to present typical results
for standard polypyrrole films. In the chapters that follow, we will discuss the mi-
crostructure of these films. methods to change this microstructure. and the way that
microstructure affects the properties we observe. However, throughout the thesis our
testing methodologies remain as discussed in this chapter. and any new actuators we
produce are compared to the results presented here.

Also in this chapter the importance of different experimental parameters to polvpyr-
role actuation were stressed. Proper choice of electrolvte can significantly improve the
electroactive response. while a change in the applied potential window and switch the
svstem from cation-dominated to anion-dominated. By constraining our electrochem-
ical window we have identified a set of operating conditions in which the movement
of one ion clearly dominates the electroactive response. but as was reviewed and dis-
cussed extensively. there are many conditions in which a more complicated response

is observed. For the remainder of this thesis actuation is conducted under conditions
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Figure 2-17: Isotonic response for unprocessed films of different ages.
held under a static force of 0.5 MPa in neat BMIMPFG, and a £1.5 V triangle wave
in potential was applied at a rate of 0.1 V/s.
deposition (black curve) showed an active strain 4.73%, and crept at 0.0143%/s. The
film tested 3 weeks after deposition (pink curve) showed an active strain of 3.81% and
crept at 0.0156%/s. The film tested 12 weeks after deposition (blue curve) showed
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where one ion dominates the response, but the reader is encouraged to remember that

this is not always the case when comparing works in the literature.
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Chapter 3

Review of Previous Work on

Polypyrrole Microstructure

Polypvrrole is insoluble and unmeltable, so it is quite difficult to change the polymer
structure post-synthesis. However, the parameters of the synthesis can be altered,
and provide a powerful means to change the morphology and resulting properties
of polypvrrole. Conductive polypyrrole is formed by the oxidation of the pyrrole
monomer, which can be conducted either chemically or electrochemically. Both meth-
ods are covered in Section 2.1, but because the free-standing films needed for actu-
ation have by and large been produced by electrochemical means, electrochemical
polvmerization will be the focus of this section.

There are many variables that can be altered during the electrodeposition. in-
cluding solvent, electrolyte, electrode material, cell geometry. temperature. and the
current or potential at which the deposition takes place. It is difficult to systematically
study the effect of each variable. as one cannot change one without changing others.
For example. for galvanostatic (constant current) depositions. when one decreases the
deposition temperature the voltage at which deposition takes place increases. Even
though the deposition variables are interdependent. a review of the prior work does
reveal some overall themes, which will be discussed in this chapter.

The microstructure and morphology as imparted by the deposition conditions

have been tied to both the electrical and electrochemical properties. However. in
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many cases researchers have altered the deposition conditions and measured the re-
sulting electronic or electrochemical performance without observing or considering
the morphological differences that cause the change in performance. Or they have
observed the altered microstructure, but not probed its electroactive response. For
this reason, while it is widely accepted that the microstructure of polypyrrole actua-
tors affects their performance, the manner in which it does is not entirely understood.
In this chapter we seek to organize and compare previous works, where researchers
have altered the microstructure of polypyrrole (purposely or not) and observed the
resulting changes in properties.

Several authors have studied the electronic conductivity and electrochemical prop-
erties of polypyrrole, and observed different behaviors for films produced under dif-
ferent conditions. These works are reviewed first, to provide the reader with an
understanding of the effects that changing microstructure can have. There is also a
breadth of literature where changes in the deposition conditions have changed the
morphology of polypyrrole films. although the impacts of that morphology on actua-
tion or electrochemistry have not always been studied. This work is reviewed next,
to give the reader a sense of the wide parameter space that exists in polypyrrole elec-
tropolvmerization, and the effects that each element of the deposition recipe have on

the final product.

3.1 Electrical Conductivity

It is generally accepted that in conducting polvmers. a higher degree of order leads
to a more conductive material as barriers to charge carrier movement are reduced.
Studies of processable polvmers such as polyacetvlene and polvaniline have shown
that samples with larger crvstalline domain sizes or a higher percent crystallinity
have higher conductivities [105.106]. Because the percent crystallinity and crystalline
domain sizes in polvpyrrole are not easily determined (as will be discussed in depth
in Section 4.1). it is difficult to understand exactly how the structure of polypvrrole

affects its electrical conductivity.
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Even though the crystal structure of polypyrrole is somewhat ambiguous, it still is
generally thought that electrical resistivity is a function of the disorder in the material.
In a perfectly crystalline sample, charge carriers would be able to easily travel across
the sample by moving along the highly conjugated polymer backbone and hopping
between perfectly packed chains. This ease of charge transport would be measured as
a very high conductivity. In real samples, the chains have a finite conjugation length
and are not packed in a well-organized, crystalline manner. This means the carriers
are not only highly localized along the chain due to the finite conjugation, they have a
large barrier to hopping between chains due to the less-than-perfect packing [49,107].
The impediments to charge transport induced by disorder in the material cause a

lower electronic conductivity to be observed.

3.1.1 Temperature Dependence of Conductivity

Many researchers have studied the temperature dependance of polypyrrole’s elec-
tronic properties. Two useful parameters for quantifying the conductive behavior of
polypvrrole are the resistivity ratio (p,) and the reduced activation energy (7). The
resistivity ratio is compares the resistivity (p) at liquid helium temperatures! to that
at room temperature. as is shown in Equation 3.1 [109].

p(1.5 K)

The reduced activation energyv describes how the resistivity changes with temperature.

as shown in Equation 3.2 [110],

dlnp(T)  dlnp

T = T = —
" dT dinT

(3.2)

Polypvrrole’s conductivity is strongly dependent on temperature. but the tvpe
of dependence (metallic vs. insulating) depends on the conditions under which the

sample was made. In general. polypvrrole’s conductivity decreases with decreasing

!When the temperature at which the low temperature measurement (in the case of Equation 3.1.
1.5 K; is not specified. it can be assumed that it was made below 4 K [108].
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temperature until a minimum of T = 10 to 20 K. Below this point, the conductivity
increases with decreasing temperature for highly doped (metallic) samples. and con-
tinues to decrease for less highly doped (insulating) samples [50,111,112]. Whether a
particular sample is metallic or insulating is determined by whether the Fermi energy
is above or below the mobility edge (the critical energy that differentiates localized

and non-localized states) [110].

Metallic Regime

In the metallic regime the Fermi energy is above the mobility edge, in the region of
non-localized states. There is a high carrier density, with approximately 1 carrier for
every three monomer units [48,49]. The conductivity is finite even as T approaches
zero, and W has a positive temperature coefficient. Polypyrrole doped with PFg is
in the metallic regime (so it has a finite conductivity at very low temperatures) when

pr < 10 [112).

Critical Regime

When the Fermi energy is close to the mobility edge. the sample is said to be in
the critical regime. In the critical regime, W is temperature independent. and the

conductivity scales with temperature as shown in Equation 3.3 [113],
Ino(T) x T7# (3.3)

where 3 = W. and varies depending on where the sample is within the critical regime.
3 can be as small as 0.3 for samples on the metallic side of the critical regime. or as
large as 1 for samples on the insulating side [113]. If the power law dependence shown
in Equation 3.3 extends even to T = 0. the sample is exactly at the critical point. For
polvpyrrole doped with PFy . films in the critical regime will have a resistivity ratio

of approximately p, = 4 to p, = 10 [112.114].
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Insulating Regime

For polypyrrole doped with PFg, the insulating regime begins when p, > 10 and
extends for all larger resistivity ratios [112]. In the insulating regime, W has a negative
temperature coefficient and the conductivity approaches zero as T approaches zero.
Conductivity in the insulating regime is often modeled using the equations for Mott’s

variable range hopping (VRH) [48,50,110,112,113,115],
O’(T) = erxp[—(To/T)x] (34)

18

0= LLINE)

(3.5)

where kp is Boltzman’s constant, N(E;) is the density of states at the Fermi level,

and L. is the localization length. x = ?d_-lf_)’ where d is the dimensionality of the
system, SO X = -:1; for one-dimensional conduction, and x = }3 for three dimensional
conduction [50,116-118].

Yoon et al. found that samples in the middle of the insulating regime (p, = 2 x 10?
to pr = 2 x 10°) show a change in the conductivity behavior at very low temperatures
(T < 10 K), as the dominant mechanism of transport changes from Mott’'s VRH
to Efros-Shklovskii (ES) hopping [112]. ES hopping is similar to Mott’s VRH with

x = 3. but Tf is modeled as shown in Equation 3.7.

o(T) = ooexp[—(Th/T)?] (3.6)
; Bye? -
To= EkBLC (3l)

where e is the charge of one electron, € is the dielectric constant. and 3; = 2.8 [112].
Yoon et al. observe Mott’s VRH at low temperatures (T < 10 K) in samples just
on the insulating side of the critical regime where (p, < 10%). and ES hopping for
samples farther into the insulating regime (p, = 2 x 102 to p, = 2 x 10%) [112]. For
very insulating samples (p, > 10%). Yoon et al. observe Mott's VRH in some sam-

ples and ES hopping in others. They claim that this is evidence that some samples
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are homogenous (those that observe Mott’s VRH) while others are granular (those
that observe ES hopping) [112]. The authors do not observe granularity or homo-
geneity by any method other than the type of hopping, but their assumption that
granular samples will show ES hopping is supported by experience with other ma-
terial systems. Reghu et al. blended conductive polyaniline (PANI) with insulating
polymethylmethacrylate (PMMA), and changed the fraction of PANI from 0.3% (the
minimum fraction necessary to make a conductive material) to 100%. When the
fraction of PANI was below the percolation threshold (and a granular texture was
confirmed via TEM), the conductivity showed the temperature dependence described

in Equation 3.6 [119]. This x = 1 dependence is also typical of granular metals [120].

Mixed Behavior

The conductivity regime in which a sample is placed is usually defined by its behavior
at very low temperatures (T < 20 K), but at higher temperatures there are many
examples where conducting polymers show mixed metallic and insulating behavior
[111]. Metallic polypyrrole, for example, will show a finite conductivity at T = 0
and a positive temperature coefficient of W at low temperatures . However, at more
moderate temperatures. the temperature coefficient of W is often negative [111].
The W coefficient may become positive at very low temperatures because interchain
hopping and tunneling are suppressed, so intrachain conductivity becomes dominant
[111.115]. At more moderate temperatures, the hopping and tunneling associated
with the insulating regime become prevalent. so the overall coefficient of " becomes

negative.

3.1.2 Determination of Conductivity Regime

In processable conducting polymers. such as polvaniline. it is possible to cross from
the metallic to insulating regime by changing the temperature [121] or decreasing the
crystallinity of the system [105]. In polypyrrole. it is possible to move a particular

sample from one regime to another by application of high pressures or magnetic

66



fields, which increase the amount of interchain interaction or move the mobility edge,
respectively [110,113]. Alternatively, one can place the Fermi energy on either side
of the mobility edge by synthesizing samples under different conditions.

Yoon et al. synthesized polypyrrole films at -40°C with conductivities of 4 x 10°
S/m. that showed metallic behavior at low temperatures. When they changed the
polymerization temperature to room temperature, the resulting films had conductivi-
ties of 2 - 5 x 10° S/m, and showed insulating behavior at low temperatures [113]. Al-
ternatively, for films deposited at -40°C, samples in the metallic or insulating regimes
can be produced by polymerizing at different current densities. When Yoon et al.
polymerized samples at a current density of 0.2 A/m?, the conductivity was at least
2.7 x 10° S/m and the samples showed metallic behavior. When the polymeriza-
tion current density was raised to 2 A/m?, the conductivity no longer increased with

decreasing temperature below 4 K, showing that the metallic behavior was lost [6].

3.1.3 The Effect of Deposition Counterion

Polypyrrole’s conductivity has been shown to depend on the size and type of the
counterion used in deposition. In general, increasing the counterion size causes the
film to be less conductive [107,115,122,123]. The conductivity behavior of a particular
film was found to be dependant on the counterion used during synthesis. but not on
the counterions introduced into the film by post-synthesis electrochemical cycling
[115]. implving that the effect of using a different counterion is manifested in the
morphology that counterion brings about during deposition.

Using counterions that introduce a preferential orientation onto the material can
be used to change the dominant conduction mechanism from 3D to 2D variable range
hopping [118]. Mitchell et al. found that when they deposited polypyvrrole doped
with aromatic anions such as p-toluene sulfonate, the polvpyrrole chains preferentially
aligned with the pyrrole rings parallel to the film surface [124.125]. In these highly
anisotropic films. the conductivity was found to fit Mott’s VRH (Equation 3.4). with
X = % As was discussed in Section 3.1.1. this is indicative of two-dimensional hopping.

Alternatively. when polypyrrole films were deposited with spherical anions such as
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perchlorate or sulfate, this preferential orientation was no longer clearly observed

[125]. For these isotropic films, the conductivity fit Equation 3.4 with x = %, indicative

of three-dimensional charge transport [118].

3.2 Morphology

The direct effect of morphology on electroactive properties is rarely specifically probed,
due to the fact that it is impossible to change the morphology and not other factors
(such as the electronic conductivity). However, some authors have attempted to study
this bv examining both the morphology and the electroactive properties that result
from a change in deposition conditions. These works are discussed here.

We have previously observed that as-deposited polypyrrole films are not always
morphologically isotropic. It is often observed that the structure on the side of the film
in contact with the electrode is very different from the side exposed to the solution,
as was shown in Figure 2-3. Naoi et al. showed that for films doped with surfactant
molecules such dodecylbenzenesulfonate (DBS), this morphological anisotropy can be
quite extreme [1]. For sodium dodecylbenzenesulfonate (NaDBS) in aqueous solution,
the critical micelle concentration where the surfractant molecules will self-assemble
in solution is 1.5 mM [1]. Naoi et al. compared polypyrrole films synthesized from
solutions below and well above this concentration, and found the morphologies shown
in Figure 3-1. In both cases the films have a rough, nodular surface, but the film de-
posited from high NaDBS concentration shows an extremely anisotropic. columnar
morphology. Naoi et al. suggest this may be due to an imperfect layer of surfac-
tant that forms on the working electrode, promoting vertical growth of polvpyrrole
nucleated at defects in the surfactant [1].

Smela et al. conducted in-situ AFM experiments to observe the strain perpen-
dicular to the electrode for polypyrrole prepared similarly? to that shown in Figure

3-1b. Smela et al. assume they achieve the same columnar morphology as Naoi et al..

2Films were potetiostatically deposited from aqueous solutions of 0.1 M pyrrole and 0.1 M NaDBS
at 0.55 V vs. Ag/AgCl |26]
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Figure 3-1: Scanning electron micrographs from Naoi et al. [1]. Filims were poten-
tiostatically deposited at room temperature from aqueous solution of 0.1 M pyrrole
and different concentrations of NaDBS at 0.8 V vs. Ag/Cl onto an ITO working
electrode. 2 x 10° C/em? of charge was passed in each case. a) Deposited from 0.1
mM NaDBS (below critical concentration). b) Deposited from 50 mM NaDBS (above
critical concentration).

but do not independently verify that they do. For their material, Smela et al. report
a repeatable active strain of 35% perpendicular to the working electrode, compared
to up to 2% parallel to the film plane [25,26]. The sample geometry for Smela et
al.’s experiments is unusual, and may induce some mechanical amplification of the
strain observed perpendicular to the electrode. While this 35% expansion may not
be achievable in most film configurations (and has not been reported for flat films),
it does highlight the importance of understanding the morphological anisotropy in a
given polypyrrole system.

Bay et al. deposited polypyrrole in the presence of 1-pentanol in order to manipu-
late the film morphology. All films showed a nodular morphology, but films deposited
with at least 2.4% pentanol showed large wrinkles (~ 80 pym x 20 pm) as the film
buckled up from the electrode [126]. The electrical conductivity of the films is not
significantly affected by this change in morphology, but the active strain measured
isotonically in 0.2 M NaCl is 2.4% for films with no pentanol, and up to 5.6% for
films with 2.4% pentanol [126]. Interestingly, EQCM experiments reported in the
same paper showed a lower mass transfer in the pentanol-containing films. Assuming
the polypyrrole deposited on the EQCM is comparable to that used for linear isotonic

testing, this means that the pentanol-containing films exchanged fewer ions, yet ex-
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hibited a larger expansion. The authors claim that the buckled morphology of the
pentanol-containing films harnesses the high active strains that have been previously
reported in the film normal direction (discussed above). resulting in a larger strain
even at a lower charge [126].

Pandey et al. deposited polypyrrole doped with 3-Napthalene sulphonic acid (3-
NSA) onto ITO, stainless steel, and platinum [2,127]. They found that the different
electrode materials imparted different surface morphologies, and attributed this to
the interaction of the (3-NSA) with the surface. The authors do not characterize the
various surfaces prior to deposition, but SEM micrographs of the films produced from
this work are shown in Figure 3-2. Pandy et al. observe more dunal ion movement in
the films deposited onto stainless steel, and attribute this to the fact that this film
had a “highly porous, tubular” morphology [2.127]. Unfortunately. the only evidence

of this microstructure is the micrograph shown in Figure 3-2a. which does not clearly

show porosity or a “tubular” structure.

Figure 3-2: Scanning electron micrographs, from Pandy et al. [2]. Polypyrrole was
deposited on various substrates. from an aqueous solution of 0.15 M pyrrole and
0.25 M 3-NSA. Films were deposited potentiostatically at 1.2 V vs. silver wire for 1
minute, and then galvanostatically deposited at 10 A/m?. The authors do not explain
why the potentiostatic step is necessary, though one could guess it was for adhesion
to the substrate. Substrates are as follows: a) stainless steel, b) indimm tin oxide
(ITO). ¢) polished platinum

Hara et al. have published several novel deposition recipes, with significant elec-
troactive claims [3,27-30,94,128]. They deposited films in methyl benzoate solutions
with  very large anions. for example 1.2-dimethyl-3-propylimidazolium
tris(trifuoromethylsulfonyl)methide (DMPIMe) [3]. They also actnate using large

counterions (Li(C,Fg,11502)oN (n = 1-4)), and reported very large electrochemical
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strains (they claim up to 39.6% for n = 4)3 [3,28]. Hara et al. speculate that larger
deposition anions cause the polypyrrole chains to be very loosely entangled, allowing
the film to swell easily and show large electroactive strains. This may not be ideal
for all applications, as they also assert that these loosely packed chains will result
in lower measured electrochemical stresses and a lower mechanical strength of the
film [28].

These large anion films were polymerized onto a variety of electrodes, and the
largest active strains were reported for films deposited onto glassy carbon. Micro-
graphs of the electrode and solution surfaces of comparing films grown on glassy
carbon and ITO are shown in Figure 3-3, and a uniquely microporous surface mor-
phology is evident on the electrode side of the glassy carbon films. Films were also
deposited onto platinum and gold electrodes, and had surface morphologies similar
to the film deposited onto ITO. For films deposited onto a glassy carbon electrode,
Hara et al. report 28.0% strain in 100 seconds.? For films deposited onto ITO, they
report 13.7% for the same actuation conditions [3]. It is clear from Figure 3-3 that
the electrode material does change the polymer film morphology, and that the molr—
phologies that Hara et al. achieve are significantly different than that shown in Figure
2-3. However, because Hara et al. do not compare their films directly to films with a
smooth surface, it is difficult to know just how much of their reported improvement
in strain is due to a difference in morphology.

In order to produce a very fast actuator, Hara et al. electropolymerized polypyr-
role films from solutions containing salts of the bis(trifluoromethanesulfunyl)imide
anion (TFSI™) and its derivatives [29,94]. With this system,® they report a peak
strain of 29% and strain rate of 10.8%/s [29]. Wu et al. also produced films doped
with TFSI™, and found that when utilized in a bending beam configuration these films
showed a larger and faster electroactive response than those doped with PFg [129].

Unfortunately, Wu et al. did not investigate the morphological differences between

3Films deposited from 0.2 M Li(C4F9SO3)2N in methyl benzoate at 0°C, actuated in 0.5 M
Li(C4F9S0Oz2)2N in propylene carbonate between -0.6 V and +1.5 V at 2 mV/s

4Actuating in 1 M Li(C4FgS03)2N (LiNFSI) in a 50:50 mix of water and propylene carbonate

SFilms polymerized using tetrabutylammonium bis(trifluoromethanesulfunyl)imide (TBATFSI),
actuated at +0.7 V in a solution of LiTFSI in 60:40 water:propylene carbonate

71



Figure 3-3: SEM micrographs of the electrode and solution sides of polypyrrole films
deposited onto different working electrodes, from Hara et al. [3]. Films were polymer-
ized potentiostatically (+1.2 V) at -10°C, from a solution of 0.25 M pyrrole and 0.12 M
1,2-dimethyl-3-propylimidazolium tris(trifuoromethylsulfonyl)methide (DMPIMe) in
methyl benzoate. a) Electrode-facing side of film deposited onto glassy carbon. b)
Solution-facing side of film deposited onto glassy carbon. ¢) Electrode-facing side of
film deposited onto ITO. d) Solution-facing side of film deposited onto ITO.
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films doped with the different anions. They did find that the films doped with TFSI~
showed faster ion transfer, even though they were less electrically conductive. This
may be the result of a larger surface area available for transport. We have also at-
tempted to use the TFSI™ anion to increase strain rates in polypyrrole films, and this
work will be presented in Section 6.4.

Hara et al. publish strains and strain rates for free standing linear actuators
that are far greater than other groups. For example, Hara et al. claim to observe
a strain rate of 10.8%/sec for a free standing polypyrrole film [29], while the next
highest number in the literature is 3.2%/s [60]. They report linear strains up to
40% (28], while other groups typically report linear strains of 2 to 5% for free-standing
films [13.57;. Many of the numbers Hara et al. report for electrochemical strain are
given in tables with no supporting data, and when data is given often only the first
and second cycles are shown. The active strain for the second cycle is usually much
smaller than the first, even though the first is reported in the tables. For example,
the conditions mentioned earlier that showed 39.6% in the first cycle only showed
22.8% for the second cycle [28]. This exceptionally large response is clearly transitory
and therefore not useful for practical devices. However, even if the numbers reported
are somewhat questionable, it is still evident that there is a structural difference
between the material Hara et al. are producing and the polypyrrole used by the rest
of the field. Our work to follow their recipes and better understand the material they

produce is presented in Chapter 6.

