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 To study the conductivity of electrochemically formed films, the monomers 3,4-

ethylenedioxythiophene, diethyl 3,4-phenylenedioxythiophene and 3,4-

phenylenedioxythiophene, and the dimer of 3,4-phenylenedioxythiophene have been 

electrochemically polymerized using a variety of conditions, solvents and electrolytes.    

The most highly conductive films based on 3,4-ethylenedioxythiophene were formed in an 

electrolyte-solvent combination of 0.1 M tetrabutylammonium perchlorate in propylene 

carbonate, with room temperature conductivities of the glossy, free-standing films reaching 120 

S/cm.  The conductivity of poly(3,4-ethylenedioxythiophene) maintained over half of its room 

temperature conductivity value as the temperature approached 50 K.   

Films of 3,4-phenylenedioxythiophene and diethyl 3,4-phenylenedioxythiophene were 

formed from electrolyte-solvent combination of 0.1 M tetrabutylammonium perchlorate in 

dichloromethane.  Scan rate dependence studies (scan rates of 5 to 200 mV/s) of the first scan of 

polymer deposition confirmed that the cation radical couples slowly for these monomers.  

Oligomers were also soluble in propylene carbonate, the solvent which, based upon 3,4-

ethylenedioxythiophene studies, was most likely to yield glossy, free-standing films.  Free-

standing, highly conductive films were not obtained, though material did deposit on the surface 



 

13 

of a glassy carbon plate electrode and was delaminated using adhesive tape.  The most 

conductive material formed exhibited resistances in the mega-Ohm range. 

Films formed using the dimer of 3,4-phenylenedioxythiophene were formed from 

electrolyte-solvent combination of 0.1 M tetrabutylammonium perchlorate in dichloromethane.  

The dimer of 3,4-phenylenedioxythiophene oxidized at a lower potential than diethyl 3,4-

phenylenedioxythiophene and exhibited faster cation radical coupling rates, leading to the 

successful formation of free-standing small flakes of conducting polymer film with 

conductivities measured on the order of 10 S/cm.  For all polymerization reactions, the optimal 

conditions for films formation were determined to be at zero degrees Celsius.    
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CHAPTER 1 
INTRODUCTION 

Brief History of Conjugated Polymers  

Polymer chemistry has played a seminal role in the modernization of all aspects of life that 

has taken place in the last century.  Polymers have not only been used as light-weight, more 

durable, and customizable replacements for functional materials such as woods, metals, or 

ceramics, but also to enable revolutionary new technologies.  Conducting (or conjugated) 

polymers are a unique and relatively new class of polymeric materials, whose electroactive and 

optical properties make them useful in technologies that only decades ago could never have been 

realized.  

While the first polymerization of acetylene to form polyacetylene was reported by Natta 

and coworkers in 1958,1 little interest was taken in the discovery at the time, as the material was 

a poorly characterized, insoluble and infusible powder.  Over a decade later, Shirakawa and 

coworkers discovered a method for preparing strong, flexible, free-standing films of 

polyacetylene through the accidental addition of 1,000 times more catalyst during the 

polymerization reaction.2  The 1977 discovery that doping these films with iodine vapors led to a 

twelve orders of magnitude increase in electrical conductivity3 initiated an exponential increase 

in conjugated polymer research and development.    

Although polyacetylene’s high conductivity4 initially generated interest for use as a 

replacement for dense metals, its applications, especially in air and space industries, were limited 

by poor environmental stability5 and insolubility.  These limitations challenged organic chemists 

to begin synthesizing alternative conjugated polymers, with a focus on improving solubility, 

stability and processability while maintaining conductivity.  Numerous materials have been 

developed, with polyheterocyles receiving a great deal of attention for their electron-rich nature, 
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which contributes to stability in the doped state, and the ease with which they can be structurally 

modified.  As the only structural requirement is extended conjugation through pz orbitals, the 

field attracted numerous research groups interested in fine-tuning polymer properties through 

structural modifications of monomers, allowing precise tailoring of physical, electronic, and 

optical properties.  The resulting plastics are ultimately much more easily processed than metals 

and, unlike metals, can be deformed reversibly. 

  

Figure 1-1. Common conjugated polymers include (a) poly(acetylene), (b) poly(pyrrole), (c) 
poly(thiophene), (d) poly(3,4-ethylenedioxythiophene), (e) poly(p-phenylene), (f) 
poly(p-phenylene vinylene), (g) poly(aniline), (h) poly(fluorene), and (i) 
poly(carbazole). 

Because these new materials presented so many advantageous properties, the ensuing 

decades witnessed the exploration of conjugated polymers families including those based on 

poly(pyrrole), poly(thiophene), poly(3,4-ethylenedioxythiophene), poly(p-phenylene), 

poly(furan), poly(p-phenylene vinylene), poly(aniline), poly(fluorene), and poly(carbazole).  
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While none of these conjugated polymers exhibit conductivities as high as polyacetylene, many 

showed greater environmental stability, tunable electrochromic properties and other interesting 

characteristics such as photo- or electroluminescence.6 Poly(thiophene) was first prepared in the 

early 1980’s7 and its abundant number of derivatives remain among the most widely studied 

polyheterocycles, due in large part to the huge variety of electroactive properties this large 

family of polymers exhibits.  Light-emitting polymers were discovered in 1990 by Friend and 

coworkers8, which ushered in a widespread effort toward the development of organic electronics 

and displays.  

Twenty-three years after the first demonstration that polymers could serve as electrical 

conductors, Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa were awarded the 

Nobel Prize for "the discovery and development of conducting polymers."   

Electronic Properties of Conjugated Polymers and the Conductivity Theory 

The structural feature that defines a conjugated polymer is a backbone of atoms connected 

by σ-bonds that have continuous overlapping π-orbitals throughout the chain. Conductivity in 

conjugated polymers is a complex material property that depends on both intra- and 

intermolecular charge transport.  In linear conducting polymers, the intermolecular charge 

transport is largely determined by relative chain arrangement, which depends on regional 

morphology.  The nature of chain-to-chain interactions is governed by microscopic interactions 

such as chain alignment, packing forces and phase morphology.9,10   

The behavior of electrons in an isolated atom depends on interaction with the nucleus and 

other electrons of that particular atom and is described by atomic orbital wave functions.  As 

atoms are brought together into molecules, molecular orbitals are produced in proportion to the 

number of atoms coming together.  As a great number of atoms (> 1020) are brought together in 
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an ordered array to form crystals, the number of associated orbitals becomes exceedingly large, 

and, as the energy difference between these orbitals becomes smaller, continuous energy bands 

evolve.  Some intervals of energy contain no orbitals, regardless of how many atoms aggregate; 

these energy differences are referred to as band gaps.  As the interatomic distance becomes less 

than the spatial extension of the electronic wavefunction associated with a particular atom, the 

valence electrons within the bands are considered to belong to the entire material.  Since the 

Pauli Exclusion Principle states that the electrons of a certain atomic orbital cannot have the 

same energy, the electrons form a band of energy levels with small energy differences between 

individual levels.11  

The distinction between metals and other materials (insulators and semiconductors) can be 

understood using band theory as illustrated in Figure 1-2.  Metals have an only partially filled 

highest occupied molecular orbital (HOMO), while in semiconductors and insulators the HOMO 

is filled.  A material's electrical properties directly depend on the energy difference between the 

HOMO and lowest unoccupied molecular orbital (LUMO) and the level of band filling and band 

overlapping; this leads to an understandable distinction in electrical conductivity between metals 

and insulators/semiconductors, in particular as temperatures approach 0 K.12  

Electrical conductivity is described by the equation: 

σ = neμ            (1.1)  

where n is the density of charge carriers contributing to conductivity, e the charge of one 

electron, and μ is charge carrier mobility.  Typical values of conductivity for metals are on the 

order of 105-106 S/cm based upon n = 1022 cm-3 μ = 103 cm2/Vs,13 and e =  1.602x10-19 C.  For 

metals, n is temperature-independent as there is no band gap between the HOMO and LUMO, as 

seen in Figure 1-2.  The mobility of charge carriers, and consequently the conductivity of a 
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metal, increases as the temperature is decreased, since the principal scattering mechanism is the 

interaction between mobile electrons and thermal vibrations of lattice atoms.  

 

Figure 1-2. Band diagrams showing the difference between metals, semiconductors and 
insulators. 

Semiconductors differ from metals since they have filled valence bands and empty 

conduction bands.   Semiconductors are distinguished from insulators by the ease with which 

electrons can be excited from the valence band to the conduction band.  This depends on the 

band gap, and is generally accepted as around 4 eV between semiconductors and insulators.  At 

room temperature, semiconductors closely resemble insulators, as few electrons have enough 

thermal energy to move from the valence band to the conduction band.   