3.3 Parameters in Electrochemical Synthesis

Many groups have altered the parameters associated with polypvrrole electrodeposi-
tion. producing polypyrrole films that very widely in conductivity, mechanical proper-
ties. and morphologyv. The deposition recipes are so diverse it is often difficult to draw
comparisons between the works of different groups. and in some cases it appears that
different groups come to opposite conclusions. Because there are so many variables.

each experiment should be thought of as relatively isolated. and we cannot assume
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an observed change with one variable will occur again if all other parameters of the
deposition are not exactly the same. However, by organizing the previous work in
the literature, some overall themes arise that we can use to direct our future study

of polypyrrole actuators.

3.3.1 The Effect of Counterion Choice

Mitchell et al. have extensively used x-ray diffraction to investigate the molecular
organization in polypyrrole films deposited from aqueous solutions of pyrrole and
sodium p-toluene sulfonate at 20°C [4,118,125]. When polypyrrole is deposited in
the presence of an aromatic counterion such as the p-toluene sulfonate, the x-ray
diffraction pattern shows significant anisotropy. A sharp peak at d ~ 3.4 A (attributed
to the face-to-face stacking between two polypyrrole chains) [10,11,57,123,130,131]
is observed in the direction of the sample normal, while this peak is notably absent
in the sample plane [125]. This implies preferential orientation of the polypyrrole
chains with the ring faces flat to the film plane. When polypyrrole was deposited
under the same conditions but a spherical anion such as perchlorate was substituted
for the p-toluene sulfonate, no such anisotropy was measured [118]. This preferential
orientation can also be caused by a change in polvmerization potential (as will be
discussed in Section 3.3.2) or solvent choice (as will be discussed in Section 3.3.3). A
change in the locations of the diffraction peaks due to the size of the counterion used
during deposition also has been observed [97.132], and will be discussed in Section
4.1.4 and Section 6.3.

Hara et al. surveved a range of counterion salts to be used in the deposition, as
was discussed in Section 3.2. They recommend that counterions and solvents should
be chosen to maximize the interaction between polypyrrole and counterions [30],
and report very large strains for films deposited from and actuated in imide-type
anions [29.30.94.133]. Theyv report that larger strains are observed when larger
counterions are used for deposition and actuation. with an active strain of 39.6%

when Li(CsF¢S05)oN was used. compared to 23.3% for Li(CF350,),N.% Hara et al.

In both cases films are deposited from 0.2 M solution of counterion in methy] benzoate at 0°C.
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also investigated perfluoroalkylsulfonyl containing anions, and again reported strains
between 20 and 40% [3]. These films had noduluar, cauliflower-like morphologies, the
roughness of which depended on the working electrode material, as will be discussed

in Section 3.3.5 [3].

3.3.2 The Effect of Deposition Potential and Current Density

The deposition potential and current density cannot be independently controlled, as
they are a function of the cell resistance. For example, if one wants to compare
depositions using two different counterions, they will encounter electrolyte solutions
with two different resistivities. The researcher must then choose whether to keep the
potential or the current constant, and the other will vary depending on the solution
resistance. This makes impossible to tell if the resultant films show different properties

because of the counterion, deposition current or potential, or both.

Polymerization Potential

The effect of polymerization potential on polvpyrrole chain quality is the subject
of some debate. Some authors claim that lower polymerization potentials produce
shorter chains. because the intermediate species are less reactive [48,134]. Others
claim that that lower potentials may prevent unfavorable side reactions from occur-
ring. allowing neat polypyrrole chains to grow longer [93]. To this end, it has been
shown that when the deposition potential is allowed to go too high. the resulting
product is less conductive, which suggests shorter polymeric chains with more de-
fects [93.135]. In fact. it is likely that there is an optimum deposition potential for
polyvpytrole in each electrolyte svstem, which will enable the intermediate species to
be reactive enough to form long chains, but not so reactive that these chains have lots
of defects. For example. Hagiwara et al. found that for films deposited from propy-

lene carbonate solution.” a polymerization potential of 1 V to 1.2 V vs. Ag/AgCl

Films are actuated in 0.5 M solution of counterion in propylene carbonate. from -0.6 V to +1.5 V
at 2m\ /s

"Potentiostatic deposition at -20°C from solution of 0.06 M pyvrrole. 0.05 M TEAPF6 and 1 %vol
water in propvlene carbonate

[6)



produced films that were highly processable (able to be drawn up to 2.7 times) and
quite conductive (~ 4 x 10* S/m) [93]. Potentials slightly higher or lower than this
led to less conductive, less processable films.

Mitchell and Geri. deposited films doped with p-toluene sulfonate® and varied
the deposition potential from 0.5 V to 1.5 V vs. SCE (Saturated Calomel Electrode)
[4]. They used x-ray diffraction to evaluate the microstructure of the films, and at
higher potentials observed anisotropic scattering that they attribute to a preferential
orientation of the polyvmer chains. with the pyrrole rings lying flat to the film surface
plane (similar to that discussed in Section 3.3.1) [4]. Mitchell and Geri also found
that the higher potentials resulted in a smoother film as is shown in Figure 3-4,
and a significantly higher conductivity (3 x 10* S/m for films polvmerized at 1.5 V,
compared to 8 x 103 S/m for films polymerized at 0.5 V) [4]. They speculate that
higher anodic potentials lead to a higher concentration of polypyrrole intermediates
at the electrode surface, so the polymerization occurs more evenly across the entire
surface. At lower deposition potentials the deposition may occur in patches, leading

to a rough. poorlv-organized material as additional polypyrrole is deposited [4].

Galvanostatic Deposition

For films produced galvanostatically, it is generally found that lower current densities
lead to smoother. more conductive films. Stankovic et al. compared films deposited
with current densities from 10 A/m? to 120 A/m?, and found that those deposited
at 10 A/m? were the most conductive [135]. They also observed the films’ mor-
phologies with SEM. and while many samples showed a caulifiower morphology. the
ones deposited at higher current densities (that were less conductive) had larger glob-
ules {135]. Li and Ouvang deposited polyvpyrrole in the presence of a nonionic surfrac-
tant. and found that the lowest deposition current density (1 A/m?2) produced the
most conductive and strongest film (1.3 S/m. 69.6 MPa), while the highest (3 A/m?)
produced a film with inferior properties (0.96 S/m. 30.1 MPa) [136]. Dyreklev et

8Films deposited from aqueous solution of 0.25 M pyrrole and 0.8 M sodium p-toluene sulfonate
at ar 20°C
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Figure 3-4: SEM micrographs of solution side of polypyrrole films from [4]. Films are
polymerized deposited from aqueous solution of 0.25 M pyrrole and 0.8 M sodium
p-toluene sulfonate at at 20°C, onto glass coated with Baltracon Z10 (to provide
conductivity) at the following deposition potentials vs. SCE: a)0.5 V b)0.6 V ¢)0.8
Vd)1.0 V.

al. observed that films deposited at current density of 1.25 A/m? (from a solution
of 0.1 M Pyrrole and 0.5 M LiClO4 with no water) were shiny and easy to handle
while those deposited at 20 A/m? were brittle and matte [137]. Unfortunately, the
authors do not show any SEM micrographs to explain the micro-scale features that
caused this difference, but say that the higher current density films show cauliflowers
with 10 gm diameters while the low current density films are smoother with features

spreading over 50 pm [137].

Yoon et al. also studied the effect of deposition current density, noting that
for films polymerized at -40°C the most conductive films were produced at 0.2 to
0.5 A/m?. These films also showed the lowest resistivity ratio and the most negative

temperature dependence of conductivity, indicating these samples were furthest into
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the metallic regime (as discussed in Section 3.1.2) [6].

Maw et al. produced bending beam actuators from polypyrrole synthesized from
an aqueous solution of NaDBS [95]. In this system, films synthesized at lower current
densities took much longer to warm up, i.e. during cyclic voltammetry the oxidation
and reduction peaks did not develop to constant behavior for many cycles. After
warm up, however, the films deposited at lower current densities showed significantly
higher tip movement upon actuation. For example, the end of a 75 mm long bilayer
deposited at 4 A/m? curled up to 12 mm, while a bilayer deposited at 400 A /m?
only curled up to 5 mm when actuated under the same conditions® [95]. They found
that the deposition current density determined the amount of charge a sample would
pass in response to an applied potential condition, but did not change the amount of
deformation that results from each mC of charge. The authors do not speculate as to
what electrical or morphological features might cause this effect and unfortunately,

thev do not examine the morphologies of their different samples.

3.3.3 The Effect of Solvent Choice

Polvpvrrole films have been grown from a variety of solutions, including supercritical
carbon dioxide!? [138] and neat monomer!! [139] solutions. Ouyang and Li show a
correlation between the conductivity of polypyrrole and the nucleophilic strength of
the solvent used for the deposition solution [140]. The authors explain this relation-
ship by noting that the more nucleophilic the solvent, the more likely it is to attack
any radical cations produced during electropolymerization, decreasing the molecular
weight of the growing chain [140]. While the authors presented SEM micrographs
of films deposited from different solvents. the micrographs do not clearly show any
morphological changes imparted by the nucleophilicity of the solvent.

Hara et al. have conducted perhaps the most extensive survey of solvents for

YCvcled between +0.4 and -1.1 V at 150 mV /s

10Films polymerized potentiodynamically from a solution of 0.16 M TBAPF6. 2.4 M acetonitrile,
and 0.16 M pyrrole in scCOs.

UFilms polvmerized potentiodvnamically from a solution of 0.05 to 0.3 M counterion salt in neat
IOLIOIET .
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polypyrrole electrodeposition [30]. Using TBABF, as the counterion salt, the authors
surveved a variety of esters, ethers, and higher alcohols. They report the largest elec-
trochemical strains occurred when films were synthesized in methyl benzoate (12.4%)
or buty] benzoate (15.1% under same electrochemical conditions'?). and claim that
methyl and butyl benzoate interact relatively weakly with the polypyrrole, allowing
more interaction between the polymer and the counterions [30]. However, the authors

do not investigate or explain the microstructural difference that these solvents induce.

Aqueous vs. Organic Solutions

A widely used electrodeposition recipe (as was presented in Section 2.1.1) includes
pyrrole monomer, counterion salt, and a small amount of water (typically 1%vol)
in propylene carbonate [10,41,57,60,123,130,135]. The role of water in solution is
not entirely clear. but it may help to accommodate the protons produced during the
polvmerization reaction. When the water is eliminated from the solution the resulting
polypyrrole films tend to be brittle and difficult to handle [135]. When acetonitrile
is used instead of propvlene carbonate, it has been observed that polypyrrole forms
particles in solution instead of a free-standing film if water is omitted [5].

Stanklovich et al. polymerized polypyrrole from propylene carbonate solutions
with a small amount of water added [135]. They found that the most conductive
films were produced at a concentration of 3%vol water at 0°C. They could not conduct
experiments at -40°C because the deposition solution solidified (likely due to the high
concentration of water) but still achieved conductivities up to 3.07 x 10* S/m [135].
Stanklovich et al. attribute the decreased conductivity in the films prepared from
dry solution to the high acidity at the electrode surface that may occur when there
is no water in solution [135]. This high acidity may contribute to formation of less
conductive impurities such as 2.5-bis(2-pvrrolvl) [135, 141] which would cause the
resulting film to be less conductive.

While a small amount of water may be beneficial to polvpyrrole polvmerization

in organic solutions. too much could hinder polypyrrole film formation. Ko et al.

12 Actuated in 1 M aqueous NaPF,. scanning between -0.9 V and +0.7 V at 2 m\7/s
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Figure 3-5: SEM micrographs of polypyrrole film cross-sections, from [5]. Polypyrrole
films were deposited galvanostatically at '20'A/ m?, from a solution of 0.036 M TEAP
and 0.36 M pyrrole in one of the following solvents: a) water b) acetonitrile with
2%vol water.

found polypyrrole polymerized from completely aqueous solutions to be inferior to
that polymerized from acetonitrile with 2% water, with the aqueous films showing
an electrical conductivity approximately one order of magnitude lower than those
produced from acetonitrile solution [5]. This may be due to nucleophilic attack by
the water on the radical cation produced during electropolymerization, resulting in
chains with a higher concentration of defects [5]. Films produced from aqueous and
acetonitrile solutions also show significantly different morphologies, as is shown in
Figure 3-5. The films produced from aqueous solution are more rough than those
produced from acetonitrile solution, and have large pores on the electrode side of the
film. Ko et al. speculate that the parts of the polypyrrole chain attacked by water
during the aqueous deposition would be more soluble in water than the rest of the
polypyrrole chain, so these sections may aggregate, resulting in the observed highly

nodular morhphology [5].

Sutton and Vaughan synthesized p-tolune sulfonate (pTOS™) doped polypyrrole
onto ITO from solutions of methanol and water, varying the methanol content in order
to incrementally change the deposition solution from aqueous to organic [142]. In
contrast to the findings of Ko et al., Sutton and Vaughan find that films produced from
aqueous solution had electrical conductivities approximately one order of magnitude
higher than those produced from organic solution [142]. However. the two studies

cannot be directly compared. In addition to the difference in choice of organic solvent,
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there also exists a difference in dopant anion (pTOS™ compared to PFy for Ko et al.),
electrochemical conditions (potentiostatic at 1.2 V vs. galvanostatic at 20 A/m?). and
working electrode (ITO vs. platinum foil) [5,142], all of which may contribute to the

resulting film quality.

Sutton and Vaughan also investigated the microstructure of their films using wide
angle x-ray diffraction, and compared diffraction patterns taken with the incident
beam parallel to the film normal with the beam parallel to the film plane. They found
considerable anisotropy in the aqueous system, where the polypyrrole chains prefer-
entially aligned with the ring face parallel to the film surface plane. This anisotropy
decreased as the methanol content was increased [142]. Sutton and Vaughan also
observed a decrease in electrical conductivity with increased methanol content, and
attributed this to the decreased molecular organization [142]. The authors attribute
the lower conductivity and molecular organization in organic solutions to a change in
oxidation potential of the pvrrole monomer depending on solution (higher in organic
than in aqueous solutions). as well as the inability of the organic solution to properly

solvate the protons produced during polymerization.

Mitchell and Geri have observed diffraction patterns very similar to Sutton and
Vaughan's for p-toluene sulfonate doped polvpvrrole deposited at various anodic po-
tentials. as was discussed in Section 3.3.2 [4]. Sutton and Vaughan comment that by
increasing the aqueous content of the deposition solution one is effectively decreasing
the oxidation potential of pyrrole. so one might expect the two sets of diffraction pat-
terns to correspond. Furthermore. Sutton and Vaughan show a change in polvpyrrole
surface morphology (from nodular to wrinkled as the sblvent is changed from water
to methanol). that looks very similar to the change observed by Mitchell and Geri as
thev lowered their deposition potential (shown in Figure 3-4). It seems that in Sut-
ton and Vaughan's experiments. they have captured the effects of raising the pvrrole
oxidation potential without gaining the benefits of polvmerization in organic solution
observed by Ko et al. This may be due to their choice of methanol as the organic

solvent instead of acetonitrile or propvlene carbonate.
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3.3.4 The Effect of Deposition Temperature

Several studies have shown that polypyrrole films polymerized at lower temperatures
are more conductive, with -40°C being the optimum temperature for polypyrrole
deposited from propylene carbonate [6,93,143]. Ogasawara et al. compared films
polymerized at 4+20°C and -20°C, and found that the low temperature films were
much more conductive (2.87 x 10* S/m as opposed to 0.97 x 10* S/m) and more
processable (could be stretched up to 100% as opposed to only 6%), while elemental
analysis showed no applicable difference in doping level [143]. Electron Spin Reso-
nance spectroscopy (ESR) showed decreasing linewidth for films polymerized at lower
temperatures [93,143]. The ESR linewidth is related to the conjugation length in con-
ducfing.polymers, and a decreased linewidth is indicative of a higher degree of con-
jugation [143-145]. In addition, the density of films prepared at lower temperatures

has been found to be higher than those prepared at higher temperatures [6,93].

For films deposited at a constant current density, Yoon et al. showed it is possible
to put polypyrrole films in different electronic transport regimes by changing the
temperature (as was discussed in Section 3.1.2). For example, films prepared at 0°C
were in the critical regime with p, = 12.5, while films prepared at -40°C were metallic

with p, = 1.92 [6].

The electrochemical properties of films synthesized at different temperatures have
been also probed by cyclic voltammetry [6]. Films deposited at -40°C show much
sharper oxidation and reduction peaks than those deposited at room temperature,
which Yoon et al. attribute to the -40°C films having a more homogeneous mor-
phology and lower polydispursity {6]. One would expect a high polydispursity in
conjugation lengths to lead to a broadening of the oxidation and reduction peaks,
but because polvpyrrole is insoluble polydispursity can only be inferred. not directly
probed by traditional methods such as size exclusion or gel permeation chromatog-
raphy. Yoon et al. claim that the films deposited at low temperature are also more
stable during repeated electrochemical cvcling. but do not show comparable data for

room temperature films [6]

4
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3.3.5 The Effect of Electrode Material

There have been several examples where the morphology of polypyrrole films has
been affected by the working electrode material. As was presented in Section 3.2,
Hara et al. produced films with nodular, caulifiower-like morphologies, the roughness
of which depended on the working electrode material [3]. The surface morphologies
of these films are shown in Figure 3-3. While it is clear that the electrode material
influenced the morphology, the authors do not discuss why the different electrodes
produce different films morphologies. Furthermore. they do not describe the surface
finish of the electrode. which certainly has an effect that is separate from the chemistry

of the electrode material.

Yoon et al. show one example where the effect of the state of the electrode
(polished vs. unpolished) is directly investigated. While they do not provide SEM
micrographs at comparable magnifications, their images suggest that polishing the
electrode reduces the number of pores on the electrode side of the film and the rough-

ness of the solution side of the film (Figure 3-6 [6]).

Cascalheira et al. also investigated the effect of electrode surface roughness on
polvpyrrole morphology. Theyv compared polypyvrrole deposited on mechanically pol-
ished (rms-roughness = 4 nm) and electropolished (rms-roughness = 0.3 nm) copper
foils. and found that initially, the smoother electrode surface gave rise to a much
smoother film. However. after 3000 C/m? of charge was passed. the roughness of the
each sample was nearly identical [7]. They studied the morphologies of the electrodes
and resulting films using tapping mode Atomic Force Microscopy (AFM). and their
images are shown in Figure 3-7. Cascalheira et al.’s results are in contrast to the
experiment described above in which Yoon et al. passed more charge (up to 3.2 x 10°
C/m?) but still observed an effect of the electrode roughness in the polvpvrrole sur-
face morphology. The difference may be that Cascalheira et al. deposited their
polypyrrole films from aqueous solution. while Yoon et al. deposited from propvlene
carbonate solution with onlyv 1%vol water. Depositions conducted from aqueous solu-

tions tend to be very rough and nodular. and in the case of Cascalheira et al. this may
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Figure 3-6: SEM micrographs of films polymerized onto platinum electrodes, from [6].
Films were polymerized galvanostatically at 0.2 A/m? at -40° C, from a solution of
0.1 M pyrrole and 0.1 M TBAPF6 in propylene carbonate. a) Unpolished electrode,
electrode face. b) Unpolished electrode, solution face. ¢) Polished electrode, electrode
face. d) Polished electrode, solution face. Note the different magnifications of each
micrograph.

have overshadowed any effect of the electrode roughness. It would be interesting for
Cascalheira et al. to repeat their experiment but deposit from propylene carbonate
solution, to see if there is a point where the electrode roughness no longer determines

the film surface morphology.
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Figure 3-7: Tapping mode AFM images of copper foil electrodes and polypyrrole films,
from [7]. Films were deposited galvanostatically at 20 A/m?* from aqueous solution
of 1 M sodium salicylate and 0.5 M pyrrole. The authors do not specify a deposition
temperature, so it is assumed to be room temperature. a) Mechanically polished
copper electrode. Rms roughness = 4.0 nm. b) Polypyrrole filin after 250 C/m? was
passed on mechanically polished electrode. Rms roughness = 4.7 nm. ¢) Polypyrrole
film after 3000 C/m? was passed on mechanically polished electrode. Rms rough-
ness = 17.9 nm. d) Electropolished copper electrode. Rms roughness = 0.3 nm. e)
Polypyrrole film after 250 C/m? was passed on electropolished electrode. Rms rough-
ness = 1.7 nm. f) Polypyrrole film after 3000 C/m? was passed on electropolished
electrode. Rms roughness = 17.2 nm. ‘

3.3.6 The Extent of Reaction

The first polymer chains to precipitate from solution onto the electrode have been
observed to form a well-ordered structure. then a more nodular morphology develops
as the deposition proceeds (8,146, 147]. Yang et al. used Scanning Tunneling Mi-
croscopy (STM) to observe the surface morphology of polypyrrole as it was deposited
from acetonitrile solution [8]. Upon initiation of the polymerization reaction, they
observed that well-ordered helices formed on the graphite electrode. As the reaction
proceeded, the typical “cauliffower” morphology developed on top of this well-ordered
film of helices [8]. Possible differences in polypyrrole chain configuration as the film

deposition proceeds are discussed at length in Section 4.2.2, while the STM images
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that illustrate this transition are shown in Figure 3-8.

Figure 3-8: STM images of polypyrrole deposition. from [8]. Polypyrrole is deposited
galvanostatically at 12 A/m? from a solution of 0:1 M pyrrole and 0.1 M tetraethy-
lammonium p-toluene sulfonate in acetonitrile. a) Boundary between the graphite
substrate (upper half of image) and first layer of polypyrrole (bottom half). b) Or-
dered polypyrrole film, 50 - 900 nm thick. ¢) Transition from ordered morphology to
nodular morphology. The scale of the image is not given, but the height difference
between the ordered and nodular regions is reported to be 110 nm [8]. d) Nodular
morphology commonly observed in thick polypyrrole films.

The potential across the electrochemical cell increases over the course of the poly-
merization, which could cause the material deposited at the end of the deposition to
be inferior to that produced in the beginning. Yoon et al. observed that the most
highly conductive polypyrrole films (3.3 x10* S/m) were only ~ 17 jan thick. When
the reaction was allowed to proceed long enough for the film to grow to over 50 pm
thick. the conductivity decreased 2.0 x10" S/m [6].

Stankovic et al. calculated the theoretical thickness that their electropolymerized
polypyrrole filins should be, based on a density of 1440 kg/m?* [123] and the measured

amount of charged passed [135]. They found that for films less than 30 g thick,
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the measured thickness matched the calculated thickness well, and the conductivity
decreased slightly with thickness. For films thicker than 30 um, the measured thick-
ness was much larger than the theoretical thickness, and the conductivity decreased
sharply with increasing thickness [135]. These observations point to a significant de-
crease in density once the film grew to thicknesses larger than 30 um, but Stankovic
et al. do not measure density directly or show micrographs of thicker or thinner
films, so the change of morphology that accompanies this decrease in conductivity is

unclear.

3.4 Chapter Conclusions

There is clearly a link between the morphology of conducting polymer actuators and
their electroactive performance, although thus far work to this end has been con-
fusing. Researchers have varied electrochemical synthesis parameters that have been
shown to affect morphology, but then failed to investigate the resulting morphologies
themselves. Or if they have investigated the morphology of their matieral, they have
often not studied the materials’ electroactive properties. There is such a large di-
versity of types of polypyrrole films produced that a clear methodology for achieving
actuation metrics by controlling the film morphology has not yet been developed.

However, there are some general themes, discussed below.

e There is an inverse relationship between deposition temperature and electronic
quality. More highly conductive, metallic films are produced at lower tempera-
tures, in almost all recipes. A similar effect is observed with current density in
some recipes. i.e. more conductive, metallic films are deposited at lower current
densities. In both cases. it may be that reducing the rate of reaction allows
production of chains with fewer defects. increasing the metallic character of the

product.



e The electrode material significantly changes the morphology of the polypyrrole
film, but in a manner that is not necessarily straightforward. The effects of
the surface roughness of the electrode and the chemistry of the electrode ma-
terial have not been clearly separated, and both affect the roughness of the
polypyrrole film. The smoothest, most stretchable films have been deposited on

polished glassy carbon electrodes.

e The first polypyrrole chains to deposit onto the electrode do so in a well-
organized manner, but the material becomes more disordered as the reaction
proceeds and the film becomes thicker. This may be because the electrochem-
istry of the reaction changes due to the increased resistance of the working
electrode, or because the surface onto which subsequent polypyrrole chains de-

posit is changing.

e The dopant counterion used during deposition can significantly change the mi-
crostructure of the film by imparting preferential alignment of the polypyrrole
chains or changing the average spacing between polypyrrole chains. Large coun-
terions have been reported to produce films that show a large and fast active
strain. while smaller counterions provide a more conductive film. It is not en-
tirely clear if the size, shape, or chemistry of the counterion is most important,
but the seemingly infinite number of choices of counterions make this an area

ripe for exploration.

e Films that have larger surface areas show better electrochemical ion transfer,
which may lead to a faster electroactive response. A larger surface area could
be produced by altering the counterion. electrolyte solution, and material and
surface finish of the working electrode. However. films with higher surface areas

also often suffer from lower electronic conductivities.
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Polypyrrole can be synthesized under many electrochemical conditions, and the
properties of the films deposited from different recipes may vary widely. There is a
large body of prior work involving polypyrrole deposition, and therein one will find
a library of techniques to achieve different morphologies. However. as of vet, which
microstructure is best for actuation remains unclear. Our work to investigate this

question will be presented in the remaining chapters of this thesis.
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Chapter 4

Polypyrrole Microstructure as

Probed by Scattering Techniques

Polypyrrole is a notoriously difficult polymer to study, due to its insolubility. X-ray
and electron diffraction techniques are attractive methods by which to investigate
polypyrrole’s microstructure because they do not require one to dissolve or melt the
polymer. X-ray diffraction is a useful tool for polymer microstructure investigation
of polymers in general, as the wavelength (usually between 1.3 A and 1.6 A) is of
the correct order to observe prominent polymer intra and interchain correlations. In
addition, x-ray diffraction is a non-destructive technique, allowing one to take many
images of the same sample, or image a sample while simultaneously stimulating it
with temperature, force, or electricity. For the most easily interpretable data, one
desires a highly crystalline and well textured sample that is wider than the diameter
of the incoming radiation beam. In x-ray diffraction a typical beam diameter is 0.5
mm, so a highly crystalline sample that is at least 1 mm in diameter would be ideal.
Unfortunately. for insoluble and unmeltable conducting polymers like polypyrrole it is
impossible to make a such a sample. Electron diffraction allows the analvsis of much
smaller crystals (nanometers in diameter), as the spot size is significantly smaller.
However. electron diffraction requires very thin samples (< 100 nm in thickness). and
bombards the sample with a high flux of energetically charged particles. inducing

significant changes in local bonding and altering the polvmer structure even at low
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at low doses. Additionally, electron diffraction requires a high vacuum (107% torr)
sample environment, eliminating the possibility of many types of in-situ experiments.
Ideally, a combination of electron and x-ray diffraction would be used to determine
the microstructure and crystalline unit cell of a conducting polymer.

In this chapter, the basics behind x-ray diffraction are reviewed for the reader
unfamiliar with scattering techniques. Polypyrrole is compared to a more traditional
polymer - semicrystalline polyethylene - to help the reader understand the type of
information one can gain from x-ray diffraction of polymers and why some commonly
used techniques do not work for polypyrrole. Our efforts to probe the microstructure
of polypyrrole by x-ray (Section 4.1) and electron (Section 4.2) diffraction are com-
pared to previous works, and a more accurate picture of polypyrrole microstructure
is proposed. In the second part of this chapter, we attempt to observe a microstruc-
tural change upon polypyrrole oxidation and reduction that could explain polypvr-
role’s electroactive properties (Section 4.3), and find that our proposed microstructure

explains the observed electroactive response quite well.

4.1 Wide Angle X-ray Scattering

Due to its wide availability and relative ease of use, wide angle x-ray scattering
(WAXS) is perhaps the most commonly used tool for determination of crystalline
structure information in polymers. There is a wealth of information one can gain
from diffraction experiments, but the disordered nature of polypyrrole precludes a
detailed crystallographic analysis. Instead. diffraction is used to study characteristic
spacings in the polvpyrrole sample and to probe the microstructure in a qualitative
way. The intention of this section is not to give a detailed description of the theory and
wide range of applications of x-ray scattering. We seek to give the reader unfamiliar
with x-ray diffraction a basic understanding of what kind of information can be gained
by diffraction of polymers. and how diffraction can be applied to polypyrrole. For
detailed background and experimental methods. the reader should consult the texts

of Alexander [148]. Kakudo and Kasai [149]. and Warren [150].
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Figure 4-1: Theoretical unit cell, with sides a, b, and ¢. the (110)(red) and (220)(blue)
planes are shown.

The regular, crystalline organization of atoms iﬁ a material is typically described
in terms of the unit cell. A unit cell is the smallest unit that is repeated throughout
a crystal by translation. A nice description of unit cells and crystal symmetry in
polymers is presented in Chapter 1 of Alexander [148]. Planes within the unit cell

are indexed by their intersections with the three main axes, so if a unit cell has three

sides a, b, and c, plane (hkl) will have the intercepts ¢, %,and 7. For example, if the
cell shown in Figure 4-1 has the dimensions a = b = ¢ = 1, then the (220) plane
intercepts the x axis at %, the y axis at %, and the z axis at co. The distance between
planes (hkl) is called the d spacing, can be calculated by the geometry of the unit
cell. For example, for the cubic cell shown in Figure 4-1, where a = b = ¢ and the

three axes are orthogonal, d can be calculated as follows [148].

a
o = e e

In a WAXS experiment (shown in Figure 4-2), a polymer specimen is irradiated

(4.1)

with collimated x-ray radiation (typically Cu ke, with a wavelength of A = 1.54 A).
The beam is scattered by planes of atoms in the sample, such as the (110) and (220)

shown in Figure 4-1.! The angles by which these x-rays are diffracted is related to

'Both the (110) and (220) are planes of atoms, even though only the (110) intersects atoms
within the unit cell. The unit cell is only meaningful in the context of a larger crystal, and the (220)
plane will intersect atoms in adjacent unit cells. A good illustration of this is given in Figure 1-9 of
Alexander [148].
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the d spacings in the sample by Bragg’s law (Equation 4.2),

A = 2dsin(6) (4.2)

where ) is the x-ray wavelenigth, d is the characteristic spacing, and 6 is % of the

2
scattering angle. When describing scattering results, it is often more convenient to
express spacings in terms of the scattering vector ¢ (shown in Figure 4-2). g is related

to d via the following equation.

¢=—=~ sin(6) (4.3)

The distance between the sample and ‘detector should be chosen based on the range

of g one is interested in collecting. For this work, the detector was typically 8 to
15 cm from the sample, in order to capture ¢ = 0.1 to 2.5 A~! (the exact range
varies based on the size of the detector). Polymer samples with larger spacings (for
example, microphase separated block copolymers with d ~ 50 nm) will require a
- larger sample-detector distance, in order to record data at a smaller q. The geometry
to measure diffraction at ¢ < 0.1 A1 is referred to as Small Angle X-ray Scattering,
or SAXS. The only difference between SAXS and WAXS is the range of angles over
which intensity is collected, determined by the sample-detector geometry.?

We employ a two dimensional area detector, and the places where the scattered
beams hit the detector are observable as areas of higher intensity. If the sample is one
large crystal (with dimensions comparable to the incident beam, usually ~ 0.5 mm),
one will observe a pattern of spots. The intensity and position of these spots can be
used to calculate the parameters defining the crystalline unit cell. It should be noted
that not all sets of lattice planes may give rise to observable spots, depending on the
crystal structure, geometry of incident beam, sample and detector, and wavelength
of incident radiation. Because it is only our intention to help the reader understand

the presented diffraction data, the reader is directed to references [148-151] for the

2Another commonly used term for x-ray scattering is “XRD” (for X-Ray Diffraction). While
both WAXS and SAXS are x-ray diffraction techniques, when the term XRD is used it is usually in
reference to WAXS only.
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Figure 4-2: Schematic of scattering experiment. The incident beam (S, ) interacts with
the planes of atoms in the sample with spacing dky. X-rays that are not diffracted
by atoms in the sample are transmitted and absorbed by the beamstop, while those
that are diffracted (S) are collected by the detector. The degree of scattering is often
quantified by scattering vector ¢ = 27 /A(S — S,)

details behind crystalline diffraction and structure determination.

If the sample contains many crystals that are randomly oriented, one will observe
a series of rings at the characteristic d spacings, often called a “powder” diffraction
pattern. An example of this for semicrystalline polyethylene is shown in Figure 4-3.
Detailed analysis of powder diffraction patterns is presented in Chapter 5 of Warren
[150] and Section 1-4.5 of Alexander [148].

2D data can be plotted in one dimension by scanning from the center or integrating
the intensity around the circular scattering peak as a function of distance from the
center. An example of 2D and corresponding 1D WAXS data for semicrystalline
polyethylene is shown in Figure 4-3. All diffraction data in this work was collected
on a 2D detector, but often x-ray diffraction data is only collected in one dimension.
For powder diffraction patterns, 1D data collection is adequate because the sample
is the same at all azimuthal angles (¢ in Figure 4-3). If the sample is not perfectly
isotropic, several 1D scans at different azimuthal angles are necessary to capture the
texture of the sample. In this case a 2D detector is preferable, as it allows one to
collect much more information in a shorter amount of time.

If a polymeric sample is stretched, the polymer chains will orient in the direction
of stretch (also called the machine direction or MD). As the chains become more

organized, the diffraction pattern will become anisotropic. If the chains were perfectly
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Figure 4-3: WAXS patterns for semicrystalline polyethylene [9]. The characteristic
110 (q = 1.53 A~!, d = 4.10 A) and 200 (q = 1.70 A~', d = 3.69 A) spacings of the
polyethylene unit cell are visible as two high intensity rings in the 2D data and two
peaks in the 1D data.

organized, one would observe the spots of a single crystal diffraction pattern. However,
polymeric single crystals are almost impossible to produce, so some disorder remains
in almost every polymeric sample. This means that diffraction pattern of an oriented
polymer shows features somewhere between isotropic rings and perfectly crystalline
spots. Examples of a 2D WAXS pattern for stretched polyethylene and stretched
polypyrrole are shown in Figure 4-4.

The types of microstructural information that can be obtained from a polymer
2D WAXS pattern are highlighted in Figure 4-4i. The distance of each peak from
the center of the pattern is related to a characteristic d spacing in the sample via
Bragg’s law (Equation 4.2). The azimuthal angle (¢) and breadth of each peak (A¢)
tell us about the orientation in the sample, as will be discussed in Section 4.1.1. The
unoriented halos tell us about the amorphous component of the material, as will be
discussed in Section 4.1.2. The width (A26) of each peak tells us about the size of
the ordered domains in the sample, as will be discussed in Section 4.1.3. Finally, the
number of peaks tells us about the degree of long-range order in the sample. As the

ordered regions grow larger, the material becomes well-organized enough to observe
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Figure 4-4: 2D WAXS patterns of i) Semicrystalline polyethylene drawn to 1200%,
from [9] ii) Electrodeposited polypyrrole stretched to 200% as part of this work
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higher-order reflections. For example, instead of just observing a reflection for the 100
plane in the unit cell, one might observe the 200 and 300 reflections as well. Higher
order reflections are not observable in part ii of Figure 4-4, and were never observed

in polypyrrole samples as part of this work.

4.1.1 Degree of Orientation

The material shown in Figure 4-4i is the same as that shown in Figure 4-3, but the
diffraction patterns look very different because the sample in Figure 4-4i has been
stretched. This has caused the polymer chain axes to align in the direction of stretch,
so the planes of atoms diffracting the x-ray beam have become more organized. The
breadth (A¢) of the diffraction peaks (shown in red in Figure 4-4) is inversely related

to the degree of orientation via Hermans Orientation Parameter f [152],

f= %(3(0032)() -1) (4.4)

where (cos®x) is the average cosine squared of the azimuthal angle ¢. For uniaxial
orientation (the type that exists in stretched films, as will be discussed in Section

5.4.1). {cos®x) is calculated as follows.

(cos®x) = fog I(¢,0)singcos®pde
fo% I(¢,6)cos?pdd

If a sample is randomly oriented (as the sample for Figure 4-3 is) {cos®y) will

(4.5)

be 5., so the orientation parameter f = 0. If a particular reflection is perfectly

W=

oriented in direction ¢ = 0 (the horizontal axis of Figure 4-4), (cos?®x) = 1. s0 f = 1.
If a reflection is perfectly oriented perpendicular to that (¢ = 90°),(cos*x) = 0,
and f = ——%. The proper calculation of {(cos?y) will vary depending on the type
of orientation observed, and for analysis of more complex orientations the reader is
directed to Chapter 10 of Kakudo and Kasai [149].

When comparing parts i and ii of Figure 4-4, it is clear that the polyethylene

sample in part i has a much higher degree of orientation than the polvpyrrole sample
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in part ii. This is not surprising, as the polyethylene sample was drawn to six times
the elongation of the polypyrrole sample. As part of this work, extensive effort was

put toward orienting polypyrrole samples, as will be presented in Chapter 5.

4.1.2 TUnoriented Component

Parts i and ii of Figure 4-4 both show an isotropic halo that consists of scattering from
material that does not become oriented when the film is stretched. What material
contributes to this halo will be influenced by the glass transition temperature (Tg) of
the polymer. Tg is the temperature at which the polymer chains gain enough thermal
energy to move around each other. At temperatures below the Tg, a polymer sample
is mechanically stiff (the elastic modulus is typically 1 to 100 MPa [153]), and is
considered to be “glassy.” At temperatures above the Tg, the polymer is considered
“rubbery,” and sample that had a modulus of 10 MPa below its T'g may only exhibit
a modulus of 0.01 - 0.001 MPa above it [153]. The Tg should not be confused with
the melting temperature (Tm), which is higher than the Tg and is the temperature at
which the sample will begin to flow. The Tg of a particular sample can be influenced
by the chemistry and molecular weight of the polymer chain, the presence of small
molecules in the sample, cross-linking between chains, and the crystallinity of the
sample. Not all polvmer samples show a Tg, though most will, even those polymers
that do not melt (and therefore do not have a Tm).

The Tg of polyethylene is apprdximately -120°C, so at room temperature a polyethy-
lene sample is far above its Tg. This means that after the sample used for Figure
4-4i was stretched, the amorphous polymer was able to relax back to its unoriented
state. The unoriented halo shown in Figure 4-4i is scattering from this amorphous
polvmer. and can be separated from the crystalline components in the sample via the
methodology discussed in Section 4.1.5.

In contrast to polvethylene, the Tg of polypyrrole has been shown to vary from
~50°C to ~150°C depending on the polymerization conditions [102,154-156], and
may change further depending on the redox state of the polymer. A Tg for polvpyrrole

films svnthesized from our standard deposition recipe has not been published. and we
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have not observed a clear T'g between 25°C and 150°C in our polypyrrole films. Based
on the published results for other polypyrrole systems and the stiff nature of the films
we produce, if there is a Tg for our films we believe that it is above room temperature.
When processed at room temperature, our polypyrrole films must be stretched at very
slow strain rates so the polymer chains can accommodate the sample deformation even
though they have a very low mobility. After stretching, the polypyrrole chains have
too little mobility to relax to their unoriented state, resulting in anisotropic scattering
in the diffraction pattern. Therefore, the unoriented halo in Figure 4-4ii is not caused
by amorphous polymer, and instead must be primarily due to correlations between
small molecules that do not assume preferential orientation upon stretching. It has
previously been reported to be caused by solvent [157] or counterion {123,131, 158]
scattering. By changing the solvent and counterion used in the deposition, we have
shown that it is in fact a result of the counterion scattering. This result will be

discussed further in Section 6.3.

4.1.3 Crystal Size

The width (A26) of a given peak (shown in orange in Figure 4-4) is inversely related

to the average size of the ordered domain via the Scherrer equation [149,150],

0.94\ni

A20p, =
Rkl LCOSthl

(4.6)

where A204;, is the full width at half maximum of peak hkl, ) is the x-ray wavelength,
and Ly is the average size of the ordered region contributing to that diffraction peak
along the direction normal to the (hkl) plane.

In samples with highly crystalline peaks that do not overlap, determination of
A20, is relatively straightforward. However, in many materials the different peaks
are located close enough to each other than their intensities overlap. In this case
one must separate the peaks mathematically in order to determine the width at half
maximum for each one. There are several commercially available software packages

one can use¢ to do this, and we show an example of this separation (conducted in
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MATLAB'™) in Figure 4-16. However, any mathematical separation of peaks runs
the risk of incorrectly estimating the scattering attributed to each peak, as the peaks
may have very different shapes and sizes. For example, scattering from noncrystalline
material may produce a very broad hump that overlaps with several crystalline peaks
(as is shown in Figure 4-8i), and a given sample may have more than one amorphous
hump that overlap with each other. Furthermore, the peak width can be broadened
for reasons other than a small crystalline domains, such as a distribution of dy; within
the crystal or straining of the crystal lattice.

The inverse relationship between ordered domain size and peak width highlights
an important difference between the two parts of Figure 4-4. The polyethylene sample
shows relatively sharp peaks, giving a crystal size of ~ 125 A for the 200 peak by
Equation 4.6. In contrast, the polypyrrole sample has broad peaks that give very small
ordered domains (~ 10 A for a gaussian fit of the outermost peak. for example). An
ordered domain of 10 A for this reflection would include only 3 chains, which it is

significantly smaller that what is typically considered a crystal.

4.1.4 Determination of Crystal Structure

Several authors have conducted x-ray diffraction on stretched polypyrrole films to
differentiate between characteristic reflections that occur parallel and perpendicular
to the chain axis and assign these reflections physical features (10,123,130, 143]. A
schematic of these characteristic reflections is shown in Figure 4-5iv. We use the
letters “a, b, ¢” and “I'” to describe the characteristic reflections in polypyrrole, in
order to relate their physical origins to a crystalline unit cell. However, diffraction
patterns of polypyrrole show that the films do not contain large amounts of crystalline
material. Instead, there are verv small well-ordered regions (“bundles”) within a
relatively disordered matrix. as is shown in Figure 4-5. Our description of this bundled
microstructure was developed based on the results presented throughout this chapter,
and is discussed in detail at the end (Section 4.4). Here we present an illustration of
the structure to help the reader understand the characteristic spacings observed in

the diffraction patterns. which will be referred to as the evidence for this structure is
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discussed.

Reflection a occurs at 3.4 A, and is attributed to the face-to-face distance between
polypyrrole rings on adjacent stacked chains [6,10,11,130,131]. This assignment is
shown in Figure 4-5, and is supported by the fact that in oriented films this spacing
occurs perpendicular to the chain axis. Reflection c orients parallel to the chain axis,
and has been attributed to a feature repeated along the polymer chain. Yamaura
et al. report the d spacing of reflection ¢ to be 7.3 A, and assign it to the trans-
planar dipyrrole repeat [123]. Nogami et al. observed this reflection at a spacing of
6.46 A, and attributed the difference from the measured size of a dipyrrole unit to
the polypyrrole chains having a deviation of 25° to 30° from the machine direction
[10]. However, it is expected that the chain axes will align parallel to the MD upon
stretching, and we find no logical reason for the chain axes to assume a regular 25°
deviation. Furthermore, a regular tilt of the chain axes should also cause reflection a
to deviate from its expected value, which neither we nor Nogami et al. observe [10].
It is possible that the deviation of reflection ¢ from the size of the dipyrrole unit
is caused by a staggering of polypyrrole chains that are axially aligned in the MD,
as is schematically illustrated in Figure 4-6. Such an offset has been calculated to
be energetically favorable in 7-stacked quarterthiophene units [159], and we expect
it to also be favorable for small sections o‘f polypyrrole. Similarly to what has been
previously observed in polyurethanes [160-162], the configuration shown in Figure 4-6
would result in two diffraction maxima approximately +28° from the MD at 6.6 A
instead of one peak along the MD at 7.3 A. We observe spacing ¢ at approximately
6.6 A, and while we do not observe two separate maxima the peak is so broad that the
two maxima could be overlapping. We cannot conclusively determine the reason for
the observed deviation from the dipyrrole spacing because the peaks in our diffraction
pattern are broad and poorly defined, but we believe it more likely to be caused by a
regular offset of the polypyrrole chains than a regular tilting of the chains away from

the MD.