In intrinsic semiconductors, electrons in the valence band can be thermally excited into the 

conduction band, creating a corresponding hole in the valence band to allow both free electrons 

and free holes to contribute to conductivity.  Intrinsic semiconductors have a positive 

temperature dependence of conductivity, since the number of charge carriers at the certain 

temperature dominates the overall temperature dependence of the conductivity, even though 

charge carrier mobility is affected by the same scattering process as in a metal.  

http://en.wikipedia.org/wiki/Metals�
http://en.wikipedia.org/wiki/Band_gap�
http://en.wikipedia.org/wiki/Electronvolt�
http://en.wikipedia.org/wiki/Electrical_insulation�
http://en.wikipedia.org/wiki/Valence_band�
http://en.wikipedia.org/wiki/Conduction_band�
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An extrinsic semiconductor is a semiconductor that has been doped, meaning the number of 

charge carriers has be increased by introduction of impurities, giving the material different 

electrical properties than the intrinsic (pure) semiconductor.  The addition of dopant atoms 

changes the electron and hole carrier concentrations of the semiconductor at thermal equilibrium.  

The carrier density is dependent on the concentration and nature of the dopant and less 

dependent on the temperature.  Extrinsic semiconductors are classified as either an n-type 

(negative) or p-type (positive) based on dominant carrier concentrations.  

Electron density in insulators is highly localized around atoms, with little overlap between 

π-orbitals of adjacent atoms and completely filled valence bands. The valence and conduction 

bands are separated by a large gap, which cannot be overcome by thermal excitation.  An 

example of a good insulator is a polymer having only σ bonds, such as polypropylene.  

The mechanism of conduction in conjugated polymers has been the subject of considerable 

research.  The most widely accepted mechanism was proposed in 198114,15 and involves one-

electron oxidation upon initial charge injection (doping) to form a radical cation, or polaron, as 

seen in Figure 1-3.  The charge is delocalized over several rings causing local distortion of the 

polymer chain, and in polythiophene, for example, charge is thought to be delocalized over at 

least five rings.16  Polaron formation is associated with an aromatic to quinoid structural change, 

which increases π overlap and gives rise to intragap energy levels.17 As the polymer becomes 

saturated with polarons, further doping induces structural relaxation to form a dicationic species 

with no unpaired electrons, called a bipolaron.  The bipolaron structure is also thought to be 

formed by the combination of two polarons, and has a greater quinoid character than that of the 

polaron, which leads to a compression of the intragap energy levels.  The hopping mechanism is 

http://en.wikipedia.org/wiki/Semiconductor�
http://en.wikipedia.org/wiki/Intrinsic_semiconductor�
http://en.wikipedia.org/wiki/Electron�
http://en.wikipedia.org/wiki/Electron_hole�
http://en.wikipedia.org/wiki/Semiconductor#Carrier_concentration�
http://en.wikipedia.org/wiki/Thermal_equilibrium�
http://en.wikipedia.org/wiki/N-type_semiconductor�
http://en.wikipedia.org/wiki/P-type�
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one model of conductivity and attributes the charge mobility of conducting polymers to 

interchain transfer of bipolarons.18 

 

Figure 1-3. The doping mechanism in polythiophene.  The first configuration depicts the neutral 
polymer.  Initial oxidation results in polaron formation yielding a quinoidal structure 
with charge delocalized over four rings.  Further oxidation results in the formation of 
a bipolaron. 

Since increased charge carrier mobility leads to higher conductivities, (Eq. 1.1), a major 

challenge is continuing to raise the carrier mobility and thus conductivity, which are currently 

limited by the defects in polymers. Charge transport along an ideal linear polymer chain can 

proceed no farther than the length of the fully extended chain; then the charge must hop to 

another chain. With improved ordering of the polymer chains, and appropriate selection of 

dopants and dopant concentrations, conductivities could reach those of even the most conductive 

metals. 
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Mechanism of Oxidative Electrochemical Polymerization  

Electroactive polymer films can be effectively prepared on conducting substrates using a 

technique known as electrochemical polymerization.  The technique involves the application of 

an external potential to a solution of monomer in an electrolyte.  The potential required for 

effective polymerization depends upon the electron density of the monomer; typically electron-

rich monomers are easier to oxidize, require milder conditions, and minimize the occurrence of 

side reactions such as overoxidation.19   

 

Figure 1-4. Mechanism of electrochemical polymerization in polythiophene.  

The mechanism is detailed for thiophene in Figure 1-4, and occurs in an analogous fashion 

for other unsubstituted polyheterocycles.  Polymerization begins with the one-electron oxidation 

of the monomer to form reactive, but resonance-stabilized radical cations, at a potential referred 

to as the monomer oxidation potential.  Two radical cations can couple, or a radical cation can 
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couple with a neutral monomer, to form the dicationic dimer.  This species rearomatizes with the 

loss of two protons, and the process continues to form oligomers and eventually polymer.   

 

Figure 1-5. Coupling pathways during thiophene polymerization.  

Since the carbon adjacent to the heteroatom in a heterocycle is the most electron-rich, this 

is the favored site for coupling of the radical cations that are formed.  However, while coupling 

at the 2- and 5-positions (α, α-coupling) for thiophenes (or analogous monomers) may 

predominate, even a small number of couplings that proceed via the 3- and 4-positions (α,β- or 

β, β-coupling) sacrifices linearity in the polymer backbone and forfeits many of the associated 

electronic properties.20  The mechanism of these undesirable couplings is depicted in Figure 1-5. 
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  Such undesired coupling can be easily avoided by substitutions on the 3- and 4-positions 

of the heterocycle.  The mechanism for the oxidative polymerization of EDOT, whose 3- and 4-

positions are blocked by an ethylenedioxy bridge, illustrates that if both the 3- and 4-positions 

are blocked, only α, α-coupling is possible.  

Poly (3,4-Dioxythiophene) Based Polymers 

Poly(thiophene) emerged from among the “first generation” of conducting polymers as a 

material of considerable interest due to its structural versatility and stability in both the neutral 

and p-doped states.  Since poly(thiophenes) are unstable at the potentials required for their 

electrochemical deposition, the monomer has been modified to obtain an extensive family of 

more easily polymerizable species.21,22 

On substitution of the thiophene with an alkylenedioxy bridge, the resulting polymer is 

afforded a high degree of regioregularity.  Polymers based on ethylenedioxythiophene (EDOT) 

also have lower oxidation potentials, desirable electrochromic properties, higher conductivities 

and greater environmental stability.23,24 The dioxythiophene bridge in particular is key to the 

monomer’s and resulting polymer’s properties, as simple dialkyl substitution at the 3- and 4-

positions, while preventing undesired coupling, results in steric hindrance that decreases 

conjugation.25  The monomer oxidation peak for EDOT is found at +0.88 V vs ferrocene 

(Fc/Fc+)26 while thiophene monomer oxidation27 was reported  at +1.22 V vs Fc/Fc+ (assuming 

the half-wave potential (E1/2) of Fc/Fc+ = 0.38 V vs the saturated calomel electrode (SCE) and 

E1/2
 of Ag/Ag+ = 0.26 V vs SCE).28   The alkylenedioxy bridge in PEDOT’s also affords a high 

degree of order due to the lack of α,β- or β, β-coupling, resulting in a high conductivity (300-400 

S/cm).29  In contrast, lower conductivities were observed with long alkoxy subsituents, likely due 

to interactions between adjacent side chains.30  The monomers with these 3-, 4-dialkoxy 
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substituents were also not easily oxidatively polymerized due to stabilization caused by 

conjugation with the thiophene.31  The ethylenedioxy bridge maintains the benefits associated 

with electron-donating groups, while eliminating steric hindrances that other substitutions 

present.   

In addition to EDOT’s electron-donor properties and substituted positions, the oxygen 

atoms at the 3-and 4-positions of the thiophene ring induce planarity of the -conjugated chain 

by non-covalent intramolecular sulfur–oxygen interactions.32  Despite these positive 

characteristics, in order to make EDOT more soluble, substitution of an sp3 carbon atom of the 

ethylenedioxy bridge is necessary.  This has several undesired consequences, namely the 

possible creation of a stereogenic center, and the non-coplanarity of the substituent and -

conjugated system, which increases interchain distances and thus alters the conductive properties 

of the resulting polymer.  These limitations can be overcome with a modification of the EDOT 

structure in order to attach the solubilizing group to an sp2 carbon by replacing the ethylene 

bridge of EDOT with a phenyl ring.  In the resulting 3,4-phenylenedioxythiophene (PheDOT)33 

monomer, the ethylene bridge of EDOT  is replaced by a 1,2- phenylene moiety allowing further 

coplanar substitution at the sp2 carbon atoms of the benzene ring system.  Roncali and coworkers 

have synthesized the PheDOT (Figure 1-7) monomer by two different routes.34  

OO

S

OO

S

OO

S

OO

S

 

Figure 1-6. Poly(3,4-phenylenedioxythiophene) (PPheDOT) 
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Electrochemical and theoretical results from the Roncali group indicate that the 

introduction of a phenyl ring stabilizes the radical cation, causing the electropolymerization of 

PheDOT to be considerably more difficult and less efficient than that of EDOT.  Analysis of the 

electrochemical properties of the resulting polymer reveals a higher oxidation potential than 

EDOT.  However, PheDOT’s combinination of the strong donor properties of EDOT analogues 

with possible solubilization by substitution of sp2 carbons with compact packing arrangement in 

the solid state makes it an interesting platform for the development of new classes of -

conjugated systems. 