Several studies have been conducted to observe how the WAXS reflections change

with different counterions [10.97.123.131.163]. Yamaura conducted a survey of
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propylene
carbonate

Figure 4-5: Diagram of characteristic reflections in stretched polypyrrole. The di-
rection of stretch (labeled “MD” for machine direction) is horizontal in all parts of
this figure. i) Schematic of characteristic reflections observed in wide-angle x-ray
diffraction patterns of stretched films. ii) Example of wide angle x-ray diffraction
pattern from stretched film. iii) Diagram of polypyrrole chains held together by small
well-ordered regions, which we call bundles. The chains and bundles are oriented
in the MD, and a single bundle is circled. iv) Diagram of components of stretched
polypyrrole film. Two bundles are highlighted, and the physical origins of the char-
acteristic reflections are identified in the enlargement. The chain axes and bundles
are preferentially oriented in the MD, while the PFg anions and propylene carbonate
are randomly distributed.
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Figure 4-6: Schematic illustration of staggered polypyrrole chains. The polypyrrole
chain axes align in the MD (horizontal), but are offset from each other, causing
reflection ¢ to be observed at 6.6 A instead of at the dipyrrole spacing (7.3 A).

polypyrrole films synthesized with different dopant anions subsequently stretched
100%, and found a linear relationship between the d spacing of reflection b (Fig-
ure 4-5) and the counterion size. They attributed this peak to the side-by-side chain
spacing with a counterion in between, and extrapolated to zero counterion size to get
a spacing of 7.5 A for the estimated side-by-side spacing of two pyrrole chains with
no counterion in between [97]. Earlier, Wernet et al. produced polypyrrole doped
with n-alkylsulfate and n-alkylsulfonate salts of varying length, and observed the x-
ray diffraction patterns of the unstretched films [132]. Wernet et al. also observed a
linear dependance of the d spacing of the lower angle peak on the number of carbons
in the alkyl chain, and assigned this peak (reflection b in Figure 4-5) to the spacing
between stacks of polypyrrole chains. As larger counterions sit between the stacks,
the stacks will move further apart, and the d spacing of reflection b will increase.
While we believe this assignment for reflection b to be plausible, in this thesis we
have not observed a straightforward dependance of reflection b to the counterion
used in deposition. Reflection b also seems to be influenced by the choice of solvent

and electrode material, as will be discussed further in Section 6.3.

Reflection I' does not become anisotropic upon stretch, and has often been at-
tributed to scattering of amorphous polymer chains [6.10,158,163-165] as is discussed
further in Section 4.1.5. This assignment suggests that there is no contribution from
PFy scattering to diffraction pattern. which is highly unlikely given the fact that

the PF; anions contain the highest atomic number elements in the svstem. Further-
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more, even non-crystalline polymer chains will assume preferential orientation upon
stretching below their glass transition temperature (Tg), as the chain axes align in
the direction of stretch. As was discussed in Section 4.1.2, reflection I" must be caused
by small molecules that do not become oriented even as the polymer chains become
ordered. We have shown that it is determined by the counterions, as will be discussed
further in Section 6.3.

As a result of their x-ray analysis, Nogami et al. proposed the unit cell that is
shown in Figure 4-7. PFy anions fit in between the planes of stacked polypyrrole
chains (along the b direction), but Nogami et al. do not give a precise distribution
for the PF; within this plane, or even the number of anions that fit into the unit
cell [10]. It is interesting to note that the unit cell shown in Figure 4-7 does have the

staggered chain configuration shown in Figure 4-6, but Nogami et al. do not suggest

this may influence the d spacing of reflection c.

Figure 4-7: Polypyrrole unit cell, as proposed by Nogami et al [10]. Polypyrrole chains
are stacked with a 3.4 A interplanar spacing. The chains are offset with an angle of
3 = 65°. PFy anions sit between polypyrrole stacks (along the b axis), but are not
ordered in a crystal lattice. The ¢ axis of the unit cell contains one dipyrrole unit,
the a axis contains two polypyrrole chains, and the b axis contains one chain and one
space for PFg anions.

If one assumes there is one PFg anion for every three pyrrole units [11,41, 82,
132, 154], the unit cell proposed by Nogami et al. contains 4 pyrrole units and 1.3
PFg anions. The unit cell volume is 6.65 x 1072 m?, giving a calculated density
of 1130 kg/m? for perfectly crystalline polypyrrole/PF;. The calculated crystalline

density of a polymeric material is usually higher than the observed density, as the
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observed density includes both crystalline and (usually less dense) amorphous mate-
rial. However, we observe an average density of 1500 kg/m? for (unprocessed) films
prepared from our standard recipe conditions, a typical value for polypyrrole doped
with PFg [6,41,93,123,166]. Instead of the unit cell proposed by Nogami et al.,
we propose that the dopant anions are distributed outside of any crystalline bundles
as is described in Section 4.4. This would make the observed density higher than
the calculated crystalline density, because the non-crystalline material contains heav-
ier elements (namely PFg). Furthermore, we propose that the ordered regions in
polypvrrole are so small they .should not be considered crystals at all, making the

concept of a crystalline unit cell irrelevant.

4.1.5 Percent Crystallinity

In addition to physically unlikely unit cells, the body of polypyrrole literature also
contains examples of incorrectly calculated percent crystallinity. The assignment of a
gaussian fit of reflection I" to all of the noncrystalline component leads to a calculation
of percent crystallinities of 20% to 50% for polypyrrole doped with PFg [6, 165].
These are extremely high values considering the lack of clear crystalline peaks in
the diffraction pattern, and a doping level of one PFg anion for every three pyrrole
rings in the as-deposited film [41,82,132,154] so at least 30%vol of the film is non-
crystalline PFg. Moreover, elemental analysis shows that films synthesized from
propylene carbonate solution contain up to 20 - 30%wt propylene carbonate post-
synthesis. A 50% crystallinity for this system would mean that the entire polymer
component is crystalline, which is simply not physically realistic.

Determination of percent crystallinity from x-ray diffraction patterns requires the
separation of crystalline peaks from the amorphous halo(s). An example of a diffrac-
tion pattern where this methodology is appropria,te-is shown in Figure 4-8i [167].
In this example. there are several peaks caused by scattering from the crystalline
part of the material. superimposed upon a broad hump caused by the scattering
from the amorphous part. In polyvpyrrole (Figure 4-8ii) the different peaks cannot be

clearly separated. and there is no discernable difference in shape between peaks that
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Figure 4-8: 1D diffraction patterns for i) Semicrystalline polypropylene with ~50%
crystallinity from [167]. The raw data is plotted with “+”, while the contribution from
amorphous scattering is labeled “A”. ii) Polypyrrole. There are no clear crystalline
peaks that can be separated from an amorphous contribution.

have previously been assigned to “crystalline” scattering or “amorphous” scattering.
Even if one assigns reflection I' to non-crystalline PFy anions, the broad. overlap-
ping nature of the other reflections prevents one from unambiguously separating them
from an “amorphous” contribution to quantify the percent crystallinity based on the

diffraction pattern.

The fact that the different peaks in the diffraction pattern are overlapping also
makes it difficult to separate them enough to determine their full width at half max-
imum. which is necessarv to determine crystalline size via the Scherrer equation

(Equation 4.6). It is possible to model the diffraction pattern as a series of over-
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lapping gaussian peaks (as is done in Figure 4-16), but one should note that this
is an estimate of the actual peak shape, at best. It is also possible that there is a
non-gaussian contribution from amorphous material (similar to that shown in part
Figure 4-8i) that further distorts the peak shape. While the Scherrer equation is a
useful tool to demonstrate the inverse relationship between peak breadth and crys-
tallite size, one should note that in a case like polypyrrole, crystallite sizes calculated

with the Scherrer equation are very crude approximations.

4.2 Electron Diffraction

The methodology for the calculation of percent crystallinity described in Section 4.1.5
requires crystals that are large enough to be probed by x-ray diffraction. When the
average crystal size is small (< 10 nm) and the percent crystallinity is low (< 20%)
the peaks observed via x-ray diffraction are generally broad and weak, making them
exceedingly difficult to separate from amorphous halos arising from the noncrystalline
portions of the sample. In order to search for smaller crystals, we turn to electron
diffraction. Electron diffraction is conducted in a Transmission Electron Microscope
(TEM). and by controlling the beam settings on the TEM we can vary the electron
beam spot size. We do not discuss many details of transmission electron microscopy
here. and direct the interested reader to the texts by Williams and Carter [168,169] for
more information. Transmission electron microscopy requires very thin films (<100
nm), and by limiting the diameter of the electron beam (~10 nm) we can probe very
small sample volumes. When one illuminates only a small volume surrounding (or
within) crystalline material. the percent crystallinity of the volume being probed will
be high even if the percent crystallinity of the entire sample is very low.

By probing only a small volume surrounding crystalline material, more easily
interpretable diffraction patterns can be produced. Unfortunately, it may be very
difficult to find the crvstalline material if the total percent crystallinity of the sample
is low. Even if crvstals are discovered. radiation damage from the electron beam

will often destrov polvmer crystals in a matter of seconds. To avoid this one can
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focus the microscope on one area of the sample, block the electron beam, move to an
adjacent area of the sample, then unblock the beam to collect the diffraction pattern
of this pristine area. However, this method prevents examination of the new area
before exposure. If the total percent crystallinity of a sample is low, this method will
produce many images of the non-crystalline parts of the sample.

Prior efforts towards electron diffraction of polypyrrole are described in Section
4.2.1. while our efforts towards the same are presented in Section 4.2.2. We do not
find significant crystals even with electron diffraction, similarly to others who have
worked with PFg doped polypyrrole [170]. We also find that radiation damage from
the electron beam changes the structure in the film, as will be discussed in Section

4.2.3.

4.2.1 Prior Work

One of the first structural studies of polypyrrole was conducted by Geiss et al., who
studied undoped® (non-conductive) polypyrrole by electron diffraction in 1983 [11].
The electron diffraction patterns showed diffuse rings or arcs instead of crystalline
peaks, but these diffuse features were located at d spacings that could be assigned
to structural features within the polymer. Cross-sectional views implied that the
polymer chains were preferentially oriented parallel to the film surface, but no quan-
tification of this orientation was given. Geiss et al. proposed the first published unit
cell for polypyrrole (Figure 4-9), which is monoclinic and has P2;/a symmetry [11].
This unit cell contains 4 monomers, and has a volume of 3.66 x 10728 m3 (density
= 1180 kg/m?). The most prevalent spacing observed in electron diffraction is the
face-to-face polypyrrole chain spacing. which Geiss et al. call 002 and measure at 3.41
A. They also observe a second and third order to this spacing (004 at 1.72 A and 006
at 1.14 A, respectively), implying a limited amount of long-range order in their struc-
ture. Finally, they report observing the third order (2.18 A) of the 7.35 A repeat unit

along the polymer chain. Geiss et al.’s work was conducted on neutral polvpvrrole.

3Films were electropolymerized doped with ClO,. then electrochemically reduced to produce
neutral polypyrrole {11}
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Figure 4-9: Polpyrrole unit cell as proposed by Geiss et al. [11]. Chains of polypyrrole
are stacked ABAB in a monoclinic unit cell.

which was electrochemically reduced to be non-conductive. The authors claim (but
do not show data) that polypyrrole doped with perchlorate anions produces almost
exactly the same characteristic spacings in electron diffraction [11]. However, because
the samples were electrochemically reduced, it is likely that all of the perchlorate an-
ions were not removed. As an electrochemical reduction proceeds the polypyrrole film
becomes less conductive, effectively stopping the reduction before it is complete.

Fink et al. conducted electron diffraction on polypyrrole produced with a suite of
different counterions, and indexed their diffraction maxima to Geiss et al.’s model.
They observe reflections at d = 1.12 A (indexed to 006), d = 1.69 A (indexed to
004), d = 3.41 (indexed to 002), and 2.18 A (indexed to 030) for films doped with a
variety of counterions [170]. Interestingly, they do not observe the 002 reflection for
polypyrrole doped with PFy (which is quite relevant to this work as will be discussed
in Section 4.2.2), but they do not discuss why this reflection is missing.

A helical configuration for polypyrrole chains has also been proposed based on
electron diffraction studies [12,171]. If the polypyrrole rings are generally N trans,
one should expect planar chains. However, if the polypyrrole rings are N cis, the
chains should twist into a helical conformation [172]. Chu et al. observed nanoscopic
crystalline fibers via TEM in chemically polymerized polypyrrole, all of which had
diameters that were multiples of 20 A. This led them to propose that each polypyr-
role chain coiled into a single helix with a 20 A diameter, and these helices packed

in a hexagonal lattice shown in Figure 4-10 [12]. This is close to the confirmation
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bolypyrrole Helix

Figure 4-10: Helical polypyrrole structure as proposed by Chu et al. [12] and Davi(nison
et al. [171]. Chains of polypyrrole are coiled into helices approximatelyﬂ 20 A in
diameter, and packed into a helix with dimensions a ~ 20 A and ¢ ~ 12.2 A.

for poly(3-methylthiophene) observed by Garnier et al. [172]. Garnier et al. pro-
duced highly crystalline poly(3methylthiophene) samples in which crystalline planes
of atoms were visible in TEM micrographs and many crystalline peaks were observed
via electron diffraction. They indexed their pattern to hexagonally packed coils, with
lattice indices a = 19 A and ¢ = 12.2 A [172]. Tt is interesting to note that on the basis
of this hexagonal unit cell, the density of a crystalline polythiophene sample doped
with CF3S0j3 is calculated to be 1620 kg/m?, which is slightly higher (as would be ex-
pected) than the measured value for that system of 1460 kg/m? [172]. Davidson et al.
also proposed a helical structure for polypyrrole, based on their electron diffraction
of polypyrrole electrochemically synthesized and doped with dodecyl sulfate [171].
Davidson et al.’s model consists of hexagonally packed helical chains, with a = 18
A and ¢ = 124 A [I171]. Yang et al. observed a similar structure using scanning
tunneling microscopy (STM) to monitor polypyrrole electrodeposition. They directly
observed helical polypyrrole chains with a diameter of 18 A and a pitch of 8 A during

the initial stages film growth [8,146].

While a helical structure is certainly possible for polypyrrole, diffraction of stretched

films show that this is not the structure found in bulk films. As the polymer film
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is stretched, the chain axes (or helical axes) align in the machine direction. X-ray
diffraction results have shown that the face-to-face pyrrole spacing (~ 3.4 A) aligns
transverse to the MD in stretched films [10,57,123,130]. If the polypyrrole chains
were helical, this would not be the case. Further analysis of the chain configuration
in oriented films will be presented in Section 5.2.

It is possible that polypyrrole assumes a helical configuration only during the first
layer of material deposited, when the newest polypyrrole chains are in direct contact
with the substrate. Yang et al. observe helices during the very beginning of the
deposition, but once the film thickness reaches ~ 500 A, they observe a disordered,
nodular morphology [8]. Davidson et al. only observe crystalline diffraction patterns
in the thinnest areas of the film, but do not say how thin the film must be for
crystalline peaks to be observed [171]. It is possible that the helical structure proposed
by these authors does exist for very thin polypyrrole films, but that this structure is
lost as the deposition proceeds far enough to make free-standing films. Geiss et. al. |
produce their electron diffraction samples by microtoming thin slices from 0.5 - 2 ym
films [11]. By the time the films reach this thickness, the helical configuration may

have been lost.

4.2.2 Electron Diffraction of Polypyrrole Samples

As part of this work, electron diffraction was used to search for crystals in small
areas. Thin polypyrrole films were deposited onto small (9 mm x 20 mm) gold-
coated polyethylene terephthalate or glassy carbon electrodes from a solution of 0.05
M Pyrrole, 0.05 M TEAPFS, and 1%vol water in propylene carbonate. The deposition
was conducted at -40°C with a current density of 1 A/m? for 60 seconds (passing
approximately 5 x 107! C/m? of charge). The resulting film was reddish in color,
and approximately 500 A thick (as measured by profilometry).

In order to lift off small samples for electron diffraction, the lift-off procedure
shown in Figure 4-11 was used. The working electrode (with film) was removed from
the electrochemical cell and rinsed in a clean salt solution (0.05 M TEAPF6/PC).

Excess solution on the film surface was blotted with a Kimwipe'™. A glass pipette
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Figure 4-11: Procedure to make TEM samples from thin polypyrrole films. a) Deposit
thin polypyrrole film on working electrode. Remove from bath and dry. b) Drop
polyacrylic acid solution onto polypyrrole film. Dry in 60°C oven for 1/2 hour. c¢)
Remove hardened polyacrylic acid drop from working electrode. Polypyrrole film will
be stuck to bottom of drop. d) Place drop face-up in dish of distilled water. Allow
to soak until all polyacrylic acid is dissolved. e) Remove polypyrrole film from water
surface using TEM grid. Allow to dry in air.

was used to place a small drop (diameter ~ 2 mm) of polyacrylic acid onto the film
surface. The electrode (with film and polyacrylic acid) was placed into an oven at
60°C for 30 minutes to harden the polyacrylic acid drop. Tweezers were used to
remove the hardened drop, along with the polypyrrole film underneath. The drop
was placed polyacrylic acid side down in a petri dish of water, and allowed to soak
overnight. After dissolution of the polyacrylic acid, the polypyrrole film samples
remained floating on the surface of the water, and were lifted off with TEM grids.
The grids were allowed to dry for several hours before introduction to the high vacuum
environment of the microscope.

Electron diffraction was conducted on one of three machines: A JEOL 200CX
general purpose (tungsten filament) 200 KV TEM, a JEOL 2011 high contrast digital
TEM, and a JEOL 2010F field emission TEM. Unfortunately, crystalline peaks were
never observed for polypyrrole samples. Instead, diffuse rings were observed. A
typical electron diffraction pattern for polypyrrole is shown in Figure 4-12. The
fact that sharp crystalline peaks were never observed, even with very low electron

beam doses, means that the polypyrrole films are not crystalline. The features that
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Figure 4-12: Electron diffraction pattern from thin polypyrrole film. Film was de-
posited from TEAPF6/PC solution at 1 A/m? for one minute onto a glassy carbon
electrode. Diffraction pattern was taken on a JEOL 2011 TEM with an accelerat-
ing voltage of 200 KeV and a working distance of 800 mm. Condenser aperture =
3. Small angle diffraction aperture = 2. Spot size = 4. i) 2D electron diffraction
pattern. Three main rings are visible. ii) 1D electron diffraction pattern, with local
maxima at the three ring positions of part i.

cause diffraction maxima at characteristic spacings are small enough to be randomly

distributed even within the electron diffraction spot size (down to ~ 100 A).

In Figure 4-12, reflection 1 occurs at ¢ ~ 0.4 A1, which is similar to to reflection
b in Figure 4-5. Reflection 2 is observed at ¢ ~ 1.0 A1, similar to to reflection
c. However, not all of the spacings observed in Figure 4-12 are the same as those
observed in x-ray diffraction experiments (Figure 4-5). Reflections 2 and 3 occur
at ¢ ~ 2.1 A' and ¢ ~ 4.2 A~!. These spacings do not correspond to reflections
observed with x-ray diffraction as part of this work, but do correspond to spacings
observed by others via electron diffraction [11,170]. Upon continued exposure to the
electron beam, additional spacings corresponding to those observed in Figure 4-5 do

develop, as will be discussed in the next section.
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4.2.3 Beam Sensitivity

Geiss et al. make note of the sensitivity of neutral polypyrrole to electron beam
damage, giving a critical dose (for complete loss of the diffraction pattern) of 20 A /m?
at an accelerating voltage of 100 keV [11]. This is quite sensitive when compared to
polyethylene, for example, which has a critical dose of 1000 A/m? under the same’
conditions [11]. In this study, polypyrrole was observed to be much more robust
under the electron beam than Geiss predicts. It is likely that the high electrical
conductivify of the material used in this work helped it be more resistant to -beam
damage. However, when the microscopy conditions are carefully controlled, one can
observe the effect of exposure to the electron beam on the electron diffraction pattern.

Three examples are shown in Figure 4-13.

The pink and black curves in Figure 4-13 are taken under carefully controlled
exposures, with a small condenser aperture and spot size chosen to limit the number
of electrons hitting the film. The diffraction pattern was focused by exposing polymer
in one area of the film, then the beam was blanked and the sample was moved such
that a new area of the film (not previously exposed) was in the beampath. The pink
curve in Figure 4-13 is the result of the first three seconds of exposure of this new area
of the film. After the pink curve was exposed, the same area was exposed to the beam
for approximately thirty seconds, and then exposed for another three seconds while
the black curve in Figure 4-13 was collected. After thirty seconds of exposure the
general background scattering increased slightly, and the peak at ¢ ~ 0.4 A~! shifted
to approximately ¢ ~ 0.34 A~1. In order to see the effect of extensive exposure on
the same region, the condenser aperture and spot size were increased to allow more
electrons to interact with the film. The film was exposed to the electron beam for
several minutes, and then the blue curve in Figure 4-13 was collected over the course
of 5.6 seconds. Due to the increased electron flux, the intensity of the blue curve in
Figure 4-13 is higher than the other two. It appears that the peaks at ¢ ~ 2.1 A~!
and g ~ 4.2 A~! have shifted to ¢ ~ 1.9 A~? and ¢ ~ 3.8 A~1. This shift is likely not

only a result of their being superimposed on a more significant background, as the
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Electron Diffraction, Multiple Exposures

Intensity (log scale)
o

Figure 4-13: Electron diffraction patterns from thin polypyrrole film. Images were
taken on JEOL 2011 with an accelerating voltage of 200 KeV and a working distance
of 80 em. A) (pink curve) Image was taken over 3 second exposure, film had never
been previously exposed. Condenser aperture = 3. Small angle diffraction aperture
= 2. Spot size = 4. B) (black curve) Image was taken over 3 second exposure, film
had previously been exposed for 30 seconds. Condenser aperture = 3. Small angle
diffraction aperture = 2. Spot size = 4. C) (blue curve) Image was taken over 5.6
second exposure. Film had been previously exposed for several minutes. Condenser
aperture = 2. Small angle diffraction aperture = 2. Spot size = 2.
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maximum of the peak at ¢ ~ 0.34 A~! remains stationary even though it becomes
more obscured by the increased background. The shoulder observable in the pink and
black curves at approximately ¢ ~ 1.0 A~1 is either missing or totally obscured by

the background in the blue curve.