Because of the challenges so far with PheDOT electropolymerization, films of sufficient 

quality for conductivity measurements have not be obtained electrochemically.  Some 

information on the electrical properties of PPheDOT is known from the chemical polymerization 

using ferric chloride in chloroform.35  Sugimoto and coworkers reported four-probe conductivity 

measurements of a compressed pellet on the order of 1 S/cm.   

PheDOT dimer and trimer have also recently been found to undergo electrochemical 

polymerization.  CV data of the obtained polymers suggest that the increase of the chain length 

of the precursor increases the effective conjugation length of the resulting polymer, which should 

increase the polymer’s conductivity.  Theoretical calculations indicate that while delocalization 

of the unpaired electron over the PheDOT molecule lowers the reactivity of the radical cation, 

extension of the conjugated chain to the dimer and trimer leads to a distribution of the singly 

occupied molecular orbital (SOMO) until it begins to resemble that of EDOT oligomers.  The 

dimer and trimer of PheDOT were found to have lower monomer oxidation potentials than the 

PheDOT monomer.36 
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Applications  

In addition to the academic curiosity that continues to attract chemists, physicists, and 

materials scientists to understand the fundamental characteristics of conjugated electroactive 

polymers, this unique class of materials presents industry and government with a set of highly 

tunable properties not available in other materials.  The commercialization of conducting 

polymer technologies is a vast and varied effort, with new polymers finding applications both as 

replacements for existing material and as thrust toward the development of brand-new 

technologies.   

Conducting polymers are found as electrode materials for solid-state electrolyte 

capacitors37 and are also of particular interest in the supercapacitor field, as supercapacitors 

require not only high capacitance but rapid charge/discharge rates.  Polymeric materials have so 

far shown promise over the more state-of-the-art carbon materials. 38 Another unique application 

is the development of polymer batteries39,40 and electrode materials for conventional 

capacitors.41  The first prototype of commercial batteries using conducting polymers was based 

on Li/PAni (BASF/Varta). 

Other interesting uses for conducting polymers include antistatic coatings,42 transparent 

electrodes,43  and chemical sensors,44 which respond to analytes based on changes in the 

polymer’s conductivity.  Biosensor applications45 have recently been studied extensively in 

response to both military and medicinal needs.  The development and exploitation of 

electrochromic polymers, and the mechanical flexibility and light weight of these materials 

allows for fabrication of flexible electronic devices and displays.  These applications, along with 

corrosion protection, controlled drug release, membrane and ion exchange, lasers, etc. will 

continue to endow the conducting polymer field with well-deserved importance.46 
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Alan Heeger proposed two explanations in his Nobel Lecture of the importance of the 

discovery of conducting polymers: “they didn’t exist before,” and “they offer a unique 

combination of properties not available from any other known materials.”  Conjugated polymers 

will certainly continue to enjoy intense academic and commercial interest in the years to come, 

and allow for the integration of unique, functional, and unprecedented materials into nearly every 

conceivable aspect of daily life. 
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CHAPTER 2 
EXPERIMENTAL TECHNIQUES 

The intent of this chapter is to provide background on the experimental techniques 

employed in the characterization of conducting polymers used in this study.   These techniques 

will be referenced in the remainder of this thesis.  

Chemicals, Materials and Instrumentation 

Propylene carbonate (PC) was obtained from Acros Organics and used as received (99.7%, 

anhydrous).  Tetrabutylammonium perchlorate (TBAP) was prepared by mixing a 1:1 mole ratio 

of tetrabutylammonium bromide dissolved in water with perchloric acid.  The precipitate was 

filtered, recrystallized from a 1:1 molar ratio ethanol and water and dried in the vacuum oven for 

24 hours at 60°C.  Tetrabutylammonium tetrafluoroborate (purity ≥ 98.0%) (TBABF4) and 

tetrabutylammonium hexafluorophosphate (purity ≥ 99.0%) (TBAPF6) were obtained from Fluka 

Chemika.  Ferrocene (Fe(C5H5)2) used in reference electrode calibration was obtained from Fluka 

Chemika and used in 5 mM concentration.  EDOT monomer (Baytron M V2) was provided by 

H.C. Starck and distilled under vacuum from CaH2.  PheDOT and PheDOT derivatives were 

synthesized by other members of the Reynolds group and characterized by NMR and mass 

spectrometry to ensure purity. 

Indium-tin-oxide (ITO) -coated polished float glass slides CG-51IN-CUV (7 × 50 × 0.7 

mm, Rs= 8-12 Ω) and CG-51IN-S107 (25×75×0.7 mm Rs = 8-12 Ω) were obtained from Delta 

Technologies, Ltd.  ITO-coated glass slides were wiped with acetone and air dried prior to use.  

Platinum wire and sheets (metals basis 99.5%) were purchased from Alfa Aesar, and platinum 

flag electrodes assembled in the Chemistry Department Machine Shop. Silver wire (0.5 mm 

diameter, 99.5%) and silver conductive adhesive paint (Sheet resistance: 0.025 Ω/square @ 
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0.001” thick) were purchased from Alfa Aesar (www.alfa.com).  Platinum button and glassy 

carbon button electrodes and the electrode polishing kit were purchased from BASi  

  
Figure 2-1. Monomers used in electrochemical studies. 

(www.bioanalytical.com).  Glassy carbon plate electrodes (25 x 25 x 2 mm) were 

purchased from SPI Supplies (www.2spi.com) and further cut to size using a diamond knife in 

the Chemistry Department Machine Shop.  Contacts to the plate electrodes were made using 

conductive copper tape (1131) purchased from 3M.  Quartz cuvettes with 10 mm path length 

were used in spectroelectrochemical measurements and preliminary film formation studies and 

were obtained from Starna Cells.  

Potentials and currents for electrochemical studies were controlled using an EG&G 

Princeton Applied Research Model 273 potentiostat under control of Corrware II software from 

Scribner in a three-electrode cell configuration.  A Keithley 197 Autoranging Microvolt DMM 

was used to measure resistances used to calculate conductivities.   

The electrode polishing kit, obtained from BASi, consists of two disk pads, a brown 

velvety Texmet pad and a white nylon pad.  After dampening the disk pads with distilled water, 

several drops of the 1-μm diamond polish and a several drops of alumina suspension were added 
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to the nylon and Texmet pads, respectively.  The electrode surface was placed on the nylon pad 

and polished using circular motions. The same procedure was followed on the Texmet pad.  

Then the electrode was rinsed with methanol or acetone.47 

Electrochemical Methods 

Cyclic Voltammetry for Polymer Deposition 

A wide variety of electrochemical methods can be used to study conducting polymer 

films.48  Cyclic voltammetry (CV) is an effective technique for fundamental electrochemical 

studies and film formation due to its flexibility and the wide variety of information generated 

from a single experiment. Reduction and oxidation potentials for both the monomer and polymer 

can be located with CV, as well as information regarding the stability of the product during 

multiple switching cycles.  The potential scan rate can be controlled, allowing for monitoring of 

both fast and slow reactions.  CV allows for the formation of polymer film and subsequent 

characterization in one experiment, as the first forward scan generates a new redox species and 

subsequent scans characterize the outcome of this reaction.  

In CV, the reducing or oxidizing strength of the working electrode is precisely controlled 

by the applied potential.  Polymerization of electron-rich monomers starts at low potentials.  As 

the potential is increased, the monomer oxidizes to its radical cation, which couples with another 

radical cation or neutral species to afford oligomers in the vicinity of the electrode.  As the 

oligomers increase in length, they precipitate onto the surface of the working electrode.  Polymer 

deposition can be observed by the increase in the polymer’s anodic peak current (ipa), and 

cathodic peak currents (ipc) during repeated scans.  
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Electrochemical Cell Setup 

Electrochemical studies and polymerizations were performed using a three-electrode cell 

configuration potentiostatically, galvanostically or potentiodynamically.  The potentiostat applies 

potential between a working electrode (WE) and a reference electrode (RE).  The three-electrode 

cell configuration eliminates the potential drop error that arises because of the resistance of 

solution.  The reaction being studied takes place on the surface of the WE, while the current 

response is recorded through the working and counter electrodes.  The schematic of the three-

electrode cell is given in Figure 2-1.  A small glass cylindrical cell is filled with 0.1 M 

electrolyte/monomer solution and the working, counter and reference electrodes are immersed in 

the solution.  The platinum button or glassy carbon button electrode was polished prior to use 

using the polishing kit.  The particular platinum flag counter electrode selected for each 

experiment had a surface area greater than that of the working electrode and was cleaned by 

firing in a butane torch.   

Due to the variety of solvents used in this series of electrochemical studies, a pseudo 

reference Ag wire electrode was used as the reference electrode.  Ag wire was cleaned using 

sandpaper, rinsed with acetone, immersed directly in solvent, and calibrated before and after 

each experiment with a solution of ferrocene/ferrocinium (Fc/Fc
+
) by using 5 mM ferrocene/0.1 

M electrolyte solution.  Before and after each experiment, the cell was filled with the ferrocene 

solution and the potential range scanned twice.  The average of the anodic (Epa ) and cathodic 

(Epc) peak potentials yielded the half-wave potential of the Fc/Fc+ versus the Ag wire.  This 

unique E1/2 value was subtracted from the experimental potentials for each experiment to convert 

potentials relative to Ag wire to Fc/Fc+.  Prior to electropolymerization, solutions were de-
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oxygenated by bubbling argon for ten minutes, and the entire cell was maintained under an argon 

blanket during the experiment.   

 

Figure 2-2.  Schematic of three-electrode electrochemical cell configuration.  

Film Formation 

Potentiostatic, galvanostatic and potentiodynamic electrochemical polymerization studies 

were carried out in a 0.1 M electrolyte/10 mM monomer solution unless otherwise noted. For 

electrodeposition on a platinum button (0.02 cm2) electrode or glassy carbon button (0.07 cm2) 

electrode, the three-electrode cell with a platinum flag counter electrode, and silver wire 

reference electrode was used. 

The polymers presented in Chapter 3 were prepared electrochemically using 2 cm x 2 cm 

glassy carbon plate as the working electrode (Figure 2-3).  During polymerizations, the area 

submerged in monomer/electrolyte solution was 2 cm x 1 cm.  Prior to use, glassy carbon plate 

electrodes were polished using the polishing kit, immersed in acetone, then washed with 

deionized water and dried under argon.  Leads were attached to the glassy carbon plates using 

copper tape which covered the entire width of the electrode.  A silver wire reference was used, 

and a large platinum flag or stainless steel counter electrode, with a surface area equal to or 
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greater than that of the working electrode.  The electrochemical cell was kept under a blanket of 

argon during polymerizations.  

 

Figure 2-3. Electrochemical cell showing setup for film formation experiments. 

Low temperature polymerizations were conducted at 0°C using an ice bath and at –45°C 

by using a dry ice/ACN bath.  For low temperature film deposition requiring long polymerization 

time (up to 24 hours), the electrochemical cell and cooling bath were kept in a cooler to maintain 

a constant temperature overnight.  Due to both the increased surface area of the electrode and 

goal of forming free-standing thick films, a higher monomer concentration is required than 

common for thin film deposition on ITO (10mM).  Accordingly, free-standing films were 

prepared from 60 mM monomer in 0.1 M electrolyte dissolved in a low vapor pressure solvent, 

usually propylene carbonate (PC), which acts as a plasticizer for the resulting film. If the 

monomer was found to have reduced or limited solubility in the solvent, the concentration was 

limited to 10 mM or 20 mM monomer.  Films were removed from the electrode using a razor 

blade, either directly after polymerization or after drying on the electrode.  The films were 

washed in solvent to remove monomer, placed between two Kimwipes and pressed between 

glass slides to flatten.   
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Conductivity Measurements 

All films were measured with two probe conductivity measurements in order to identify 

the most highly conductive films, and determine whether the timing of the measurement (five 

minutes after removal, after drying, after heating in oven, and over time) had an effect on the 

conductivity.   

Standard Two-Probe Conductivity Measurements 

Two-probe conductivity measurements are derived from Ohm’s Law. The surface 

resistance (Rs) of free-standing PEDOT films and PPheDOT films on non-conducting glass was 

measured.  The surface resistance (Rs) is the ratio of potential (V) applied to two parallel 

electrodes to the current flowing between the electrodes.  Silver paint contacts were deposited on 

the films in parallel to each other.  The resistance between the parallel silver paint electrodes was 

measured with a Keithley 197 Autoranging Microvolt DMM and used to calculate the 

conductivity.  

Rs

a
b

t

 

Figure 2-4. Schematic for a standard two-probe surface resistivity measurement. 

Four-Probe Conductivity Measurements 

Four-probe measurements have several advantages for measuring electrical properties of 

conducting polymers.  This method eliminates errors caused by contact resistance, as the current is 

passed through different contacts than those through which the voltage is measured.  Measurements 

can be made on both free-standing rigid films and thin films on non-conducting substrates.  

Electrochemical formation of high-quality free-standing films is of great interest since many of these 
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polymers are not soluble.  Removal of the deposited material from the working electrode can be a 

challenge if not enough material has deposited on the electrode or the film is not of high enough 

quality to be removed intact.  In these cases, it can often be removed using adhesive tape.  

Three methods of four probe conductivity techniques can be employed in the study of 

conducting polymers: Van der Pauw49, four-wire50 and four-point probe or Signatone.51 The selection 

of a particular method depends on sample quality and geometry and the instrumentation that is 

available. Particularly when temperature dependent conductivity measurements are to be taken, and 

the entire setup placed in a cryostat, a four-probe technique is appropriate.  For room temperature 

measurements, conductive silver adhesive paint (Alfa Aesar) was used to attach four thin silver wires 

(Alfa Aesar, 0.5 mm diameter, 99.9%)  to the film.  The distance between contacts 2 and 3 (see 

Figure 2-5) is maximized relative to the distance between contacts 1 and 2, or 3 and 4.  Volume 

conductivity is calculated from the following equation:  

σ = l/Rtw           (2.1) 

where l is the distance between inner leads 2 and 3, t is the film thickness and w is the width of the 

sample. Sample thicknesses were measured with a micrometer.  Keithley 2400 source measurement 

unit (SMU) was used in four-probe measurements.  

  

Figure 2-5. Setup for a four-wire conductivity measurement. 

 



 

36 

Temperature Dependent Conductivity Measurements 

Data was acquired at Crosslink USA’s JVIC Laboratory in Springfield, Missouri using a 

Temperature Dependent Electrical Transport Properties System consisting of three main 

components: a cryostat dewar, two measurement devices, and the computer interface for 

automation.  The cryostat dewar was acquired from Cryomagnetics, Inc. and holds liquid 

cryogen as well as the sample holder insert.  Measurement were taken using a Lakeshore Model 

340 Temperature controller and a Keithley Model 2400 SMU.   LabView software was used for 

autonomous data acquisition via the two measurement units and the computer interface.  The 

sample width used to acquire four probes measurements was 0.64 cm and the length was 0.16 cm. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

The chapter provides experimental results for electrochemical polymerization studies and 

conductivity measurements of EDOT, PheDOT, PheDOT-Et2 and bi-PheDOT.  

3,4-Ethylenedioxythiophene (EDOT) Studies  

The electrochemical polymerization of thiophene derivatives involves numerous 

experimental variables including solvent, concentration of monomer or electrolyte, temperature, 

and applied electropolymerization methods.  Electrosynthesis conditions have a great influence 

on the morphology and conducting properties of the resulting polymer.  In order to determine 

optimal conditions for electrochemical polymerization of EDOT, and formation of PEDOT free-

standing films on large surface area electrodes, fundamental electrochemical studies were 

performed on a platinum button electrode (A = 0.02 cm2).  Various electrochemical 

polymerization methods have been applied: potentiodynamic, potentiostatic and galvanostatic 

techniques.  Different supporting electrolyte systems such as 0.1 M TBAP, TBABF4, TBAPF6, 

LiBTI and EMI/BTI (ionic liquid) in ACN and PC were used to probe the effect of counterions 

and solvent nature on electrochemical properties of PEDOT films.  Electrochemical synthesis 

was carried out at room temperature and reduced temperatures.  Details for EDOT studies are 

given in the remainder of this section.  All solvents were distilled and purged with argon prior to 

use; electrolyte salts were recrystallized and dried in a vacuum oven.  Electrolyte and monomer 

purity can be a significant contributor to resulting polymer properties.  In addition, fresh 

monomer solutions were prepared at the start of each day’s experiments due to the often highly 

reactive nature of electron-rich heterocyclic monomers.  PEDOT was used to help determine the 

best polymerization conditions for film formation before moving into the PheDOT, PheDOT-Et2 

and bi-PheDOT monomers.  EDOT is commerically available and well-characterized.  
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Monomer Properties and Electrochemistry on Pt Button Electrode 

 PEDOT was electrochemically deposited on a platinum button working electrode in a 

standard three-electrode setup with a platinum flag counter electrode, and a silver wire reference 

electrode calibrated to Fc/Fc+.  The three electrodes were submerged in monomer solution.  Prior 

to each experiment, the solution was purged by bubbling with argon, and the cell was maintained 

under an argon blanket during polymerization studies.  Electrochemical deposition for studies on 

a platinum button electrode were carried out in 10 mM EDOT in 0.1M TBAP/ACN.   

Potentiodynamic deposition 

Figure 3-1A shows the first scan of EDOT monomer polymerization in 10 mM EDOT in 

0.1M TBAP/ACN.  Monomer oxidation is marked by the sharp increase in current, followed by a 

peak, which is referred to as the monomer oxidation potential, determined to be at +1.1 V vs 

Fc/Fc+.  The reverse scan demonstrates two features that are indicative of the deposition of 

electroactive species. The first is the nucleation loop, commonly seen in the first CV scans of 

potentiodynamic preparation of conducting polymers.  This phenomenon arises because of 

polymer having deposited onto the working electrode, increasing the conductive surface area. 

The second feature is the increase in current response between -0.2 V and -0.7 V in the reverse 

scan and is indicative of reduction of the polymer that was deposited on the working electrode. 