The spacings observed in the highly irradiated sample’s electron diffraction pattern
(g~ 1.9 A" and ¢ ~ 3.8 A1) are spacings one would typically expect to find in
polypyrrole samples. They could be the first and second orders of the face-to-face
polypyrrole stack spacing of approximately 3.4 A. It is not entirely clear why one
would not observe this spacing until the film had been exposed for several minutes.
One possibility is that for these very thin films, the polypyrrole chains lie face down on
the electrode surface (so the pyrrole ring normal is parallel to the electrode normal).
If this is the case, in pristine films one would not observe the 3.4 A spacing and would
instead observe rings that correspond to spacings perpendicular to the ring normal.
This is in fact what we observe, as reflections 1 and 2 from Figure 4-12 correspond to
reflections b and c¢ from Figure 4-5, the two reflections perpendicular to the pyrrole
ring normal. The development of the (¢ ~ 1.9 A~! and ¢ ~ 3.8 A~!) peaks may
be a result of disorder induced into the film upon continued electron beam exposure.
The energy imparted to the film by exposure to the electron beam may cause some
polypyrrole chains to stand up from the electrode, allowing us to observe the 3.4 A
face-to-face spacing.

While this initial highly preferential orientation has not been observed in x-ray of
thick polypyrrole films doped with spherical anions such as PFy (see [125] and Section
5.2.1) it has often been observed that very thin films have a different microstructure
than thicker films. Our electron diffraction results corroborate Yang et al.’s scanning
tunneling microscopy observations discussed previously, that polvpyrrole film forma-
tion begins with a thin (130 - 500 A) layer that is microstructurally different from
the rest of the film [8]. The thicker layers that develop after the first few hundred
Awould be too thick to probe with electron diffraction. but x-ray diffraction shows

them to be disordered and isotropic (Section 5.2.1).

It is also possible that polypvrrole assumes many different crvstalline formations

117



even in the thinnest films, depending on the polymerization conditions. For example,
Davidson et al. deposited polypyrrole from aqueous solution onto a gold surface [171],
while Yang et al. produced their helices from acetonitrile solution onto highly ordered
pyrolytic graphite [146]. Chu et al. used FeCls to chemically oxidize polypyrrole and
observed nm-sized crystals [12], while Fink et al. electropolymerized their films from
organic solution onto ITO and observed electron diffraétion patterns very similar
to those observed here [170]. It was our goal to better elucidate the structure of
polypyrrole actuators, to help increase our understanding of how structure accom-
modates actuation. For this reason, polymerization conditions that were as close as
possible to those used to produce free-standing polypyrrole actuators were chosen.
Subtle differences in the dopant, solvent, electrode material, polymerization rate and
temperature of reaction may account for the differences between some patterns in the

literature and those shown here.

4.3 Microstructural Response to Electrochemical

Actuation

While scattering techniques are often used to determine the crystalline structure
of polymers, in this case we are most interested in polypyrrole’s properties as an
actuator. We desire to understand how the microstructure of polypyrrole leads to
and accommodates its unique electroactive properties. The mechanism of actuation
is ion incorporation and expulsion, discussed in detail in Section 2.3. If the motion of
ions entering and leaving the polymer film disrupts the characteristic reflections a.b.c
or I (shown in Figure 4-5), one should be able to track this using scattering techniques
in the same way the connection between nanoscale and macroscale actuation was first
observed in muscle [173]. For example, when polypyrrole is oxidized in a solution of
tetraethylammonium hexafluorophosphate in propylene carbonate (TEAPF6/PC).
PFy anions enter the polymer matrix and the film expands. If the PFy penetrate the

space between polypvrrole chains stacked face-to-face. we should observe a change
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the d spacing and/or intensity of reflection a. Alternatively, the crystalline bundles
responsible for the characteristic diffraction reflections are only a fraction of the total
sample (as was depicted in Figure 4-5 and will be discussed in Section 4.4) so it is
possible that actuation takes place without disrupting these bundles whatsoever. The

following sections present our work to determine if this is the case.

4.3.1 Microstructural Change upon Mild Redox

In order to probe the effect of electrochemical oxidation and reduction on the structure
of polypyrrole, a stack of polypyrrole films were held at an oxidative or reductive
potential in an 0.05 M TEAPF6/PC solution for a certain amount of time. After the
potential hold, the film stack was removed from the electrolyte solution and placed
in the x-ray beam. The resulting patterns are shown in Figure 4-14.

The spacings in Figure 4-14 do not shift upon oxidation and reduction, even
though actuation is observed at these potentials and timescales (as shown in the
insert). This implies that the anions do not change the characteristic inter-chain
spacings upon actuation. However, x-ray diffraction was conducted in transmission
mode, which means the observed scattering was caused by the entire volume of sample
penetrated by the x-ray beam. If the electrochemical treatment affected mostly the
surfaces of the film, the changes may have been overwhelmed by the scattering from

the unchanged bulk of the film.

4.3.2 Microstructural Change upon Severe Redox

Actuation in polypyrrole is a diffusion limited process, as it requires counterions to dif-
fuse from the surface of the polymer film through its bulk. It is possible that over the
timescale of the experiments shown in Figure 4-14 the majority of structural change
occurs on the the surface of the film. It may take much longer to achieve structural
change through the bulk of the film that can be observed with x-ray diffraction.

In an attempt to reduce the entire cross-section of the film. polypvrrole films

were treated with severe electrochemical conditions. Two samples were reduced gal-
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Figure 4-14: Diffraction of oxidized and reduced polypyrrole film. A stack of 10 films
was suspended in an electrochemical cell with a 0.05 M solution of TEAPF6/PC.
A potential of +0.5 V vs. Ag/Ag"t was applied for 30 seconds, and the films were
removed and exposed to the beam. The films were then re-introduced to the electro-
chemical cell, reduced at -0.5 V for 30 seconds, and then re-exposed. This procedure
was continued for a 60 second oxidation and reduction, and a 180 second oxidation
and reduction. Reflections b, ¢, and I" correspond to the spacings illustrated in Figure
4-5. Reflection a from Figure 4-5 is out of the range of the detector in this case, but
other experiments have shown it to remain constant as well. Diffraction patterns were
taken at beamline G1 at Cornell High Energy Synchrotron Source. Wavelength =
1.42 A. Air scattering background was subtracted from each curve. Inset: actuation
of a small (2.3 mm x 4 mm) polypyrrole sample in TEAPF6/PC, in isotonic mode
with an applied stress of 0.5 MPa. The waveform was the same as for the first two
x-ray curves: +0.5 V and -0.5 V for 30 seconds. The sample exhibits approximately
1.5% strain under these conditions.
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vanostatically in 0.05 M TEAPF6/PC at -1 A/m? for three hours. One sample was
removed from the electrochemical bath while in the reduced state, while the other was
re-oxidized at 1 A/m? for three hours. The two treated samples and one as-deposited
sample were dried under vacuum for one hour. Their x-ray diffraction patterns are

shown in Figure 4-15.

In the as-deposited film, the concentration of PFg anions was 19%wt (by elemental
analysis), and the conductivity of the film was 3.1 x 10* S/m. In the severely reduced
film, the PF; concentration was 3.8%wt, and the film was too resistive to be measured
by four-point probe. In the re-oxidized film, the PFg concentration was 12.2% while
the conductivity was 1.45 x 10* S/m. This shows that the reduction was effective in
removing PFg anions, and the re-oxidation was effective in returning them to the film.
However, the re-oxidation did not take the film back to its original state, as the PFg
concentration and conductivity are lower than in the as-deposited film. This may
be because the severe electrochemistry caused some irreversible polymer degradation,

which prevented the film from returning to its original high degree of doping.

The curves in Figure 4-15 can be separated into a series of gaussian peaks, in
order to further examine the changes that occur upon reduction. This separation
is shown in Figure 4-16. The as-deposited film has four peaks, corresponding to the
characteristic polypyrrole spacings discussed in Section 4.1.4 and shown in Figure 4-5.
The reduced film also has these four peaks, but the intensity of reflections b and T’
when compared to the other peaks are lower, and a new peak (labeled b’ in Figure 4-
16) has developed. In the re-oxidized film, the relative intensities of b and I increase
again and reflection b’ has disappeared.

In the bundles highlighted in Figure 4-5, reflection b corresponds to the spa‘ce
between stacks of polypyrrole chains and I" corresponds to the counterion spacing.
During the severe reduction, most of the PFg anions left the film, causing the large
decrease in the intensity of I" shown in Figure 4-15. When the film was re-oxidized
the anion concentration in the film increased but did not return to its original value,
as did the intensity of I in the red curve of Figure 4-15.

The extreme decrease in anion concentration may also cause the spacing corre-
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Figure 4-15: X-ray diffraction of films that underwent severe reduction and re-
oxidation. Black curve: as-deposited polypyrrole film. Blue curve: polypyrrole gal-
vanostatically reduced at -1 A/m? for three hours. The intensity of reflection b and
I' decrease, while a new reflection appears at ¢ ~ 0.63 A~! appears, labeled b’.
Red curve: polypyrrole galvanostatically reduced at -1 A/m? for three hours, then
galvanostatically re-oxidized at +1 A/m? for three hours. Reflection b’ disappears
and the intensity of reflections b and I' increase, but the diffraction pattern does not
return all the way to the as-deposited state. Diffraction patterns taken on beamline
G1 at Cornell High Energy Synchrotron Source. Wavelength = 1.42 A. Air scattering
background was subtracted from each curve.
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Figure 4-16: Separation of curves from Figure 4-15 into gaussian peaks. The blue
curve is the data, while the pink line is the sum of the gaussian peaks. In the reduced
curve, a new scattering peak (labeled b’) arises at ¢ ~ 0.63 A~'. The ¢ spacing of the
maxima of peaks a, b, c and I' do not seem to change upon this severe electrochemical
treatment.

sponding to reflection b to decrease. A smaller d spacing would be observed at a
larger g, and could be responsible for the appearance reflection b’ in Figures 4-15
and 4-16. In the as-deposited film, reflection b appears at ¢ ~ 0.27 A~!, correspond-
ing to d = 22.9 A. Reflection b’ appears at ¢ ~ 0.63 A~!, corresponding to d = 9.97
A. Each PFj anion has a diameter of approximately 2.54 A [69]. For this mechanism
to cause the observed change in the diffraction pattern, several anions would have to

vacate their locations between stacks of chains.

123



4.3.3 Microstructural Change in Very Thin Films

The structural change discussed in Section 4.3.2 requires several hours of severe elec-
trochemistry to develop. We observe a macroscopic volume change during actuation
on a timescale of seconds, so clearly the phenomenon observed in Section 4.3.2 is
not the full story. It is still possible that the surfaces of the polypyrrole film un-
dergo a structural change immediately, and the several hour galvanostatic reduction
is only necessary to induce structural change throughout the relatively thick (~ 50
pm) films. To investigate this, reduction experiments were conducted on very thin

(~ 50 nm thick) films, and the structure was probed by electron diffraction.

Thin polypyrrole films were electrodeposited for 30 seconds from a solution of
0.05 M TEAPF6/PC with 1%vol water at -40°C and a current density of 1 A/m?
The film was patted dry, and samples were removed using the procedure described in
Figure 4-11. The working electrode (still mostly covered with thin polypyrrole film)
was then placed back into a clean electrolyte solution, and cycled between +1 V and
-1V at 0.1 V/s until the current response stabilized. It was then reduced at -1 V for 30
seconds, and immediately removed from the electrolyte bath. The as-deposited film
was reddish in color, and the reduced film was greenish in color upon removal from
the bath. Over the course of approximately one minute exposure to air, the reduced
film turned reddish again. Samples were removed using the procedure described in

Figure 4-11.

Electron diffraction patterns were taken of the as-deposited and reduced samples
on a JEOL 2010F field emission TEM, with an accelerating voltage of 197 keV, and
shown in Figure 4-17. The samples were exposed to the electron beam for several
minutes, and the characteristic 3.4 A spacing was observed (see discussion in sec-
tion 4.2.3). In both the as-deposited and reduced films, the observed reflections were
located at the same ¢q. The reduction-induced reflection b’ observed in Figure 4-16 at
g ~ 0.63 A1 would be near the edge of our detection limit for Figure 4-17. However,
other exposures at longer camera lengths confirm that this spacing does not appear

in any exposures of the as-deposited or reduced film.
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Electron Diffraction of As-Deposited and Reduced Samples
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Figure 4-17: Electron diffraction of as-deposited and reduced polypyrrole samples.
Blue curve: as-deposited polypyrrole film. Pink curve: polypyrrole film redcued at -1
V for 30 seconds. Diffraction patterns taken on JEOL 2010F, accelerating voltage =
197 keV. Spot size = 10nm. Camera length = 80 cm.



The JEOL 2010F used to take the patterns in Figure 4-17 is equipped with an
Electron Energy Loss Spectroscopy (EELS) detector, which allows one to conduct
elemental analysis of the TEM sample. As the electron beam travels through the
samples, some electrons interact inelastically with the atoms in the sample. The
amount of energy lost by these electrons is very sensitive to the type of atoms in the
sample, and by comparing the energy of the transmitted electrons to those that did not
interact with atoms in the sample (called “zero-loss” electrons) one can learn about
the atomic number and chemical environment of the elements in the sample. EELS
is an especially appropriate technique for analyzing polypyrrole samples, because it
is most sensitive to light elements (as are found in polypyrrole samples). To learn
more about EELS, the reader is directed to a text by Egerton [174] or Chapter 38
of Williams and Carter [175]. The results of EELS analysis of polypyrrole films are
shown in Figure 4-18.

In Figure 4-18i, characteristic peaks are observed for carbon, nitrogen, oxygen
and fluorine. The shape and magnitude of each peak is dependant on the effective
scattering cross-section of the element, the amount of element present, and the chem-
ical environment of that element. For example, fluorine present as part of a PFy
anion will give a peak of a different shape than fluorine that is part of a PF5 atom.
Without calibration for all of the exact species present in this sample, quantitative
determination of the percentages of each element is impossible. However, the EELS

signals are evidence that these elements are present.

The fluorine signal is missing in Figure 4-18ii, showing that fluorine is not present
in detectable quantities in the reduced sample. This result is significant, as it means
that even though the PFy anions were removed by the electrochemical reduction, the

characteristic spacings observed by electron diffraction did not change.

Because the thin polypyrrole films are exposed to air during the lift-off procedure,
it is like>ly that oxygen from the ambient air oxidized both the as-deposited and
reduced samples slightly. This explains the presence of the oxygen signal in the EELS
spectrum, and the reddish color of the films after exposure to air. This chemical (as

opposed to electrochemical) oxidation means that the reduced sample is no longer
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Figure 4-18: Energy electron loss spectroscopy of as-deposited and reduced polypyr-

role samples. i) As-deposited sample. ii) Reduced sample. Characteristic energy
losses for carbon, nitrogen, oxygen and fluorine are labeled.
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completelv reduced when it is observed in the microscope. However, while both
samples show a signal for oxygen, only the as-deposited sample shows a signal for
fluorine. Therefore, it is reasonable to conclude that the reduced sample is still in a

significantly more reduced state than the as-deposited sample.

4.4 Chapter Conclusions

This chapter has presented and discussed our efforts towards elucidating the mi-
crostructure of polypyrrole via scattering techniques. While x-ray and electron diffrac-
tion are techniques extensively used to determine the microstructure of polymers, in
this case the scattering results are somewhat difficult to interpret. It is clear from the
diffraction data that there are not any large (um-size) crystals in the film, and we
did not observe even small crystals only nanometefs in size. Estimates of polypyrrole
crystal size using Equation 4.6 result in crystallites 10 - 20 A in diameter, which
contain only up to 5 repeat units for reflection a and 2 repeat units for reflection c. If
the size of the ordered regions in polypyrrole are not larger a few stacked chains, the
description of these regions as “crystals” is somewhat tenuous. The microstructure
is best visualized as containing small “bundles” of polypyrrole chains stacked over a
few repeat units (two bundles with 3 repeat units for reflection a and 1 repeat unit
for reflection ¢ were highlighted in Figure 4-5). These very small bundles of polypyr-
role chains provide the characteristic reflections observed in the diffraction patterns,
but their small size causes the peaks to be broad and overlapping, preventing a full
crystallographic characterization of the material.

It should be noted that the bundled microstructure described here consists of linear
chains, and does not include branching and covalent cross-linking. It is likely that
some percentage of the chains are branched and/or cross-linked, as has been proposed
for polypyrrole synthesized from other deposition recipes [176-179]. However. covalent
cross-linking has not been directly observed (via spectroscopy or other methods) in
polypvrrole deposited from our recipe. While we acknowledge it probably exists. we

believe the extent of covalent cross-linking in our samples to be minimal due to the
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very high electronic conductivities we achieve.

Instead of covalently cross-linked, we believe the chain bundles to be tightly bound
due to m-orbital overlap [180]. The bundles act as pseudo-cross-links, connecting
the chains within the polypyrrole matrix as shown in Figure 4-19i. As has been
mentioned previously, elemental analysis studies of polypyrrole films deposited from
our standard recipe have shown that they are only approximately 40%wt polymer.
The remainder of the film consists of approximately equal parts PFg and propylene
carbonate. The bundles allow the polypyrrole chains to form a load-bearing network
that dominates the films’ mechanical properties, resulting in a robust film even though
a majority of the material consists of small molecules that cannot support a tensile
load. Polypyrrole bundles are illustrated with the other components in the film in
Figure 4-19ii. The bundled network provides the high electronic conductivity (4 x
10* S/m) and high elastic modulus (0.3 GPa) of the as-deposited film, because the

network consists of individually highly conductive and rigid chains.

It has been proposed that polypyrrole shows better electroactive properties than
other conducting polymer systems due to covalent cross-linking [181]. However, elec-
troactive strains comparable to polypyrrole’s have recently been observed in elec-
tropolymerized poly(3,4-ethylenedioxythiophene) (PEDOT) [59, 63], which cannot
form branches or cross-links because the necessary positions on the monomer are
blocked. These results imply that a microstructural feature other than covalent-
crosslinking is the key to successful conducting polymer actuation. Small chain bun-
dles could provide the mechanical stability needed for continuous actuation. but their
small size allows the majority of the material to be disordered and accommodate

counterion swelling.

The chain bundles bundles become oriented with processing, as the polypyrrole
chain axes align in the MD. The fact that the counterions (observed via reflection T")
do not become oriented with processing shows that the counterions are not part of
these bundles. and are instead isotropically distributed throughout the film. around
and in between the bundles. This is schematically illustrated in Figure 4-19 and will

be further discussed in Section 5.4.2.
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Figure 4-19: Illustration of bundled microstructure in oriented polypyrrole. The
bundled microstructure also exists in unoriented (as-deposited) polypyrrole, but in
as-deposited polypyrrole the bundles and chain axes are randomly distributed in all
directions. In oriented films the chain axes and bundles are preferentially aligned
in the MD, making it easier to illustrate the bundles and their relationship to the
disordered components of the material. i) Polypyrrole chains only. Bundles act
as pseudo-crosslinks, allowing a percolative path of polypyrrole chains through the
sample. A single bundle is highlighted in orange. ii) Polypyrrole chains with other
film components. The chains are highly swollen with solvent and counterions, but
the film maintains its mechanical rigidity due to the connected path of individually
rigid polypyrrole chains.
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The results of Sections 4.3.1 and 4.3.3 show that the characteristic spacings of
polypyrrole do not change upon application of the electrochemical conditions that
cause a macroscale electroactive response. This means that the ion influx and expul-
sion observed during actuation takes place outside of the bundles. The bundles act
- as passive cross-links, holding together disordered material that swells and collapses
during electrochemical cycling.

The bundle microstructure explains polypyrrole’s seemingly conflicting properties
well. Electropolymerized polypyrrole does not dissolve and does not melt, typical of
a highly cross-linked polymer. However, a high degree of covalent cross-linking (and
branching that is necessary to achieve it) is not typically found in highly conductive
polymers because it requires defects in the orbital delocalization along the chain
axes. The m-stacked bundles provide the mechanical and chemical robustness we
observe, without disrupting the conjugation in the way that covalent cross-linking
would. Furthermore, the regions of m-overlap will improve interchain charge transfer

beyond what would be achievable in a polymer that was only physically entangled.
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Chapter 5

Microstructure Manipulation I:

Post-Deposition Processing

In this chapter, our efforts to manipulate polypyrrole microstructure by processing
films post-deposition are discussed. We utilize two techniques to mechanically pro-
cess polypyrrole: stretching and cold rolling. Stretched conducting polymer films have
previously been shown to have anisotropic conductivity [93,123,130] and in polyani-
line, anisotropic electroactive strain [21]. In this thesis we probe the uniaxial texture
imparted by stretching polypyrrole and evaluate for the first time the anisotropic elec-
troactive response it produces. Furthermore, we use cold rolling to impart a biaxial
texture to polypyrrole films. We had hoped that the additional organization present
in the biaxial microstructure would produce ordered channels in which ions could
easily travel through the film, improving the electroactive properties even beyond
what is achievable is uniaxially drawn films. Wide-angle x-ray diffraction was used
to probe the microstructure of the stretched and rolled films, and showed significant
polymer chain orientation without an appreciable change in the breadth of the diffrac-
tion peaks. This chain orientation led to anisotropy in conductivity, elastic modulus,
and electroactive response for both the stretched and rolled films. The anisotropy of
electroactive response was dependant on the rate of electrochemical actuation. and
we discuss the deformation of interchain spaces during processing responsible for the

anisotropy and the time dependence of the electroactive response.
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5.1 Procedure

Polypyrrole films were synthesized using the standard deposition recipe presented in
Section 2.1.1. They were processed as described in Section 5.1.1 within two days of

deposition unless otherwise noted, and tested as described in Section 5.1.2.

5.1.1 Polypyrrole Film Processing

After synthesis, large area films (70 mm x 230 mm X 0.03 mm) were peeled off of
the working electrode. Sections of these films (50 mm X 150 mm) were stretched
on a Zwick/Roell Z010 Mechanical Tester under stress control, at a rate of 0.0167
MPa/min. The stretched sections will be referred to as “S”. Different sections (20
mm X 60 mm) of the as-deposited films were rolled using a Durston C130 rolling
mill. The rolled sections will be referred to as “R.” The coordinate system used for

oriented samples is defined as:
e ND (Normal Direction) = normal to the surface of the film
e MD (Machine Direction) = parallel to the stretch or roll direction
e TD (Transverse Direction) = parallel perpendicular to the MD and ND

Samples for electroactive testing (2 mm x 15 mm) were cut from the stretched and
rolled films, some with their long axis parallel to the machine direction (labeled “Syp”
and “Ryp”) and some with their long axis perpendicular to the machine direction
(labeled “Stp” and “Rrp”). For comparison, 2 mm x 15 mm samples were cut from

the as-deposited polypyrrole film with no additional processing (labeled “A™).

5.1.2 Processed Film Testing

The conductivity of each sample was measured using a standard four-point probe.
Scanning electron micrographs of polvpyrrole fracture surfaces were taken on a JEOL
5910 Scanning Electron Microscope. with an accelerating voltage of 20 kV and a spot

size of 35. Prior to SEM analysis. the films were held in liquid nitrogen and fractured
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by hand to expose the fracture surface. Wide-angle x-ray diffraction patterns were
taken under vacuum, using Fuji BAS-MS imageplates. Single polypyrrole films were
exposed with the incident x-ray beam (g,) parallel to the ND. For g, parallel to the
MD or TD, small strips of polypyrrole (approximately 1 mm x 3 mm) were cut from
larger samples in the MD or TD with care to maintain orientation, and stacked to a
thickness of approximately 0.75 mm for exposure to the x-ray beam. The diffraction
patterns were integrated using the Polar software package, developed at Brookhaven

National Laboratories [182)].

Mechanical properties and electroactive properties were measured on a custom-
built dynamic mechanical analyzer, as described in Section 2.3 [183]. This apparatus
allows one to clamp the polypyrrole film under tension in a three-electrode electro-
chemical cell, and measure the electroactive response that occurs upon application
of a potential waveform. The electrolyte used for active testing was neat 1-butyl-3-
methylimadazolium hexafluorophosphate (BMIMPF6). Each sample underwent the
warm-up procedure discussed in Section 2.3.1. Before submersion in the electrolyte,
the passive elastic modulus of each sample was measured by application of a 1%
strain at a frequency of 1 Hz. After the initial modulus measurement, the film was
slackened, submersed into electrolyte, and “warmed up” by application of a +2 V

triangle wave at 0.1 V/s until the current response stabilized.

After warm-up, the films were measured in both isotonic and isometric modes (as
described in detail in Sections 2.3.2 to 2.3.3). In isotonic mode. the films were held
at a constant load (0.5 MPa) in the electrolyte. A potential waveform was applied,
and the resulting length change was measured. The “active strain” is the contractile
strain observed. In isometric mode, the film is held under tension at a constant length
(approximately 1% strain). A potential waveform is applied. and the change in stress

is measured. The “active stress” is the magnitude of the stress response.
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5.2 Evaluation of Microstructure

5.2.1 Wide Angle X-ray Scattering

X-ray diffraction measurements were taken of as-deposited, stretched and rolled films
with the x-ray beam incident to all three axes. The 2-d diffraction pattern for an
as-deposited polypyrrole film is shown in Figure 5-1. For the as-deposited film, char-
acteristic reflections a, b, c and I (as defined in Section 4.1.4) do not show anisotropy
in any direction. This means that the polypyrrole chains and bundles are randomly

oriented throughout the sample.

Figure 5-1: Wide-angle x-ray scattering of unprocessed polypyrrole, with g, parallel
to the ND. Reflections a, b, c and I" all appear as isotropic rings, due to the lack of
preferential orientation. The diffraction patterns when g, is parallel to the TD and
MD show the same features as the one shown, since the material is isotropic.

Wide angle x-ray patterns for stretched and rolled polypyrrole are shown in Figure
5-2 and Figure 5-3. For the stretched films, reflection ¢ (which occurs along the chain
axis) clearly aligns in the MD (Figure 5-4i). Reflections a and b occur transverse
to the chain axis, so they are absent in the Mf) and instead they appear in the

ND and TD as is expected for uniaxial alignment along the MD. As one increases
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the elongation of the stretched films, the orientation improves and less scattering
from reflection ¢ is visible in the ND and TD. However, because these peaks are
poorly defined and overlapping, we were not able to quantitatively calculate Herman’s
orientation parameters (Equation 4.4).

In the rolled films, reflection c again appears most strongly in the MD, confirming
axial alignment with the MD (as shown in Figure 5-4ii). However, in this case reflec-
tion a appears in the ND and not in the TD (so it is visible in Figure 5-3ii but not
Figure 5-3i), while reflection b appears in the TD and not in the ND (so it is visible in
Figure 5-3i but not Figure 5-3ii). This shows that rolling aligns the chain axes in the
MD, but the chains assume an additional degree of orientation with the polypyrrole
rings parallel to the surface of the film. This is the first time that this biaxial texture
has been shown in polypyrrole, where reflections a and b appear perpendicular to

each other.

137



i MD TR
iii.¢. | MD ND  jv.3D view

Figure 5-2: Wide-angle x-ray scattering of stretched polypyrrole. Reflections a and
b orient in the ND and TD, while reflection ¢ orients in the MD as seen in (i) and
(ii). The diffraction pattern when g, || MD is isotropic as seen in (iii), confirming
uniaxial alignment in the MD. Reflection I" does not orient, and remains an isotropic
ring in all directions. Shadowing from the clamps holding the films in the x-ray beam
is visible in (ii).
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Figure 5-3: Wide-angle x-ray scattering of rolled polypyrrole. Reflection a orients in
the ND, so it is barely visible in the g, || ND pattern (i). Reflection b orients in the
TD, so it is not observed in the g, || ND pattern (ii). Reflection ¢ primarily orients in
the MD. Reflection I'" does not orient. Some clamp shadowing is visible on the ¢, ||
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Figure 5-4: 1D WAXS patterns for stretched and rolled films. Curves are offset for
clarity. i) Stretched films. Reflections a and b can be observed in the TD and ND.
Reflection c is most clear in the machine direction, but some scattering from reflection
c is evident in the other two directions. Reflection I' does not clearly orient in any
direction, as it is observed in all three curves. ii) Rolled films. Reflection a is most
clear in the normal direction. Reflection b is most clear in the transverse direction.
Reflection c is most clear in the machine direction, but some scattering from reflection
c is evident in the other two directions. Reflection I' does not clearly orient in any
direction, but is more easily observed in the TD and MD than in the ND. This may
be because it is overlapping with reflection a in the ND.

5.2.2 Scanning Electron Microscopy

Scanning electron microscopy was used to examine the fracture surface of processed
films. When one observes the fractured stretched film looking down the TD, the
surface appears smooth with striations along the MD (Figure 5-5i). Alternatively,
when the surface is observed looking down the MD, the surface appears quite rough,
with small fibrils poking out of the surface (Figure 5~5iij. In the rolled samples, the
fracture surfaces along the MD and TD look similar, as both show a layered structure
with layers perpendicular to the ND. As in the stretched films, the surface looking
down the MD (Figure 5-5iii) is more rough than that looking down the TD (Figure
5-5iv).
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Figure 5-5: SEM images of processed film fracture surfaces. Films are processed so
the chain axes are oriented in the MD, and fractured to expose the surface parallel (i
and ii) or perpendicular (iii and iv) to the MD. Micrographs were taken on a JEOL
JSM-5910 SEM. i) Stretched film, looking down the TD. Striations are visible along
the MD. ii) Stretched film, looking down the MD. Fracture surface is rough and
fibrillar. iii) Rolled film, looking down the TD. Striations are visible in the MD. iv)
Rolled film, looking down the MD. The surface is more rough than in (iii), and shows
some of the fibrillar morphology observed in (ii). Additional striations are also visible
in the TD.
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Figure 5-6: Isotonic response for stretched and rolled films tested immediately after
deposition and processing. Films were held under a static force of 0.5 MPa in neat
BMIMPF®6, and a £1.5 V triangle wave in potential was applied at a rate of 0.1 V/s.
Strains are normalized by subtracting the initial strain that occurs upon application
of the testing load. i) Films stretched to 55% elongation. Under these conditions,
(erp/emp)s = 7.02. ii) Films rolled to 55% elongation. Under these conditions,
(fTD/CMD)R = 5.86.

5.3 Electroactive Properties

Figure 5-6 compares the electroactive strain response for stretched and for rolled
films to that of an unprocessed film. For the conditions shown in Figure 5-6, the as-
deposited film shows an active strain of €4 = 4.7%. The rolled film shows an active
strain of eyp = 1.5% in the MD, and erp = 8.9% in the TD. The stretched film
shows an active strain of eyqp = 1.4% in the MD, and erp = 9.5% in the TD. The
as-deposited and TD films (for both stretched and rolled samples) show an overall
greater extension than contraction, as will be discussed in Section 5.4.2.

Both the stretched and rolled samples tested for Figure 5-6 were cut from films
processed to approximately 55% linear elongation. However, not every point in the
processed film has the same degree of polymer chain orientation due to localized
plastic deformation. We use the local conductivity and local elastic modulus to com-
pare the degree of orientation in small samples. In a perfectly oriented conducting
polvmer film. the polvmer chains will be axially aligned with the MD. For such a

sample. one would observe a very high conductivity and elastic modulus in the MD
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Figure 5-7: Isometric response for stretched and rolled films tested immediately after
deposition and processing. Films were held under a constant stress of 0.5 MPa in
neat BMIMPF®6, and a 1.5 V square wave in potential was applied at a frequency of
'0.1 Hz. Strains are normalized by subtracting the stress at time = 0 seconds. i) Films
stretched to 55% elongation. Under these conditions, (stresstp/stressmp)s = 5.44.
ii) Films rolled to 55% elongation. Under these conditions, (stresstp/stressmp)r =
4.92.

Active
o Active Stress |stressyp/
Treatment  |Direction | (10°S/m) | cuo/orp |E (GPa) |Eyo/Erp |Strain (%)*] erplewp® | (MPa)! |stressyp!
none 2.37 0.38 4.73 5.15
Roll ~ 55% MD 5.28 4.73 0.46 1.48 1.52 1.43
TD 1.12 0.31 8.91 5.86 7.03 4.92
Stretch ~ 55%_|MD 4.96 3.77 0.43 1.39 1.36 1.61
TD 1.31 0.31 9.55 7.02 8.76 5.44

Table 5.1: Electroactive results for stretched and rolled films, tested in neat
BMIMPF6. Conductivity (¢) and Elastic modulus (E) are measured as described
Section 5.1.2. *Isotonic testing, under conditions shown in Figure 5-6. 'Isometric
testing, under conditions shown in Figure 5-7.

because the measurement captures the high conductivity and modulus of the polymer
backbone, and a very low conductivity and elastic modulus in the TD because the
measurement captures the lower interchain conductivity and relatively weak inter-
chain bonding. Therefore, a larger anisotropy in conductivity (omp/orp) and elastic
modulus (Eyp/ETp) is indicative of a larger degree of axial orientation in the MD. As
shown in Table 5.1, on this basis the rolled samples show slightly better orientation

than the stretched samples. However, the stretched samples show a larger electroac-
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tive effect for isotonic testing. A comparable phenomenon is observed for isometric

testing, an example of which is shown in Figure 5-7.

5.3.1 Rate of Actuation

Changing the voltage ramp, we observe a difference in the amount of active strain
observed and the anisotropy of this active strain. Under the conditions shown in
Figure 5-8, an active strain of 11.3% is observed in the TD when stretched films are
cycled at 0.1 V/s. As the voltage ramp is increased, the time for each cycle decreases,
as does the magnitude and anisotropy of active strain. When the films in Figure 5-8
are cycled at 0.1 V/s, (erp/emp)s = 6.2. When the voltage ramp is increased to 1

V/s, the anisotropy of active strain decreases, with (erp/emp)s = 3.8.°

Stretched Films, +2V, -2V

Active Strain (%)

o1 05 1
Voltage Ramp (V/s)

Figure 5-8: Isotonic testing of stretched samples in neat BMIMPF6 with a static
force of 0.5 MPa. A +2 V potential triangle wave was applied with the voltage ramp
indicated. Strains are normalized by subtracting the initial strain that occurs upon
application of the static force. Light grey bars: Syp. Black bars: A. Dark grey
bars: Stp. At 0.1 V/S, (ETD/EMD)S = 6.2. At 0.5 V/S, (fTD/EMD)S = 5.3. At1V/s,
(erp/emp)s = 3.8.
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5.4 Discussion

5.4.1 Polymer Microstructure

While both the stretched and rolled films show polymer chain axial orientation in the
MD, the x-ray diffraction patterns and micrographs of fracture surfaces show that the
3D distributions of the polypyrrole chains (and bundles) are different. The polypyr-
role chain orientations for as-deposited, stretched, and rolled films are schematically
illustrated in Figure 5-9. Note that Figure 5-9 is intended to clearly show the prefer-
ential orientation of the small polypyrrole bundles, not accurately describe the level
of disorder of all components in this system. The stretched films show alignment
in only one direction, with the chain axes parallel to the MD. This uniaxial chain
alignment is responsible for the difference in fracture surface morphology shown in
Figure 5-5i and Figure 5-5ii. When one examines the fracture surface looking down
the TD (Figure 5-5i), a striated surface is observed due to the chain axial alignment
in the MD. The fracture surface observed down the MD is rough and fibrillar (Figure
5-5ii) because the polymer chains are resistant to breakage along the backbone and
pull apart from each other as the film fractures along the ND/TD plane.

The rolled films show a double texture, with the chain axes parallel to the MD
and the ring normals parallel to the ND. Chain axial alignment in the MD causes
the fracture surface observed down the MD (Figure 5-5iv) to be more rough than
that observed down the TD (Figure 5-5iii), while ring normal alignment in the ND
is reflected in the layered structure observed in both fracture surfaces. However, the
degree of orientation in the MD and ND is not necessarily the same. In the rolled films
(Figure 5-4ii) reflection a is highly anisotropic, observed only in the ND. This means
that the pyrrole ring normals are very well oriented in the ND. Conversely, while
reflection c is most intense in the MD, some scattering from reflection c is observed
in all directions. This means that while the chain axes are preferentially oriented in
the MD, they are not as well oriented as the pyvrrole ring normals (as shown in Figure
5-9iii). While we do not measure the forces applied during our rolling process. these

results suggest that the compressive forces exerted by the rollers are enough to force
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Figure 5-9: Microstructure of polypyrrole chains in as-deposited and processed films.
i) Unprocessed film. The polypyrrole chains and bundles are isotropically distributed.
ii) Stretched film. The polypyrrole chains and bundles are axially oriented in the MD,
and randomly distributed and tilted around the MD (uniaxial orientation). iii) Rolled
film. The chains and bundles are axially oriented in the MD, and the pyrrole ring
normals are oriented in the ND (biaxial orientation).

the flat rings to lie parallel to the film surface, while the tensile stress is not enough
to perfectly align the chain axes in the MD. Furthermore, tilting of the chains such
that the ring normal is in the ND may be considerably easier than organizing the
chains such that they are axial to the MD, as it would not require the same extent of
disentanglement. A given chain segment could tilt to line up its pvrrole ring normals

to the ND without requiring many other chain segments to move.

The stretched films show a larger electroactive response than do the rolled films.
even when the rolled samples show a more anisotropic conductivity and elastic mod-
ulus (as for the films in Table 5.1). This may be because of the additional degree of
orientation present in the rolled films when compared to the stretched films. In the
rolled films the pyrrole ring normals align quite well in the ND. but the chains still
have a large distribution of orientation about the MD. This distribution of flat chains

with their faces parallel to the film surface may impede ion diffusion from the surface

of the film.
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5.4.2 Anisotropy of Actuation

Reduction of polypyrrole in neat BMIMPF6 leads to expansion as cations swell the
film. These cations must find space between polymer chains, so the active strain
occurs perpendicular to the chain axis. In unprocessed films, the chain axes are
randomly distributed, so swelling and deswelling is observed equally in all directions.
In oriented films (both stretched and rolled) the chain axis direction is preferentially
aligned with the MD, so the observed active strain is concentrated perpendicular
to the MD. The small amount of active strain observed in the MD is due to the
misoriented chain component. Molecular modeling has suggested that there may be
an intrinsic actuation mechanism in polypyrrole that would produce significant strains
along the chain axis, as the polypyrrole chain straightens and curls upon oxidation
and reduction [184]. Our results show that this is not the dominant mechanism in

polypyrrole films.

With our testing methodology (as described in Section 2.3), we are limited to
measuring the electroactive response in the MD and TD. Therefore, it is yet unclear
whether the response in the ND is larger for stretched or rolled films. Stretched films
should show an equal electroactive response in the ND and TD due to their uniaxial
orientation. while the rolled films may show a very different response because the
polypvrrole chain orientations in the ND and TD are different. In order to investigate
this matter, instrumentation is currently being developed to measure the electroactive

response in the ND for a free-standing processed film.

For the data shown in Figure 5-6. 30 to 36 mC of charge was passed during
expansion of each cycle for the MD and TD samples for each set of films. The passage
of a comparable amount of charge implies incorporation of a comparable number of
cations, and should result in comparable volumetric expansion. With our testing
methodology expansion and contraction is only measured in one direction at a time.
When an MD film is actuated. it is likely that the film is expanding and contracting
significantly perpendicular to the measured direction. This will be the case for both

uniaxially and biaxially oriented films. Future work could include instrumentation
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to systematically examine actuation in several dimensions at once, as this is where
additional differences between actuation in uniaxially and biaxially oriented films
will arise. However, if the goal is to produce an efficient linear actuator, expansion
and contraction in directions not harnessed by the device are irrelevant. For these

applications, an actuator that effectively actuates in only one direction is ideal.

The electroactive tests presented here were intended to expose the influence of
molecular orientation on actuation. Thusly, the isotonic tests were limited to 5 to 10
cycles and a load of of 0.5 MPa, in an attempt to minimize molecular re-organization
due to the load applied during testing. These conditions are sufficient to capture
the anisotropy of active strain, but of insufficient duration to obtain a full picture of
the maximum number of cycles achievable in oriented films. Polypyrrole actuated in
neat BMIMPF6 has been previously shown to be very stable (a decrease of only 0.2%
in active strain was observed over 6000 cycles {72, 73]) but thus far only unoriented
polypyrrole has been tested. We expect oriented polypyrrole to be equally electro-
chemically robust when actuated in neat BMIMPF6, but it may not be as physically
robust. In oriented films, the polymer chains are captured in a non-equilibrium. or-
dered configuration. As the polymer films are electrochemically cvcled, the movement
of small counterion molecules plasticizes the film and increases the mobility of the
chains. The ion movement from electrochemical cycling may allow the polymer chains
the mobility needed to revert to a more random chain orientation. For example, an
unrecovered contraction is observed in the Syp and Ryp samples in Figure 5-6. The
small applied load (only 0.5 MPa) is not enough to prevent the re-orientation of poly-
mer chains away from alignment in the MD, resulting in an irrecoverable contraction
in the MD. The relaxation of polvmer chains from axial alignment in the MD causes
a deformation of aspect ration of the sample, as is schematically illustrated in two
dimensions in Figure 5-10. This deformation of aspect ratio is observed as a irrecov-
erable contraction in the Syp and Ryp samples. and an irrecoverable expansion in

the Stp and Rp samples, as is shown in Figure 5-6.

Unrecovered expansion or contraction upon cycling may be avoided by increasing

the loading or otherwise constraining the film. In the isometric test in Figure 5-7.
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Figure 5-10: Schematic (2-D) diagram of expansion and contraction for oriented films
under conditions shown in Figure 5-6. The percentage change in length and width
upon oxidation and reduction are exaggerated for clarity. The area of the sample while
oxidized is labeled ox1, ox2 and 0x3. The area of the sample while reduced is labeled
redl and red 2. During each reduction, the area of the sample increases. During each
oxidation, the area of the sample decreases, but finishes the cycle slightly larger than
it began. Additionally, it is deformed from its original aspect ratio as described in
the text.

for example, the film is geometrically constrained to maintain a constant length and
irreversible increase or decrease of the active stress is not observed. Furthermore,
it should be noted that we did not put significant efforts towards altering the elec-
trochemical conditions to avoid irrecoverable expansion and contraction. It may be
possible to adjust the electrochemical conditions to find a balance between allowing
enough ion movement to cause a large electroactive response but not so much ion
movement that the polymer chain mobility is so high that the sample irreversibly de-
forms. Future work will address the actuation of oriented films over very long times,
to determine if re-orientation is a factor that must be prevented by the design of the

loading mechanics or applied electrochemistry in electroactive devices.

Alternatively, we have observed (and discussed in Section 2.3.9) that the age of
the polymer film affects the amount of deformation induced by a particular set of
electrochemical conditions. As shown in Figure 5-11. the amount of irrecoverable ex-
pansion for the A, Stp and Rrp samples is virtually eliminated when tested 12 weeks
after processing. Unfortunately, the total active strain achievable is also reduced (e.g.