Repeated scans show evidence of thin insoluble polymer film formation on the electrode 

surface. Figure 3-1B shows the first to sixth scans of PEDOT polymerization.  Continually 

increasing current responses for polymer oxidation and polymer reduction indicate deposition of 

a porous, conductive polymer film on the electrode surface. 
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Figure 3-1. (A) First CV scan of EDOT deposition on a platinum button (A = 0.02 cm2).  The 
monomer oxidizes at +1.1 V vs. Fc/Fc+ in 10mM EDOT/0.1M TBAP/ACN with a 
scan rate of 50 mV/s.  (B) First through sixth CV scans of EDOT deposition from 
10mM EDOT/0.1M TBAP/ACN with a scan rate of 50mV/s on a platinum button (A 
= 0.02cm2).     

 The working electrode was removed from monomer solution after repeated scan 

electropolymerization and rinsed with monomer-free electrolyte solution.  Dark blue film was 

visible on the surface of the platinum button electrode.  The rinsed electrode was replaced in 

monomer-free electrolyte solution. The region of polymer oxidation and reduction was isolated 

and scanned using CV to ascertain the scan rate dependence as shown in Figure 3-2A.  In scan 

rate dependence experiments, the polymer, still adhered to the platinum button working 

electrode, is cycled between oxidized and reduced states at various scan rates while the peak 

anodic and cathodic current responses are monitored.  

Since the redox processes of electrode-bound conjugated polymers are not diffusion 

controlled, both the anodic and cathodic current responses will scale linearly with scan rate  as 

given by Equation 3-1.   

ip = n2F2AΓν / 4RT          (3-1) 
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where F is Faraday’s constant (96,485 C/mol), n is the number of electrons, A is the 

surface area of the working electrode (cm2), ν is the scan rate (V/s), and Γ is the concentration of 

surface bound electroactive centers (mol/cm3).   
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Figure 3-2 (A) CV of PEDOT film deposited on a Pt button electrode at scan rates between 10 

and 200 mV/s demonstrated increasing current response at increasing scan rates.  
Film was deposited in a 10mM EDOT/0.1M TBAP/ACN solution and switched in a 
background solution of 0.1M TBAP/ACN.  (B) Linear dependence of peak current on 
the scan rate for PEDOT deposition in 10mM EDOT/0.1M TBAP/ACN on a 
platinum button (A = 0.02cm2).   

As plotted in Figure 3-2B, the linear dependence of peak current response on scan rate 

indicates the redox process is non-diffusion controlled, and the electroactive centers of the 

polymer are well adhered to the working electrode surface. 

Since switching speeds are dependent upon film thickness, electrolyte, and polymer 

structure, scan rate dependence studies are important in understanding whether a polymer can be 

switched between redox states rapidly without loss of current response or switching stability. 

Galvanostatic deposition  

PEDOT was also deposited on a platinum button galvanostatically at applied currents of  

1.0, 2.5, 5.0 and 10 mA/cm2 as shown in Figure 3-3.  In this experiment, the potential was 

monitored at a constant current.  The observed potential initially increased rapidly followed by a 
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gradual decrease, since the conductive PEDOT deposits more efficiently on polymer rather than 

the bare electrode.   
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Figure 3-3. Galvanostatic deposition of PEDOT in 10mM EDOT/0.1M TBAP/ACN on a 

platinum button (A = 0.02cm2). 

Potentiostatic deposition  

Potentiostatic deposition of EDOT ranging from 0.82 V to 1.25 V is shown in Figure 3-4. 

In this method, the current density is measured as a function of a constantly applied potential.  

The potentiostatic regime for PEDOT was found between 0.82 and 1.25 V vs Fc/Fc+. 

Peak current densities of PEDOT films deposited potentiostatically between 0.82V and 

1.25 V vs Fc/Fc+ for three minutes are shown in Figure 3-5 and indicate that more polymer 

deposited during the experiments in which the film was formed at higher potentials.   Decreasing 

cathodic and anodic currents and the shape of voltammogram starting from films formed above 

1.2 V indicates start of the over-oxidation process of the film. 
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Figure 3-4. Potentiostatic deposition of EDOT on Pt button (A = 0.02 cm2) revealed a  

potentiostatic regime between 0.82 and 1.25 V vs Fc/Fc+ for 180 seconds in 10mM 
EDOT/0.1M TBAP/ACN. 
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Figure 3-5. Peak current densities of PEDOT films deposited potentiostatically between 0.82V 
and 1.25 V vs Fc/Fc+ for 180 seconds at 10mM monomer concentration on a Pt 
button (A = 0.02 cm2) in 0.1M TBAP/ACN (scan rate of 50mV/s).  The larger current 
responses for films deposited at higher potentials indicated that more polymer had 
deposited. 
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Film Formation Experiments 

Many experimental variables including monomer concentration, polymerization 

temperature, solvent and electrolyte choice, cell geometry and electrode material are involved in 

the electropolymerization of thiophene derivatives.  Since these parameters can be both widely 

varied and closely controlled, electrosynthesis conditions can have a large influence on the 

morphology and electrical properties of the resulting polymer.  These experimental variables are 

naturally interdependent and optimization studies are complex, requiring relatively large 

amounts of monomer.   PEDOT was used to determine the best geometric conditions for the 

formation of free-standing film with a functional size surface area for conductivity measurements 

while minimizing the amount of solution and thus the amount of monomer necessary for each 

electrochemical polymerization.   

 EDOT film formation was completed potentiostatically, galvanostatically, and 

potentiodynamically.  Potentiostatic and galvanostatic methods yielded films with large areas of 

uneven polymer deposition, even at low temperatures with optimized solvent/electrolyte systems.  

Potentiodynamic deposition was found to be more effective and free-standing films were 

successfully formed using this method at both room and low temperatures. 

Galvanostatic and potentiostatic film formation 

Initial films were formed by slow galvanostatic deposition at an applied current of 0.02 to 

0.04 mA/cm2.  The films were deposited in a round electrochemical cell in which a glassy carbon 

working electrode and stainless steel counter electrodes are suspended in parallel and separated 

by 2 mm.  Polymer was deposited using all combinations of PC or ACN and TBAP, TBABF4 or 

TBAPF6 , and could be removed from the surface of the glassy carbon electrode using tape.  

Free-standing films were not obtained using this method, with deposition times up to 14 hours.  

The current densities observed were much lower than for the platinum button experiments, which 
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can likely be attributed to the electrode material.  Current densities on the order of those seen on 

the platinum button were observed when a large platinum flag was used for film formation 

experiments.   

Initial film formation was attempted by potentiostatic deposition at an applied potential of 

1.2 V vs Fc/Fc+.  The films were deposited in a round electrochemical cell in which a glassy 

carbon working electrode and stainless steel counter electrodes were suspended in parallel and 

separated by 2 mm.  Polymer deposition was attempted using all combinations of PC or ACN 

and TBAP or TBAPF6 , and was unsuccessful as the potential was not able to be held constant 

for more than several minutes. 

Solvent and electrolyte effects 

 A viable solvent must have a high dielectric constant, which ensures ionic conductivity of 

the electrolyte in solution, and a sufficiently high electrochemical breakdown potential to guard 

against decomposition at the potentials required for monomer oxidation.  Most conductive 

polythiophene derivatives have been prepared in low nucleophilicity, high dielectric constant, 

anhydrous, aprotic solvents including benzonitrile, acetonitrile, nitrobenzene and propylene 

carbonate.52  

In ACN solvent systems, PEDOT showed an electrochemical response indicative of 

polymer deposition.  However, the ACN swelled any film that formed and the deposited 

material, which dried rapidly, delaminated unevenly from the surface of the electrode.  The use 

of PC as a solvent prevented this rapid drying and gave more even film formation and eventually 

glossy films.   

PEDOT was electrosynthesized in the presence of small anions derived from the 

tetrabutylammonium salts of ClO4
-, PF6

-, BF4
-, CF3SO3

-, lithium bis-

trifluoromethylsulfonylimide (Li-BTI) and ethyl-methyl-imidazolium BTI (EMI-BTI).  Because 
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the ions are incorporated into the polymer, the nature of the dopant affects the morphology and 

the electrical properties of the resulting film.  

Figure 3-6 shows the first ten scans of a CV of PEDOT deposited potentiodynamically on 

the 2 cm2 glassy carbon plate electrode in 0.1M TBAP/PC at a scan rate of 50mV/s at 0°C.  After 

ten scans, current densities over 1 mA/cm2 were observed.  Current densities continued to 

gradually increase for films formed with up to over 800 CV scans, as shown in Figure 3-7.  The 

highest current densities for film formation were observed using TBAP as the electrolyte; as seen 

in Figure 3-8, after ten scans using TBAPF6 as the electrolyte in the same conditions, current 

densities were still less than 1 mA/cm2.  Lower current densities can likely be attributed to 

electrode material, as film formation on 2 cm2 platinum flag working electrodes yielded higher 

current densities than glassy carbon, but polymerized material cannot be delaminated from 

platinum. 
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Figure 3-6. CV showing EDOT deposited potentiodynamically on the large GC plate electrode.   
0.1M TBAP/PC (scan rate of 50mV/s) at 0°C.  Current densities over 1 mA/cm2 were 
observed after ten scans.  
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Figure 3-7. CV showing the continued deposition of PEDOT on a large GC plate electrode.   