€srp = 5.7% in Figure 5-11, compared to es, = 9.6% under the same conditions in
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Figure 5-11: Isotonic response for stretched and rolled films tested 12 weeks after
deposition and processing. Films were held under a static force of 0.5 MPa in neat
BMIMPF6, and a #1.5 V triangle wave in potential was applied at a rate of 0.1 V/s.
Strains are normalized by subtracting the initial strain that occurs upon application
of the testing load. i) Films stretched to 70% elongation. ii) Films rolled to 70%
elongation.

Figure 5-6). We have not conducted a thorough study of polypyrrole ageing, as was
discussed in Section 2.3.9, but these results suggest that the degradation of electroac-
tive response with age is related to a decrease in mobility of the polypyrrole chains.
In oriented films, this could be advantageous as it allows a more stable electroactive
response over time. Ageing studies have not been conducted on polypyrrole deposited
from our standard conditions, but a recent long-term study of polypyrrole doped with
arylsulfonates reported that the conductivity decreases quickly at first (2 to 5 x over
5 years, depending on the synthesis conditions) but then remains relatively stable over
the next 15 years [101]. The electroactive properties of the arylsulfonate films were
not investigated, and whether a comparable ageing phenomena could be induced in a
much shorter time period by exposure to increased temperature, for example, has not
yet been probed. It may be the case that very stable polypyrrole films can be pro-
duced by artificially ageing, even if these films do not have quite as high electroactive
strains as the new (but somewhat transitory) films. Perhaps if films with very high
degrees of orientation (stretched or rolled to at least 100% elongation) were produced

and aged, a very large (>10%) electroactive response could be achieved with minimal
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irrecoverable expansion. In this scenario, the ageing provides the stability needed to
make oriented polypyrrole an engineering material, while the orientation allows one

to overcome the small strains typically found in aged films.

5.4.3 Anisotropic Diffusivity

When the voltage ramp is increased, the active strain in the TD decreases more than
the active strain in the MD, showing that actuation in the TD is more time-limited
than in the MD. It has been previously observed that diffusion of small molecules is
much higher in the MD than the TD for oriented polycarbonate [185] and other glassy
polymers [186]. This has been attributed to a deformation of the free volume in the
sample upon polymer orientation, resulting in effective ellipsoids of free volume with
their long axis parallel to the MD [185]. In the case of polypyrrole, there are solvent
molecules and counterions in the spaces between polymer chains so this volume is not
entirely “free,” but the interchain spaces will be elongated with processing as shown
in Figure 5-12. This means that there are effective pathways of easy diffusion between
the polymer chains along the MD. In fact, the diffusivity of PFg anions in stretched

films produced as part of this work has been measured by pulse field gradient NMR,

with the following results [82,187,188]:
e Dyp = 1.69x 10712 m?/s
e Drp = 0.94 x 1072 m?/s
e Dyp = 097 x 1072 m?/s

Drp and Dy p are very similar, as is expected for uniaxial orientation. Theyv are both
significantly lower than Dy, p, causing the actuation in the TD to be more time-limited
than that in the MD (as was shown in Figure 5-8). Both uniaxially and biaxially films
will show higher diffusivities in the MD than the other directions. but in biaxiallv
oriented films the diffusivity in TD and ND should be different due to the different
chain orientations in these directions. Measurements of as-deposited and rolled films

produced as part of this work are currently underway.
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Figure 5-12: Change in interchain spaces upon oriented polymer actuation in
BMIMPF6. After warm-up, the interchain spaces are swollen with PF(, propylene
carbonate, and BMIM+ cations. i) Oxidized state. In oriented polypyrrole films, the
chain axes and bundles preferentially align in the MD. This causes the spaces between
chains to become elongated in the MD, providing a longer path of easy diffusion for
small molecules in the MD than in the TD. A single interchian space is highlighted
in pink, while the anisotropy of diffusion pathways is shown with blue arrows. ii) Re-
duced state. Upon reduction in neat BMIMPF6, BMIM™ cations swell the interchain
spaces, pushing non-bundled chain segments apart. This causes a large actuation
perpendicular to the chain axis. In processed films, the chain axes are oriented in
the MD, so this large actuation is observed in the TD. One swollen interchain space
is highlighted in pink. Even though the interchain spaces are swollen with BMIM™,
they are still longer in the MD than the TD, allowing for easier diffusion of small
molecules in the MD than the TD, as is highlighted with the blue arrows.
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The interchain spaces may provide an additional distinction between stretched and
rolled films, as the forces applied to the films during the rolling process may cause in-
terchain spaces to collapse, impeding the movement of counterions. Xie et al. showed
that plastic deformation imparted by stretching or compressing a polycarbonate sam-
ple caused a decrease in free volume, but compression caused a larger decrease in free
volume than stretching [189]. Rolling has been shown to decrease oxygen and antioxi-
dant permeability in poly(methyl methacrylate) [186]. We also observe an increase in
density when polypyrrole films are stretched or rolled, with a 2.3% increase for films
stretched to (omp/orp = 3), and a 2.7% increase for films rolled to (opp/oTp =
2.8). The decreased electroactive performance of the rolled films when compared to
the stretched films may be due to a more tightly-packed microstructure resulting in
smaller interchain spaces and a correspondingly lower counterion mobility. However,
as is evident from the diffraction patterns in Figure 5-4, if a more tightly packed
structure exists in the rolled films it does not increase the crystallinity or crystal-
lite size enough to change the shape of the diffraction peaks. In other words, we do
not observe a significant increase in number or size of bundles, but we believe after

processing the bundles are closer together.

5.5 Chapter Conclusions

In this chapter, our efforts towards processing polypyrrole post-deposition have been
presented. We have utilized different processing techniques to achieve uniaxial and
biaxial textures in polypyrrole films. By processing the films such that the chain axes
are preferentially oriented parallel to the MD, a much larger electroactive response is
concentrated in the TD. This has resulted in an actuator that shows a 100% increase
in active strain when compared to as-deposited films actuated under the same elec-
trochemical conditions, and electroactive strains of up to 11.3% have been achieved.
Stretched films (with uniaxial orientation) exhibit superior electroactive properties to
rolled films (with biaxial orientation). probably due to superior ion transport through

the film.
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Orientation of polypyrrole films provides a simple way to improve the perfor-
mance of this electroactive material without altering the chemistry of deposition or
actuation. The electrochemical properties of polypyrrole films remain unchanged after
processing, but the stress or strain that results from that electrochemistry is improved
because it is concentrated in the direction of testing. By the addition of a processing
(and perhaps an ageing) step between deposition and actuation engineers can double
the performance of their polypyrrole-powered devices. Furthermore, these films pro-
vide anisotropic linear actuation not previously achievable in conducting polymers.
This can be utilized for biomimetic applications such as active bandages or artificial
fish fins [190-192] where the direction of actuation must be carefully controlled. By
designing devices specifically for the unique properties these films offer, engineers can

produce polypyrrole-driven devices not previously viable.
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Chapter 6

Microstructure Manipulation II:

Synthetic Approaches

In our attempts to make the best polypyrrole actuator possible, we seek to manipulate
the microstructure of polypyrrole by whatever means we can. As was presented in
Chapter 5, the microstructure can be altered post-synthesis via physical processing.
This results in an anisotropic material, and has allowed us to achieve higher active
stresses and strains than previously feasible.

It is also possible to alter the microstructure of by changing the parameters of
the deposition recipe. It has previously been shown (and discussed at length in
Chapter 3) that the choice of counterion [27,94], solvent [27,94,95], electrode metal
[6.27], temperature [6,93] and applied current or potential [6,93-95] all affect the
final microstructure of the polypyrrole film. By altering the “standard” deposition
recipe (described in Section 2.1.1) to probe some of this parameter space, we seek to
better understand how different morphologies affect actuation.

In our experiments, polypyrrole is polymerized electrochemically, resulting in black
films that can be peeled off the electrode to be free-standing. They are doped with
the anion used in the deposition electrolyte, and often swollen with residual solvent
from deposition. The films are insoluble, unmeltable, conductive, and 10 to 40 pum
thick. We utilize Scanning Electron Microscopy (SEM) and Wide-angle X-ray Diffrac-

tion (WAXS) to investigate the microstructure and morphology of these films. and
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Current
Pyrrole | Counterion Salt Electrode Density
Film Conc. (M) Salt Conc. (M)| Solvent Material Temp. (°C) (Nmz)
A 0.05 TBAPF6 0.05 PC Glassy Carbon -40 1
B 0.25 TBAPF6 0.2 MB Glassy Carbon -10 1
C 0.25 TBAPF6 0.2 MB Nickel Foil -10 1
D 0.25 TBABF4 0.5 MB Nickel Foil 25 2
E 0.25 TBATESI 0.2 MB Glassy Carbon -10 1
F 0.25 TBATFSI 0.2 MB Nickel Foil -10 1
G 0.25 LiTFSI 0.2 MB Glassy Carbon -10 1.25

Table 6.1: Conditions for different polypyrrole electrodeposition recipes. Ab-
breviations for counterion salts are:  tetrabutylammonium hexafluorophos-
phate (TBAPF6), tetrabutylammonium tetrafluoroborate (TBABF4), tetra-
butylammonium bis(trifluoromethanesulfonly)imide (TBATFSI), lithium
bis(trifluoromethanesulfonly)imide (LiTFSI). Abbreviations for solvents are:
propylene carbonate (PC), methyl benzoate (MB). Films are deposited from the
listed solutions at constant current density, at the temperature listed. For recipe A
only, 1% vol water was added to the deposition solution.

subject the films to electroactive testing to elucidate the link between structure and

electroactive properties.

6.1 Procedure

Polypyrrole films were deposited at constant current density and temperature, via the
method described in Section 2.1.1 but using the specific conditions listed in Table 6.1.
For Film A only, 1%vol water was added to the deposition solution. Pyrrole (Aldrich
99%) was vacuum distilled before use. All other materials were used as received. The
molecular sizes of the various components are shown in Figure 6-1.

The counter electrode was a glassy carbon plate, and the working electrode was
either a glassy carbon plate or nickel foil. After deposition, the polypyrrole film-
covered working electrode was rinsed in a monomer-free solution of the salt and
solvent used for deposition and allowed to dry in the fume hood. Free-staﬁding films
were peeled off of the electrode, and small samples (2 mm x 10 mm) were cut for
testing. Average properties for the films from Table 6.1 are shown in Table 6.2.

The recipes shown in Table 6.1 were chosen in part to mimic a series of previous
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Figure 6-1: Sizes of species varied in polypyrrole depositions [69,75]. Abbreviations
are as described for Figure 6.1.

works, in which exceptionally large active stresses (up to 22 MPa [30]), strains (up
to 36.7% [3]), and strain rates (up to 13.8%/s [94]) were reported. Active metrics of
this magnitude have only been reported by one group, and as part of this study we

seek to discover how they achieve such large metrics and why no one else can do so.

6.2 Surface Morphology

Scanning Electron Microscopy (SEM) images of the surfaces of the two working elec-
trodes used for the films in Table 6.1 are shown in Figure 6-2. The glassy carbon
surface is extremely smooth, so one must find a defect such as the one shown in Fig-
ure 6-2 in order to focus the microscope. These defects are rare, and the majority of
the surface is smooth with occasional shallow grooves from polishing. The nickel foil
surface is much rougher, and has a heavily grooved texture from the manufacturing
process.

The solution and electrode-facing surfaces of the films from Table 6.1 as observed
via SEM are shown in Figure 6-3 and Figure 6-4, respectively. Film A is the “stan-

dard” deposition recipe used throughout this work, and is quite smooth on both
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Film | ©(S/m) |p (kg/m’)| E (GPa)
A 3.6x10% 1500 0.38

B 1.9x10* 1400

C 2.0x10* 1300

D 4.6x10° 700 0.53
E 2.5x10* 1300 1.29
F 3.6x10° 400 0.04
G

4.9x10° 1750 0.17

Table 6.2: Measured properties of films from Table 6.1. Conductivity (o) is measured
with a four point probe. For Films A and G, density (p) is measured using a Mi-
cromeretics AccuPye 1340 Helium Pycnometer, and is repeatable to ~ 10 kg/m?®. For
all other films, insufficient sample was produced to measure true density using gas
pycnometry, so apparent density (p) is estimated by measuring the volume by hand
(only repeatable to ~100 kg/m?). One should note that films listed with a higher
apparent density are not necessarily less porous, as they may be doped with a heavier
counterion. Elastic modulus (E) is the “dry” elastic modulus, measured as described
in Section 2.3.1. For Films B and C, insufficient film was produced for electroactive
testing so the modulus was not measured.

Figure 6-2: Glassy carbon (labeled “GC”) and nickel foil (labeled “Ni”) working
electrode surfaces. The GC surface was very smooth. Defects are rare, but one is
shown here for focusing. The Ni surface was much rougher than the GC surface, and
had a consistent surface texture over the entire sample.



Figure 6-3: Solution-facing surfaces of polypyrrole films synthesized from the different
recipes listed in Table 6.1. Images were taken on a JEOL JSM-5910 SEM. The
information listed across the bottom of the micrographs is as follows: accelerating
voltage, magnification, scalebar, image number (only visible in A and D), working
distance (in mm), spot size, detector (SEI = secondary electron imaging).

sides. When the solvent is changed from PC to MB, the solution surface of the film
becomes nodular (Figure 6-3 B,C). The size of the nodules is increased when the
deposition is conducted at room temperature (Figure 6-3 D), consistent with previ-
ous studies [6]. Additional roughness occurs when a larger anion is used, even if the
deposition is conducted at low temperature (Figure 6-3 E). The surface is the most
nodular and wrinkled when the large anion and rough nickel foil electrode are used

together (Figure 6-3 F).
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Figure 6-4: Electrode-facing surfaces of polypyrrole films synthesized from the differ-
ent recipes listed in Table 6.1. Images were taken on a JEOL JSM-5910 SEM. The
information listed across the bottom of the micrographs is as follows: accelerating
voltage, magnification, scalebar, image number (only visible in A and D), working
distance (in mm), spot size, detector (SEI = secondary electron imaging).

The electrode side of the films from Table 6.1 also show additional features as
the recipe is altered from the “standard” deposition. When the nickel foil electrode
is used, the electrode side of the film shows striations from the foil surface (Figure
6-4 C,D and F). When the deposition solution includes the large TFSI™ anion, the
electrode side of the film becomes more porous (Figure 6-4 E.F). Comparison of films
A and F provides perhaps the most striking evidence that very different polypyrrole

actuator materials can be produced by altering the deposition conditions.

6.3 Wide Angle X-ray Scattering

As was discussed at length in Chapter 4, most of the information we have about the
crystal structure in polypyrrole comes from the interpretation of somewhat ambiguous
diffraction patterns. The previously published percent crystallinity and the crystalline
unit cell are guesses based on liberal interpretations of these patterns [10, 11, 165].
Because the peaks in the diffraction patterns are overlapping and ambiguous exact

crystalline dimensions should be viewed with skepticism. By manipulating the struc-

160



ture of polypyrrole we have not achieved a highly crystalline state that will allow us to
conclusively determine the crystal structure via scattering experiments, but we have
been able to clearly demonstrate the microstructural origin of a particular feature of
the diffraction pattern. .

While polypyrrole does not have sufficiently large crystals to produce single-crystal
x-ray diffraction patterns, there are several characteristic features to its wide angle
x-ray scattering pattern (labeled a, b, ¢, and I in Figure 6-5), that were discussed
extensively in Section 4.1 and are briefly reviewed here. Reflection a is attributed
to the face-to-face distance between pyrrole rings on adjacent stacked chains [10,123,
130, 131], while reflection b has been attributed to the distance between stacks of
polypyrrole chains {123,132]. Reflection c is attributed to a dipyrrole spacing along
the polymer chain [10,123]. Several different physical features have previously been
assigned to reflection I, including scattering from the edge-to-edge distance between
two polypyrrole chains with no counterion [164], pyrrole-counterion scattering [131],
solvent-solvent scattering [158], and counterion-counterion scattering [123,131, 158].
Because its associated diffraction ring does not become anisotropic upon stretching
up to 150%, reflection T' has also been assigned to inter-chain scattering between

amorphous polypyrrole chains [6,10,158,163-165).
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Figure 6-5: 1D x-ray diffraction patterns of solvents and films from Table 6.1. Curves
are offset for clarity. i) Scattering from neat solvents: propylene carbonate (PC) and
methyl benzoate (MB). Solvents were sealed in glass capillaries and exposed to the
x-ray beam. Capillary scattering was then subtracted. ii) Films doped with PFg: A,
B, and C. Reflection I' does not shift, even when the solvent is changed from PC to
MB (Film A compared to Films B and C), or when the electrode is changed from
glassy carbon to nickel foil (Films A and B compared to Film C). iii) Films deposited
from MB solution. Even though the solvent and electrode material remain the same,
the spacing of reflection I' shifts from ¢ = 1.4 A=' to ¢ = 1.26 A~! when the TFSI~
anion is used instead of the PF; anion. This reflects the larger size of the TFSI™
anion (r = 3.25 A) [69] when compared to the PFg anion (r = 2.54 A) [69]. The
sharp peak in the curve for film F at ¢ = 0.77 A~ is due to contamination.
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By examining the diffraction patterns of the films from Table 6.1, we can observe
how the d spacing of reflection I" is affected by the species used in the deposition. The
two solvents used in Table 6.1 show significantly different x-ray scattering patterns,
as is shown in Figure 6-5i. However, a change in solvent does not cause a change
in reflection I' as long as PFy is used as the anion (Figure 6-5ii). Alternatively,
by changing only the deposition counterion and keeping the solvent and electrode
material constant, we can clearly show that the d spacing of reflection I is dependent
on the counterion used during deposition (Figure 6-5iii). Interestingly, other studies
that show a change in reflection b with counterion make no mention of reflection
I' [123]. We also observe a change in reflection b with counterion, but it is less clear
than the change in reflection I', as reflection b also seems to be altered by the choice of
solvent and electrode material. The fact that reflection I does not become anisotropic
upon orientation (as was discussed in Chapter 5.2.1) means that the counterions do

not assume any anisotropy even when the polymer chains become oriented.

6.4 Electroactive Characterization

The electroactive response to a potential square wave for Films E and F (which have
very different surface morphologies and mechanical properties) is shown in Figure
6-6i. Film F shows a higher initial strain rate than Film E  and during shorter
potential holds Film F shows a larger magnitude of active strain than Film E (Figure
6-6ii). However, Film F cannot sustain its high initial strain rate for an entire 60
second cycle, and at longer potential holds Film E shows a larger strain. Film F has
a much higher surface area than Film E (Figures 6-3 and 6-4) but its conductivity
and elastic modulus are almost an order of magnitude lower than Film E (Table
6.2). The very low elastic modulus combined with an increased surface area is likely
responsible for the faster initial strain rate exhibited by Film F. The rough surface
provides more surface area for counterions to diffuse into the polymer matrix, while
the low elastic modulus allows the film to easily expand to accommodate the ion

influx. However, the low conductivity prevents Film F from drawing enough charge
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Figure 6-6: Actuation of films with different surface morphologies. Each film was
warmed up as described in Section 2.3.1, and then actuated in isotonic mode as
described in Section 2.3.2. The applied static force is 0.5 MPa, the electrolyte is
0.1 M LiTFSI in a 60:40 mix of water and propylene carbonate. A potential square
wave of + 0.8 V vs. Ag/Ag" is applied. The change in sample length is measured,
and divided by the initial length to determine the strain. The strain is normalized by
subtraction of the initial strain that occurs from passive application of force. i) Strain
and potential vs. time data for 60 second holds. ii) Comparison of active strain for
holds of different lengths.

to match the magnitude of actuation of Film E at longer timescales. Films E and
F' are compared because they are synthesized from the same recipe, the difference
between the two is imparted by the different electrode materials. It should be noted
that under these conditions, the “standard” Film A outperforms them both. Film A
draws a larger charge over each potential cycle, resulting in increased ion movement
and active strain. However, its smooth surface and high modulus may prevent it from
matching the high initial strain rate of Film A if even shorter potential holds were

tested.

6.4.1 Actuation Without Warm-up

Polypyrrole films deposited from the same recipe as Film G (LiTFSI/MB solution)

have been previously reported to show strains of 16.7% when actuated at 2 mV/s in
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aqueous 1 M LiTFSI [27]. When we prepare films from LITFSI/MB solutions and
acutate them under the aforementioned conditions, we get the results shown in Figure
6-7. In an effort to achieve the large published strains, these films were not subjected
to the warm-up procedure described in Section 2.3.1 and were instead submerged
into the electrolyte a maximum of one second before electroactive testing began. The
lack of a warm-up treatment means that films are not at a known electrochemical
state before testing, but larger strains may initially occur as the film acclimates to

the electrochemical environment.

Actuation in 1 M aqueous LiTFSI
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Figure 6-7: Isotonic actuation of Film G in aqueous LiTFSI with no warm-up. A
-0.9 V, +0.7 V triangle wave was applied at 2 mV /s, following the procedure of Hara
et al. [27]. The sample was submerged into the electrolyte approximately one second
before the first cycle was started. The first cycle shows a contraction of 10.2%, but
the response decreases as the cycles continue, reaching ~ 3% by the seventh cycle.

During the first reduction in Figure 6-7, the polymer film contracts approximately
10.2%. This is significantly lower than the 16.7% reported by Hara et al., but larger
than the strains shown for a warmed-up sample of Film G in Figure 6-6. It is clear
that the response shown in Figure 6-7 is transitory, and the response decreases to
approximately 3% by the seventh cycle. Hara et al. only show the first two cycles in
their work, but even there the second cycle clearly shows less active strain than the
first (~19% for the first cycle, ~16% for the second) [27].

When a different sample of the same film was actuated without warm-up in a
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solution of 1 M LiTFSI in a 60/40 mix of water/PC (in an attempt to repeat the results
presented here [29]), the response shown in Figure 6-8 was observed. During the
first expansion, the polypyrrole film swells with TFSI™ anions and neutral propylene
carbonate, resulting in the very large expansion of 19.8%. Propylene carbonate is
a better solvent for polypyrrole than water, so a much larger swelling occurs upon
exposure to propylene carbonate solution (Figure 6-8) than upon exposure to aqueous
solution (Figure 6-7). After the initial swelling, the polymer film remains swollen with
propylene carbonate and the active response is dominated by movement of the TFSI™
anions. This results in a repeatable strain of 5.1% by the 15" cycle. Hara et al. show
a repeatable strain of approximately 15% for a similarly prepared film, actuated
under the same electrochemical conditions [29]. However, it appears that one side
of the sample that produced 15% linear strain was coated with gold to increase its

conductivity [193].