0.1M TBAP/PC (scan rate of 50mV/s) at 0°C.  Current response increased 
dramatically after 800 scans as large amount of material had deposited. 
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Figure 3-8. CV showing EDOT deposited potentiodynamically on the large GC plate electrode.   

0.1M TBAPF6/PC (scan rate of 50mV/s) at 0°C.  Current densities under 1 mA/cm2 
were observed after ten scans.  
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Polymerization temperature effects 

Initial galvanostatic and potentiostatic experiments performed by immersing the 

electrochemical cell in a liquid nitrogen/ACN bath (–45°C) or and ice bath (0°C) presented 

significant challenges with current or potential drift.  This effect seemed to be exacerbated by 

lowering the temperature.   

However, lowering the temperature to 0°C proved to be the best for CV film formation.  

Polymerization in an ice bath allowed for the potentiodynamic formation of the first free-

standing films.  Lowering the temperature allowed for the formation of films with a longer mean 

conjugation length and higher conductivities, as the activation energy of undesirable reactions 

(termination, irregularities in the polymer backbone) is higher than the activation energy for the 

polymerization reaction.     

Conductivity Measurements 

Room temperature measurements 

The results obtained for PEDOT films electropolymerized in various conditions are 

presented in Table 3-1.  The values reported are for the highest quality films obtained with the 

specified set of parameters.  Unless otherwise indicated, conductivity measurements of free-

standing films were taken by four probe method using the resistance output from the Keithley 

2400 in four-point probe method and calculated using σ = l/Rtw.  The sample width was kept at 1 

cm +/- 0.3 cm, with the length between 0.2 and 0.4 cm.   

The conductivity of the film depends strongly upon polymerization temperature, solvent 

choice and dopant ion choice.  Films produced at 0°C had markedly higher conductivities than 

the films produced at room temperature.  Since the activation energy of side reactions such as 

termination, backbone irregularities, etc., is higher than the activation energy for the 

polymerization reaction, thus films deposited at low temperatures (0°C) have a longer mean 
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conjugation length and consequently higher conductivities.  Polymer deposition occurs more 

slowly at lowered temperature which allows for more even film formation, and film morphology 

has been shown in a number of studies to have a marked effect on conductivity.    

Furthermore, solvent choice has a drastic impact on conductivity.  When PEDOT was 

polymerized in ACN, it formed powdery, brittle films which were not free-standing and 

exhibited conductivities on the order of 10-6 to 10-4 S/cm.  PEDOT films deposited in PC showed 

the best conductivities, up to 120 S/cm.  

Regardless of solvent choice or polymerization temperature, the nature of the counter ion 

strongly affects the conductivity of the film.   PEDOT films prepared in the presence of ClO4
- 

show higher conductivities than the ones prepared with other dopants.  The size of the ClO4
- may 

facilitate more ordered packing of the polymer chains, increasing the interchain transport 

contribution to the overall conductivity.  The conductivity values follow the sequence ClO4
−> 

PF6
−>BF4

−>EMI-BTI/Li-BTI, for deposition at both room temperature and low temperature.  

Films were not successfully deposited in CF3SO3
−.   

Table 3-1. Conductivity measurements for PEDOT films formed using 800 CV cycles.   

Monomer Solvent Polymerization 
Temperature Anion Thickness 

(microns) σ (S/cm) 

EDOT  ACN  27°C  or 0°C PF6
-  Not free-standing  10-4 

EDOT  ACN  27°C  or 0°C ClO4
-  Not free-standing  10-4 

EDOT  ACN  27°C  or 0°C BF4
-  Not free-standing 10-5 

EDOT  ACN  27°C  or 0°C Li+BTI-, EMIBTI Not free-standing 10-6 
EDOT  PC  0°C PF6

-  200-300  70  
EDOT  PC  27°C PF6

-  200-300  15  
EDOT  PC  0°C ClO4

-  300-400  120  
EDOT  PC  27°C ClO4

-  300-400  22 
EDOT  PC  0°C BF4

-  200-300  60  
EDOT  PC  27°C BF4

- 100-200  12 
EDOT  PC  0°C CF3SO3

− Not free-standing 10-1 
EDOT  PC  0°C Li+BTI-, EMIBTI Not free-standing  10-2  
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Low temperature measurements 

The most straightforward method to investigate the possibility of metallic conductivity in 

conducting polymers is to measure the conductivity over a broad range of temperatures.  

Semiconductors and insulators exhibit behavior in which the electrical conductivity increases 

with increasing temperature, as more charge carriers thermally excited across the band gap are 

able to contribute to the conductivity.  In contrast, the conductivity of a metal decreases as the 

temperature increases, since increased electron-lattice scattering decreases the charge carrier 

mobility. Figure 3-9 shows the temperature dependence of PEDOT films formed under various 

conditions.  The conductivity values were measured using the four-point probe method and 

calculated using σ = l/Rtw.  The sample width was kept at 0.64 cm, with the sample length at 0.16 

cm.  
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Figure 3-9. Temperature dependence of conductivity of PEDOT deposited potentiodynamically 
in various conditions. (σ300 K, ■ = 65 S/cm, ● = 100 S/cm, ▲= 60 S/cm) 
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The conductivity of PEDOT deposited in 0.1M TBAP/PC does not decrease too much at 

low temperatures, maintaining over half of its room temperature conductivity value as the 

temperature approaches 50 K.  This suggests that the sample has a lower activation energy.  

Changing the dopant to TBAPF6
- leads to more disordered materials with a stronger temperature 

dependence of the conductivity and loss of nearly 90% of the room temperature conductivity as 

the temperature approaches 50 K. 

Diethyl Phenylenedioxythiopene Studies 

PheDOT-Et2 was electrochemically polymerized in ACN and PC using TBAP, TBABF4, 

TBAPF6, LiBTI, and EMI/BTI (ionic liquid) as the electrolyte.  The strongest current responses 

for PheDOT-Et2 were seen using an ACN/TBAP/monomer system.  While monomer was 

successfully deposited on GC plate electrodes, high-quality free-standing films were not obtained 

using PheDOT-Et2.  Details for PheDOT-Et2 studies are given in the remainder of this section. 

Electrochemistry on Pt Button Electrode and Monomer Properties 

 PheDOT-Et2 was studied using cyclic voltammetry in a standard three-electrode setup 

with a platinum button or glassy carbon working electrode, a platinum flag counter electrode, 

and a silver wire reference electrode calibrated to Fc/Fc+.  Solutions were purged with argon, and 

maintained under an argon blanket during polymerization.  Unless otherwise indicated, monomer 

concentration was 10 mM for button electrochemistry and 60 mM for film formation and 

electrolyte concentration was 0.1 M.   

Figure 3-10 shows the deposition of 10 mM PheDOT-Et2 in 0.1 M TBAP/ACN.   The inset 

of the first scan shows monomer oxidation occurring at +1.1 V vs Fc/Fc+.  In contrast to a similar 

first scan of EDOT, the PheDOT-Et2 did not demonstrate the characteristic nucleation loop often 

seen on first CV scans of conducting polymers.  The increase in current response on the reverse 

scan was also not yet evident on the first scan, indicating that not enough material had deposited 
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on the electrode for current densities to reflect polymer reduction.  However, increasing scans 

indicated polymer deposition, with polymer oxidation and reduction yielding peak anodic and 

cathodic currents of 6 mA/cm2 after twenty scans. 

CVs of PheDOT-Et2 deposition indicate that the cation radical that forms on monomer 

oxidation has a reduction back to the neutral form and is not coupling at a sufficiently fast rate.  

This is evident on both the first (Figure 3-10 inset) and subsequent scans and may contribute to 

challenges encountered later during film formation experiments.  
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Figure 3-10. First (inset) through twentieth CV scans of PheDOT-Et2 deposition (10mM 

PheDOT-Et2/0.1M TBAP/ACN) with a scan rate (Vs) of 50mV/s.on a platinum 
button (Area = 0.02 cm2).  The increase in anodic and cathodic current responses is 
indicative of polymer deposition.  In TBAP/ACN, which was found to be the optimal 
system for PheDOT deposition (6 mA/cm2 peak polymer current density response 
after 20 scans) on a Pt Button electrode, the forming polymer yielded current density 
responses about one-quarter those of EDOT. 

 
 The PheDOT-Et2 polymerized onto the working electrode was removed from monomer 

solution after ten scans of deposition and rinsed with monomer-free electrolyte solution.  
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Translucent blue film was visible on the surface of the platinum button electrode.  The rinsed 

electrode was replaced in monomer-free electrolyte solution. The region of polymer oxidation 

and reduction was isolated and scanned using CV to study the polymer switching stability as 

shown in Figure 3-11.  PheDOT-Et2 showed good stability to 200 scans on a platinum button in 

ACN/TBAP, switching between redox states rapidly without loss of current response or 

switching stability. 
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Figure 3-11. CV scans of PheDOT-Et2 switching in 0.1M TBAP/ACN with a scan rate of 

50mV/s indicate stability for up to 200 cycles on a platinum button (Area = 0.02 
cm2).   

CV was used to determine the scan rate dependence of PheDOT-Et2 in ACN/TBAP as 

shown in Figure 3-12.  The PheDOT-Et2 deposited on the platinum button working electrode was 

cycled between oxidized and reduced states at scan rates between 50 and 200 mV/s while the 

peak anodic and cathodic current responses were monitored.  PheDOT-Et2 shows a linear 
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dependence of peak current response on scan rate which indicates the electroactive centers of the 

polymer are well adhered to the working electrode surface. 
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Figure 3-12. CV of PheDOT-Et2 film deposited on a Pt button between 50 and 200 mV/s indicate 

increasing current response at increasing scan rates.  Film was deposited in a 10mM 
PheDOT-Et2/0.1M TBAP/ACN solution and switched in a background of 0.1M 
TBAP/ACN.   

Scan rate dependence of the first CV of deposition confirms that the PheDOT-Et2 cation 

radical couples much more slowly than the EDOT cation radical.  Figure 3-13 shows a detail of 

the first CV scan of PheDOT-Et2 on a platinum button electrode at scan rates of 5, 10, 25, 50, 75, 

and 100 mV/s.  The cation radical reduction becomes less prominent at slower scan rates, which 

reflect the slower cation radical coupling. 

PheDOT-Et2 deposition on a platinum button was carried out using TBAP, TBAPF6, 

TBABF4, TBA-triflate, Li-BTI, and EMI-BTI to determine the electrolyte that yielded the 

highest current density and the most amount of polymer deposition.  
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Figure 3-13. Detail of PheDOT-Et2 monomer oxidation on the first CV scan at scan rates of 5, 

10, 25, 50, 75, and 100 mV/s on a platinum button (Area = 0.02 cm2).  The cation 
radical reduction becomes less prominent at slower scan rates, indicating the coupling 
is taking place, but at a much slower rate than for EDOT. 

 Figure 3-14 shows twenty scans of a CV of PheDOT-Et2 deposited on a platinum button 

using LiBTI as the electrolyte.  Polymer deposition on the button electrode is evident from the 

increase in cathodic and anodic currents with current densities reaching 1 mA/cm2 after 20 scans.  

These current densities are 25% of those observed using TBAP as the electrolyte of PheDOT-Et2 

polymerization in the same conditions.  Between -0.2 V and 0.8 V vs Fc/Fc+, PheDOT-Et2 shows 

capacitive response in this solvent-electrolyte system. 

PheDOT-Et2 deposition occurs much more slowly using an ionic liquid as the electrolyte.  

Figure 3-15 shows PheDOT-Et2 deposited using the ionic liquid EMI-BTI produced a slower 

increase in cathodic and anodic currents than other electrolytes. After 20 scans, current densities 

reached only 0.2 mA/cm2, or 5% of those observed using TBAP for PheDOT-Et2 polymerization 

in the same conditions.  
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Figure 3-14. First through twentieth CV scans of PheDOT-Et2 deposition (10mM PheDOT-

Et2/0.1M LiBTI/ACN) with Vs = 50mV/s on a platinum button (Area = 0.02cm2).  
The increase in anodic and cathodic current responses indicated polymer deposition.  
In ACN/LiBTI, the forming polymer yielded current density responses of 1 mA/cm2 

after 20 scans. 

-0.5 0.0 0.5 1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

C
ur

re
nt

 D
en

si
ty

 (m
A

/c
m

2 )

 Potential (V vs. Fc/Fc+)

 
Figure 3-15. First through twentieth CV scans of PheDOT-Et2 deposition (10mM PheDOT-

Et2/0.1M EMI-BTI/ACN) with a scan rate (Vs) of 50mV/s.on a platinum button (Area 
= 0.02cm2).  The increase in anodic and cathodic current responses indicated polymer 
deposition.  In ACN/EMI-BTI, the forming polymer yielded current density responses 
of under 0.25 mA/cm2 after 20 scans. 
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Figure 3-16 shows ten scans of a CV of PheDOT-Et2 deposited on a platinum button using 

TBAPF6 as the electrolyte.  Polymer deposition on the button electrode is evident from the 

increase in cathodic and anodic currents with current densities reaching 1 mA/cm2 after ten 

scans.  Further deposition to twenty scans, as seen in Figure 3-17, yielded current densities of 2 

mA/cm2, or 50% of those observed using TBAP as the electrolyte of PheDOT-Et2 

polymerization in the same conditions.  

After twenty scans, the PheDOT-Et2 polymerized onto the working electrode was removed 

from monomer solution and rinsed in monomer-free TBAPF6 solution.  The translucent blue film 

was visible on the surface of the platinum button electrode.  After replacing the rinsed electrode 

in monomer-free electrolyte solution, the region of polymer oxidation and reduction was isolated 

and the polymer film switched for 100 cycles as shown in Figure 3-18.  The film showed little 

loss of current response after 100 switches on a platinum button in ACN/TBAPF6.  
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Figure 3-16. First through tenth CV scans of PheDOT-Et2 deposition (10mM PheDOT-Et2/0.1M 

TBAPF6/ACN) with a Vs = 50mV/s on a platinum button (A = 0.02cm2).  The 
increase in anodic and cathodic current responses indicated polymer deposition.  In 
TBAPF6/ACN, the polymer yielded current density responses of 1 mA/cm2 after 10 
scans. 
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Figure 3-17. First through twentieth CV scans of PheDOT-Et2 deposition (10mM PheDOT-

Et2/0.1M TBAPF6/ACN) with a scan rate (Vs) of 50mV/s.on a platinum button (Area 
= 0.02cm2).  The continued increase in anodic and cathodic current responses is 
indicative of further polymer deposition.  In TBAPF6/ACN, the forming polymer 
yielded current density responses of 2 mA/cm2 after 20 scans. 
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Figure 3-18. CV scans of PheDOT-Et2 switching in 0.1M TBAPF6/ACN indicate film stability 

for up to 100 cycles on a platinum button (Area = 0.02cm2).   
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The scan rate dependence of PheDOT-Et2 in ACN/TBAPF6 is shown in Figure 3-19.  

Between 25 and 200 mV/s, PheDOT-Et2 shows a linear dependence of peak current response on 

scan rate, indicative of good adhesion of polymer electroactive centers on the platinum button 

electrode surface. 
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Figure 3-19. (A) CV of PheDOT-Et2 film deposited on a Pt button between 25 and 200 mV/s 
indicates increasing current response at increasing scan rates.  Film was deposited in a 
10mM PheDOT-Et2/0.1M TBAPF6/ACN solution and switched in a background of 
0.1M TBAPF6/ACN.  (B) Linear relationship between scan rate and peak current 
density. 

Film Formation 

PheDOT-Et2 electrochemical polymerizations were also conducted at room temperature 

and 0°C.  Before each polymerization, conditions were tested with a platinum button electrode, 

glassy carbon button electrode and large platinum flag as the working electrode.  Oligomers of 

PheDOT-Et2 were soluble in propylene carbonate, so studies were carried out in ACN, and 

various mixtures of DCM and toluene.  Electrochemical polymerizations were accomplished 

using cyclic voltammetry and depositing polymer potentiodynamically for 500-1000 scans, 

generally potentials ranging from -0.2 V to 1.2 V vs. Fc/Fc+.  Polymer deposited on glassy 

carbon plate electrodes in ACN/TBAP, as seen in Figure 3-20, but formed a powdery layer 
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instead of a glossy film, and could be removed from the electrode only using adhesive tape.  

Removal using adhesive tape yielded a powdery film on the tape, which has resistances in the 

mega-ohm range, most likely because the PheDOT-Et2 is not continuous.  Films of similar 

quality were obtained using DCM, or DCM and toluene in a 1:1 mixture as the solvent.   

-0.4 0.0 0.4 0.8 1.2

-2

0

2

4

C
ur

re
nt

 D
en

si
ty

 (m
A

/c
m

2 )

Potential (V vs Fc/Fc+)

 

Figure 3-20. PheDOT-Et2 deposition on 2 cm2 glassy carbon plate electrodes in ACN/TBAP at 
0°C.  This figure shows up to twenty scans.   

Room Temperature Conductivity Measurements 

Solvent choice has presented a challenge in the formation of large films using PheDOT-Et2 

monomer.  Similar to PEDOT, these compounds showed good electrochemical response in ACN 

on the platinum and glassy carbon small button studies.  However, ACN as a solvent for the 

larger glassy carbon electrode setup rendered the deposited polymer far too powdery for any 

conductivity measurement.  PC, which had yielded such glossy, thick free-standing films for 

PEDOT studies, was not a viable system for PheDOT-Et2 monomer as the oligomers were 

soluble, even at low temperature.   