Actuation in 1M LiTFSI in 60/40 water/PC
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Figure 6-8: Isotonic actuation of Film G in 1M LiTFSI in 60/40 water/PC with no
warm-up. At time t;, the polypyrrole film was submerged in the electrolyte. At time
to, the first potential cycle was started. A -0.1 V, +0.7 V square wave was applied
with a frequency of 0.05 Hz, following the procedure of Hara et al. [29]. The first

cycle shows and expansion of 19.8%, but the active strain decreases to 5.1% by the
15t cycle.
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6.5 Further Manipulation of Microstructure

As was discussed extensively in Chapter 5, stretching our standard (Film A) polypyr-
role films increases the achievable active stress and strain by allowing one to harness
more of the electroactive response in a particular direction. We seek to improve some
of the other recipes shown in Table 6.1 by a similar treatment. Polypyrrole films
deposited from MB solution have been shown to swell significantly when placed in an
appropriate solvent or electrolyte system, as was discussed above [27]. Here, we at-
tempt to take advantage of this expansion to stretch these films to large elongations.
In Figure 6-9, one sample cut from Film E was stretched in air to an elongation
of 210% (blue curve), resulting in a final machine direction (MD) conductivity of
omp = 5.7 x 10* S/m. A different sample cut from Film E was stretched in air to an
elongation of 10%, then submerged in 0.1 M LiTFSI/PC for the duration of the test.
It was stretched to a final elongation of 280% (orange curve), with a final conductivity
of oyp = 3.7 x 10* S/m. One should note that the samples used for the curves shown
in Figure 6-9 were very small (2 mm.x 10 mm), so only axial (MD) conductivity

could be measured.

The final conductivity for the wet film in Figure 6-9 was significantly lower than
that of the dry film, even though the wet film was stretched to a higher linear elon-
gation. During the first 10% elongation, both samples show approximately the same
elastic modulus (slope of the stress vs. strain curve). However, after the wet film
is submerged in the LiTFSI/PC solution, it expands an additional 60% without any
appreciable increase in stress. This expansion is due to swelling of the film with propy-
lene carbonate solution, which does not increase the orientation of the sample. While
the wet film was stretched further than the dry film, its final conductivity is lower be-
cause some of that elongation was a result of swelling, not plastic deformation. This
example shows that submersion in propylene carbonate solution while stretching does
not help one produce more anisotropic samples, even though it allowed the sample to

be stretched to a higher elongation.

Unfortunately, the components of Film E are too expensive for polypyrrole film
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Figure 6-9: Tensile testing of films from deposition E. Each film was stretched at
room temperature on a Perkin Elmer DMA 7e Dynamic Mechanical Analyzer, under
stress ramp control (1000 kPa/min). The “dry film” (blue curve) was stretched in
air. The “wet film” (orange curve) was stretched in air for the first 10 seconds, then
submerged in 0.1 M LiTFSI in propylene carbonate for the rest of the test. Both
films were stretched to failure, the dry film to 210% and the wet film to 280%.

production on a large (50 mm x 150 mm) scale, which prevented the experiment
shown in Figure 6-9 from being repeated at a larger scale. Instead, large samples of
Film G were synthesized. Film G also provides a film doped with the TFSI™ anion
that has a more nodular and porous morphology than the “standard” Film A (Figure
6-10), and has been reported to show only slightly lower strains than Film E [27].
Film G was and stretched in air on a Zwick/Roell Z010 Mécha.nical Tester under
stress control, at a rate of 0.0167 MPa/min, to an elongation of approximately 50%.
Samples were then cut with their axis along the MD and TD (referred to as Gyp and
Grp), and compared to a sample cut from as-deposited film G (referred to as G,).
These samples showed a conductivity ratio of oy p/orp = 4.04, which is comparable
to the stretched samples of Film A discussed in Section 5.3. However, as shown
in Figure 6-11, this anisotropy of conductivity is not reflected in the active strain.
The aforementioned films from Section 5.3 showed an anisotropy of active strain of
erp/enp = 7.0, while in Figure 6-11 the anisotropy is almost nonexistent: epp/enp

= 0.9. It is possible that the propylene carbonate solution swells film G so well that
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Figure 6-10: SEM micrographs of solution (top row) and electrode (bottom row) sides
of films A, E and G. Film E and Film G are both doped with the TFSI™ anion, and
deposited on a glassy carbon electrode. They both show a nodular solution surface
and a slightly porous electrode surface.

the orientation is effectively lost during warm-up. The anisotropy of elastic moduli
(shown in Figure 6-12) is also effectively lost during warm-up, as would be expected
if the polymer chains were no longer oriented in the MD. Future work should include

WAXS of samples before and after testing, to verify that a loss of orientation occurred.
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Figure 6-11: Isotonic actuation of samples from stretched Film G in 0.1 M LiTFSI in
propylene carbonate. Curves are offset for clarity, and the magnitude of active strain

is listed in the table. Films were held at a constant stress of 0.5 MPa and actuated
with a £0.8 V triangle wave at 0.1 V/s.
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Figure 6-12: Dry and wet modulus tests for stretched samples of film G. The mod-
ulus is the slope of the stress vs. strain curve. The dry moduli are measured before
submersion in the electrolyte, and the wet film moduli are measured after electro-

chemical warm-up, as described in Section 2.3.1. Before warm-up, Eyp/Erp = 3.
After warm-up, Eyp/Erp = 1.1
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6.6 Chapter Conclusions

In the literature there have been several examples where films produced from aro-
matic esters and large anions reportedly produce exceptionally large strains [3,27-29,
94,128]. However, when we have attempted to repeat those experiments, we do not
achieve the same strains. We find a large transitory response in the first few cycles
(e.g. 19.8% strain in Figure 6-8), but after the first few cycles the electroactive re-
sponse dwindles. Furthermore, our attempts to improve the electroactive response in
these films have thus far been unsuccessful, as we typically lose the effect of orientation

as the film warms up.

Regardless of our ability to match the impressive metrics cited in the literature,
alteration of the deposition recipe does produce a very different material from the
standard propylene carbonate-based recipe. Changing the solvent and electrode ma-
terial allows one to greatly increase the surface area, thereby increasing the kinetics of
counterion incorporation and expulsion and therefore increasing the rate of electroac-
tive response as was shown in Figure 6-6. As we search for the optimum morphology
for polypyrrole actuation, it is useful to probe the effects of increasing film surface
area, even at the expense of conductivity. As illustrated in the case of Films E and
F (Figure 6-6), sometimes one must strike a balance between initial strain rate and
total active strain. A high surface area, low modulus material such as Film F shows a
very high initial strain rate, but cannot sustain that rate beyond the first 20 seconds
of a potential step . A more conductive, dense film such as Film E does not actuate

as quickly at first. but is able to achieve higher strains over a longer period of time.

As is shown in Figure 6-6, the standard Film A still seems to provide the best ac-
tuation. However. the different morphologies produced in this experiment may inspire
future improvements for Film A. Perhaps one could increase the initial strain rate by
physically increasing the surface roughness of Film A by post-deposition processing
(to mimic the surface morphology of Film F). Because this physical manipulation of
the surface morphology would not change the chemistry (or the conductivity) of Film

A. it is possible that it would not reduce the maximum strain achievable over long
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periods of time, allowing one to effectively harness the best of both worlds. This will

be discussed further in Section 7.3.

172



Chapter 7

Conclusions and Future Outlook

7.1 Description of Polypyrrole Microstructure

Because polypyrrole is insoluble and unmeltable, most of the structural information
available has been collected via scattering techniques. As was discussed extensively
in Chapter 4. scattering data from polypyrrole is ambiguous. The polypyrrole x-ray
diffraction pattern contains several characteristic reflections, which have previously
been attributed to dimensions in a crystalline unit cell. While we agree with some of
the physical origins of these assignments (as was discussed in Section 4.1.4), we find
that a crystalline unit cell does not adequately describe polypyrrole’s microstructure.
We propose instead that polypyrrole consists of composite type arrangement of dis-
ordered chains held together by very small ordered regions, which we label bundles
and described in depth in Section 4.4. This microstructure was first described in
Figures 4-5 and 4-19. and we show a similar illustration (but for unoriented films)
here in Figure 7-1.

During electrochemical cycling. counterions enter and leave the disordered regions
between bundles. causing the film to expand and contract. The influx of counterions
plasticizes the film, causing a large decrease in elastic modulus as was described in
Section 2.3.8. The bundles act as passive phyvsical cross-links in this process. Using
synchrotron x-ray (Section 4.3.1) and electron (Section 4.3.3) diffraction, we have

shown that the bundles themselves do not change when subjected to electrochemical
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ii. As-deposited Film

=N

i. Polypyrrole Chains Only

K =
PE.  Propylene Carbonate Polypyrrole Chain

Figure 7-1: Illustration of bundled microstructure in as-deposited polypyrrole films. 1)
Polypyrrole chains only. Bundles act as physical-crosslinks, allowing a set of percola-
tive paths of polypyrrole chains through the sample. A single bundle is highlighted
in orange, and the polypyrrole chains that make up that bundle are illustrated. In
the bundle, each chain is offset from the one below, as was discussed in Section 4.1.4.
ii) Polypyrrole chains with other film components (from standard deposition recipe).
The chains (~40%vol) are highly swollen with counterions (~25%vol) and solvent
(up to ~35%vol in fresh film), but the film maintains its mechanical rigidity due to
the connected path of individually rigid polypyrrole chains.

174



oxidation and reduction at the levels and timescales at which we observe m‘acroscale
actuation. This description of polypyrrole actuation has no “intrinsic mechanism,”
i.e. a redox-driven conformational change along the chain axis that some have pro-
posed occurs in polypyrrole [184,194]. The actuation of oriented films (as presented
in Chapter 5) shows that a conformational change along the chain axis does not con-
tribute in any significant way to actuation in bulk films. In the bulk, polypyrrole
actuation is driven by a redox-induced swelling and de-swelling as was previously
thought. Counterions move into the disordered regions between bundles, pushing
non-bundled chain segments apart.

When a polypyrrole sample is electrochemically cycled, the components that make
up the bulk of the polypyrrole film may change, but the bundled microstructure does
not. For example, when the film is cycled in an electrolyte not used for deposition, the
ions from that electrolyte are incorporated into the matrix (Figure 7-2ii as compared
to Figure 7-2i). When polypyrrole is deposited from a different solution (for example
Film F from Table 6.1, deposited from a solution of TBATFSI in methyl benzoate),
the chains will be swollen with the counterions used (in this case, TFSI~ anions as
illustrated in Figure 7-2iv). The shapes of the diffraction peaks observable in WAXS
(Figure 6-5) remain essentially unchanged when the deposition solvent or counterion
is changed, suggesting a comparable average size and percentage of highly ordered
regions.

Film A is our standard polypyrrole film, doped with PFg, deposited from propy-
lene carbonate onto a glassy carbon electrode. When Film A is subjected to room
temperature vacuum treatment much of the propylene carbonate is lost, leading to a
decrease in film volume (accompanied by an increase in film stiffness as was discussed
in Section 2.3.1). This compact, dried film is illustrated in Figure 7-2iii. A simi-
lar phenomenon happens when the polypyrrole is deposited from methyl benzoate
solution (such as in the case of Film F, doped with TFSI~, deposited from methyl
benzoate onto glassy carbon), since the methyl benzoate evaporates on its own. In
both cases the film consists of mostly polymer chains and counterions, as is illustrated

in Figure 7-2iii and Figure 7-2iv.
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i. Oriented Film A

§V' ~
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§ e "40

PF¢ propylene carbonate polypyrrole chain
ii. Oriented Film A, Cycled in BMIMPF6 MD -

propylene carbonate |
iv. Oriented Film F

TFSI-  methyl benzoate polypyrrole chain

Figure 7-2: Illustration of bundled microstructure in oriented polypyrrole. i) Com-
ponents of oriented Film A (percentages are approximate): 40% polymer, 30% PFg,
30% propylene carbonate. ii) Components of oriented Film A after cycling in neat
BMIMPF6: 40% polymer, 30% PF;, 20% BMIM*, 10% propylene carbonate. The
electrochemical cycling introduces BMIM™ cations to the film matrix, while some
propylene carbonate is lost. iii) Components of oriented Film A after drying under
vacuum: 55% polymer, 35% PFg , 10% propylene carbonate. Much of the propylene
carbonate evaporates due to the vacuum, but the PF; anions remain. iv) Compo-
nents of oriented Film F: 40% polymer, 50% TFSI~, 10% methyl benzoate. Much
of the methyl benzoate from the deposition has evaporated, but the chains are still
swollen and doped with TFSI™ anions.



In all of these cases the network of bundled polypyrrole chains provides the me-
chanical robustness and electrical conductivity of the film, and the effect of deposition
or treatment conditions manifests itself mostly in the population of non-polymer com-
ponents. It should be noted, however, that in this thesis we purposely chose from a
relatively narrow range of deposition conditions that gave highly conductive polypyr-
role films. It is possible that by choosing very different polymerization conditions (e.g.
chemical oxidation in aqueous FeCls solution), a completely amorphous, non-bundled

microstructure could be achieved.

7.2 Manipulations of Polypyrrole to Improve Prop-

erties

In addition to gaining a deeper understanding the microstructure of polypyrrole, we
sought to manipulate this structure to improve polvpyrrole’s electroactive properties.
We produced films with different surface morphologies and mechanical properties by
altering the deposition conditions, as has been discussed many times in the literature
(and we reviewed in Chapter 3). The results of our work to this end are presented
in Chapter 6. The surface morphology and mechanical properties influenced the rate
and magnitude of the electroactive response, improving our understanding of what
characteristics a successful polypyrrole actuator will have. By utilizing different elec-
trolvte solutions in the deposition, we were also able to clearly identify the contribu-
tion of counterion scattering to the diffraction pattern (discussed in Section 6.3). The
diffraction ring corresponding to counterion scattering does not become anisotropic
upon processing. confirming our description of polypvrrole microstructure in which
counterions remain randomly distributed even when the polymer chains are oriented.

We also manipulated the microstructure post deposition by physical processing.
Free-standing polvpyvrrole films were stretched or cold rolled to produce uniaxially
and biaxially textured films. as was presented in Chapter 5. This post-deposition

processing allowed us to control polymer chain configuration. and provided insights
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to the nanoscale mechanisms of actuation. Furthermore, the oriented films showed an
increase in conductivity up to 3 x when compared to unprocessed films due to polymer
chain alignment. Highly anisotropic active stresses and strains were observed, with up
to 7 x larger active strains transverse to the orientation direction. This anisotropy
resulted in an a 100% increase in active stress and 70% increase in active strain
when compared to unprocessed films, and we achieved active strains over 10% (when
cvcled at 0.1 V/s) with this method. We find that larger active stresses and strains
are achievable in stretched films than rolled films, and attribute this to improved ion
transport through the film.

Both stretched and rolled polypyrrole films provide anisotropic actuation that
has not previously been achieved in polypyrrole. This has exciting implications for
electroactive device design, especially in applications such as biomimetic robotics,
where complex bending motions are necessary to emulate fish or insect movement. An
anisotropic polymer actuator could control the direction of actuation via its material

properties, reducing the complexity of the mechanical transmission system needed.

7.3 Suggestions for Future Work

While the work presented in this thesis has enhanced our understanding of polypyrrole
microstructure and actuation, it has also opened the door to new questions about
polypyrrole and about conducting polvmers in general.

The in-situ measurements of elastic modulus presented in Section 2.3.8 are only
the beginning of our understanding of the dynamics of this complex system. Under
the limited conditions we probed. we saw a clear decrease in modulus as counteri-
ons entered the film. However. we limited the applied electrochemical conditions to
minimize neutral solvent transfer and dual ion movement. It would be interesting to
open the electrochemical window in order to observe the elastic modulus under more
complex swelling and de-swelling conditions.

In polvpyrrole actuation. we have observed that the rate of expansion (as counte-

rions enter the film) and contraction (as counterions leave the film) are not necessarily
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the same. The change in elastic modulus shown in Section 2.3.8 could contribute to
this inequality, if the contracted film has a higher modulus (so it is more resistant
to expansion) than the expanded film (which would be less resistant to contraction).
Even under a limited set of electrochemical conditions where neutral solvent trans-
fer and dual ion movement are minimized, there is much to be learned about the
electrochemical-dependent polymer compliance. The modulus must be probed at
different frequencies while the polymer film is actuated at different potentials and
frequencies in order to understand the time dependance of the system. Additionally
polypyrrole films of different ages, densities, conductivities, and surface roughnesses
should be investigated to identify the limiting elements for actuation. The in-situ
modulus of oriented polypyrrole films should also be studied. to help understand the

time-dependence of actuation in different directions.

As was discussed in Section 2.3.9, we observed a decrease in electroactive perfor-
mance with age of the film. This is an area that demands further investigation. both
50 we can improve our storage conditions to prevent degradation with time, and so we
can better understand the implications of ageing towards the lifetime of an actuator.
Our previous attempts to monitor the effects of ageing have been to collect and com-
pare samples and data from different depositions. Instead, samples from the same
deposition should be compared after long-term storage in different conditions. Large
(100 mm x 50 mm) films will be synthesized especially for this purpose. and should
be measured periodically via gas pycnometry to check for densification over time.
Additionally, their conductivity should be monitored to observe any degradation in
electronic properties. The likely mechanism for conductivity degradation during age-
ing in ambient conditions is oxygen attack of the polypyrrole backbone [100]. so some
films will be stored in oxygen-free conditions for comparison. While an oxvgen-free
environment may help extend the lifetime of our standard polvpyvrrole films. it is not
a practical solution if polypyrrole is to be used in devices. Instead. svnthetic avenues
may be pursued where the 3-position of the pvrrole ring is blocked to prevent attack.
and/or antioxidants are incorporated into the film (although antioxidant leakage from

the film during electrochemical cyvcling must be prevented).
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On the other hand, as was discussed in Section 5.4.2, in oriented films some ageing
may be advantageous. In highly oriented films, repeated electrochemical cycling may
increase polypyrrole chain mobility and allow the polymer chains to revert away from
their oriented configuration. If the films can be aged in such a way that their mobility
is decreased enough that they do not re-orient (but not so much that the films do
not actuate) a more stable oriented product may be produced. Accelerated ageing
treatments should be investigated, to find the point at which oriented polypyrrole
films actuate repeatably, with no further decrease in performance with time. It may
be necessary to combine processing techniques, orienting the films to increase the

active strain achievable, then ageing the films to stabilize the response.

In this thesis we barely scratched the surface of the parameter space of polypyrrole
deposition. The extremely large strains reported by Hara et al. [3,27-30,94,128] have
been a source of frustration for the polypyrrole community, as they are generally
transient and have not been reproduced. However, the strategy that Hara et al.
employ - changing the material properties of polypyrrole via deposition variables -
does have potential and should be pursued in a more rigorous manner. Our initial
attempts to follow the path of Hara et al. have allowed us to increase the surface
area and porosity of polypyrrole with a significant, but not insurmountable decrease
in conductivity and mechanical robustness. Future research must be conducted both
to understand what is so different about Hara et al.’s material that they achieve (or
at least report) such large metrics, and how the lifetimes of these novel polypyrrole

films can be improved so one could use these large active strains in a practical device.

We manipulated the structure of polypyrrole in two ways: by mechanically deform-
ing the film post-deposition and by altering the conditions of polypyrrole deposition.
Initial attempts to mesh the best of both worlds, where films were deposited from a
novel deposition recipe and then stretched, were presented in Section 6.5. Unfortu-
nately. these preliminary experiments were not entirely successful. as the orientation
was lost upon electrochemical cycling. However, it may be possible to synthesize a
flexible, high surface area polypyrrole film that can be oriented and retain its ori-

entation upon actuation. Different deposition conditions could be attempted. or
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processing could be done in such a way that the orientation becomes “locked-in.” For
example, after processing the film could be further polymerized, possibly by holding it
in tension while soaking in monomer solution and then electrochemically polymerizing
the unreacted species. If this methodology allows polypyrrole to polymerize within
the film matrix (as opposed to only on the surface) it may provide the mechanical
entanglements necessary to preserve orientation once the load is released.
Alternatively, perhaps we can learn from the morphologies achieved with these
novel recipes and apply these morphologies to films produced under standard depo-
sition conditions. For example, the results presented in Section 6.4 suggest that a
higher surface area improves the rate of electroactive response. We are already able
to impart high degrees of orientation to our standard films, resulting in large mag-
nitudes of active strain (over 10% in Chapter 5). It would be interesting to increase
the surface area of an oriented film by mechanical roughening. Theoretically, this
should increase the surface area in contact with the electrolyte without altering the
conductivity or molecular orientation of the bulk of the film, and could lead to a very

large and very fast electroactive response.

7.4 Concluding Remarks

The subject area of this thesis (structure/property relationships in polypyrrole) is
not new, as several groups have previously investigated the microstructure of this
material. However, this work represents the first time that this structure has been
investigated specifically as it relates to actuation. as well as the first time that polypvr-
role actuation has been improved by deliberately controlling the microstructure. By
focusing on the connection between nanoscale structural features and macroscale ac-
tuation, we have been able to develop a more accurate description of polypvrrole
microstructure. By organizing these nanoscale features via materials processing. we
have significantly improved the macroscale electroactive response achievable in PFg
doped polypyrrole. The success of this thesis was not in the science of uncovering the

structure or the engineering of making a better actuator, but in the intersection of
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the two. One could not have happened without the other.

The methods used to alter microstructure in this thesis can be applied individually
or in novel combinations, in traditional or novel conducting polymer systems. It is our
hope that the ideas and results presented herein will help remind conducting polvmer
researchers of the value that can be added by materials processing. The difference
between the actuation metrics currently available and those needed for a given device

may only be a matter of clever microstructure manipulation.
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