 

60 
 

When material was successfully deposited on the glassy carbon working electrode, the film 

was dark indigo and could be removed using adhesive tape, often with areas having visible 

irregularity.   The most conductive films obtained were formed from a solution of 60 mM 

PheDOT-Et2/0.1 M DCM/TBAP.   As in the PEDOT studies, the ClO4
- counterion facilitated the 

formation of the most conductive films.  However, PPheDOT-Et2 films were not free-standing 

and were able to be removed from the electrode surface only using adhesive tape.  In an effort to 

determine whether the alkyl chains contributed to the poor quality of the films, unsubstituted 

PheDOT monomer was also polymerized in identical conditions; the results were not 

significantly different from those of PheDOT-Et2. 

Table 3-2. Conductivity measurements for PheDOT and PheDOT-Et2 film formation 
experiments.  Films were formed potentiodynamically with 800 scans of CV at 0°C. 

Monomer Solvent Anion Film Quality σ (S/cm) 

PheDOT  ACN  PF6
-, ClO4

-, BF4
- Not free-standing  Not observed  

PheDOT  PC  PF6
-, ClO4

-, BF4
- Oligomers soluble Not observed 

PheDOT  DCM  ClO4
-  Not free-standing 10-4 

PheDOT  Toluene/ 
DCM (1:1)  ClO4

-  Not free-standing 10-5 

PheDOT (Et)2  ACN  PF6
-, ClO4

-, BF4
-, 

Li+BTI-, EMIBTI Not free-standing Not observed  

PheDOT (Et)2  PC  PF6
-, ClO4

-, BF4
-, 

Li+BTI-, EMIBTI Oligomers soluble Not observed  

PheDOT (Et)2  DCM  ClO4
-  Not free-standing 10-4 

 
Phenylenedioxythiophene Dimer Studies 

Bi-PheDOT is known to undergo electrochemical polymerization,53 and the increase of the 

chain length of the precursor thought to increase the effective conjugation length and 

conductivity.  The dimer and trimer of PheDOT have also been found to have lower monomer 

oxidation potentials than the PheDOT monomer.54 
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Monomer Electrochemistry 

Figure 3-21 shows the deposition of 10 mM bi-PheDOT in 0.1 M TBAP/DCM on a 

platinum button electrode.  The inset of the first scan shows monomer oxidation occurring at 

+0.65 V vs Fc/Fc+.  In contrast to a similar first scan PheDOT-Et2, bi-PheDOT oxidizes at a 

lower potential.  However, increasing scans indicated polymer deposition, with polymer 

oxidation and reduction yielding peak anodic and cathodic currents of 1 mA/cm2 after twenty 

scans.  The first scan is irreversible, indicating the bi-PheDOT deposits more rapidly than 

PheDOT-Et2 at similar scan rates.   
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Figure 3-21. First through twentieth CV scans of bi-PheDOT deposition (10mM bi- 
PheDOT/0.1M TBAP/DCM) with Vs = 50mV/s on a platinum button (A = 0.02 cm2).    

Film Formation 

Bi-PheDOT electrochemical polymerizations were also conducted at room temperature and 

0°C.  Before each polymerization, conditions were tested with a platinum button electrode, 

glassy carbon button electrode and large platinum flag as the working electrode.  Similar to what 

was observed with PheDOT-Et2, oligomers of bi-PheDOT were soluble in propylene carbonate, 
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so studies were carried out in ACN, and various mixtures of DCM and toluene.  Electrochemical 

polymerizations were accomplished using cyclic voltammetry and depositing polymer 

potentiodynamically for 500-1000 scans, generally potentials ranging from -0.4 V to 0.8 V vs. 

Fc/Fc+.  Polymer deposited on glassy carbon plate electrodes in 0.1M TBAP/ACN, but formed a 

powdery layer instead of a glossy film, and could be removed from the electrode only using 

adhesive tape.  However, as shown in Figure 3-22, in 0.1M TBAP/DCM, 60 mM bi-PheDOT 

deposition led to the formation of free-standing small flakes of film.  While the material’s 

brittleness prevented removal in one 2 cm2 continuous piece (as for PEDOT), smaller 2-5 mm 

sections of film could be removed using a razor blade.  The material was too delicate to be 

removed from the electrode prior to complete drying.  As evidenced in the button electrode 

deposition, bi-PheDOT radical cations couple more rapidly than PheDOT-Et2 radical cations, 

which may contribute to the formation of higher quality electrochemically deposited films. 
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Figure 3-22. CV showing bi-PheDOT deposited potentiodynamically on a large GC plate 

electrode in 60 mMol bi-PheDOT/0.1M TBAP/DCM (scan rate of 50 mV/s) at 0°C.  
Current response increased dramatically after 800 scans as large amount of material 
had deposited. 
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Room Temperature Conductivity Measurements 

Solvent choice continued to present a challenge in the formation of large films based on bi-

PheDOT compounds.  Similar to EDOT and PheDOT-Et2, biPheDOT showed good 

electrochemical response in ACN on the platinum and glassy carbon small button studies.  

However, ACN was not effective for polymer deposition on the larger glassy carbon electrode.   

Oligomers of bi-PheDOT were also soluble in PC, even at low temperature.   

 
Table 3-3. Conductivity measurements for biPheDOT film formation experiments.  Films were 

formed potentiodynamically with 800 scans of CV at 0°C. 
Monomer Solvent Anion Film Quality σ (S/cm) 

Bi-PheDOT  ACN  ClO4
- Not free-standing Not observed 

Bi-PheDOT  PC  ClO4
- Oligomers soluble Not observed 

Bi-PheDOT  DCM  ClO4
-  Small intact flakes 10 

Bi-PheDOT  DCM  PF6
- Small intact flakes 10-4 

 
When material was successfully deposited on the glassy carbon working electrode, the film 

was dark indigo and could be removed using adhesive tape, often with areas visible .   The most 

conductive films obtained were 10 S/cm and were formed from a solution of 60 mM bi-

PheDOT/0.1 M DCM/TBAP.   As in the PEDOT studies, the ClO4
- counterion facilitated the 

formation of the best quality and most highly conductive films.   

Conclusions  

 The goal of the work assembled in this thesis has been to gain an understanding of the 

fundamental electrochemical properties and conductivity of polymers based on electrochemically 

polymerized EDOT, PheDOT-Et2 and bi-PheDOT.  To this end, the well-characterized EDOT 

monomer was studied electrochemically and used to optimize conditions for the formation of the 

most highly conductive films.  
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 Free-standing films of PEDOT were prepared potentiodynamically in propylene 

carbonate using various electrolytes.  The optimal conditions for free-standing films formation 

were determined to be at 0°C.  The most highly conductive films of PEDOT were formed in an 

electrolyte-solvent combination of 0.1 M TBAP/PC.  The conductivity of PEDOT deposited in 

these conditions maintained over half of its room temperature conductivity value as the 

temperature approached 50 K.         

 Fundamental electrochemical studies on platinum button electrodes indicated that 

PheDOT-Et2 can be polymerized on a platinum button electrode, with optimal current density 

response seen in a 0.1 M TBAP/ACN solvent-electrolyte system.  However, in all solvent 

systems studied, at scan rates of 50 mV/s, PheDOT-Et2 cyclic voltammograms indicated the 

cation radical formed upon monomer oxidation was not coupling rapidly enough and returning to 

the neutral monomer state instead.  Scan rate dependence studies of the first scan of polymer 

deposition confirmed that the cation radical only coupled at scan rates as low as 5-10 mV/s.  

PheDOT-Et2 oligomers were also soluble in PC, the solvent which, based upon EDOT studies, 

was most likely to yield glossy, free-standing films.   

Results from film formation experiments for PheDOT-Et2 echoed these challenges.  While 

dark indigo film was successfully deposited on the glassy carbon working electrode, even at scan 

rates of 50 mV/s, likely solvent limitations did not allow for the delamination of free-standing 

films.  The most conductive material formed were from 0.1 M DCM/TBAP, but exhibited 

resistances high enough to lead to conductivities on the order of 10-5 to 10-4 S/cm.    

 Much more encouraging were experiments carried out using bi-PheDOT, which exhibited 

electropolymerization results and redox switching of a system that was polymerizing more 

efficiently.  As expected based on the compounds’ structures, in contrast to PheDOT-Et2, bi-
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PheDOT oxidized at a lower potential.  The irreversibility of the first scan of polymerization 

indicated bi-PheDOT deposited more rapidly than PheDOT-Et2 at similar scan rates.   

Bi-PheDOT films formation experiments also yielded more promising results than 

PheDOT-Et2.  While similar solvent challenges were encountered, bi-PheDOT deposition in 

0.1M TBAP/DCM led to the formation of free-standing small flakes of film with conductivities 

measured on the order of 10 S/cm.  The lower oxidation potential of bi-PheDOT, sufficiently 

rapid cation radical coupling rate, and encouraging results of film formation experiments make 

this a promising system for continued study.  

Further investigation of the electrochemical preparation of conductive films from 

PheDOT-based monomers should include continued optimization of solvents, electrolytes, 

polymerization conditions and post-polymerization treatment.  The comparison of bi-PheDOT 

functionalized with, for example, short-chain alkyl groups, could further the understanding into 

what features of the monomer are contributing to highly conductive films.  Increased 

conductivities obtained over the course of this study support continued development of 

conductive, free-standing electrochemically synthesized films based on phenylene 

dioxythiophene monomers.   
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