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ABSTRACT 

Soft-templating techniques have been applied to organic soluble polymer systems 

that produce a large variety of film morphologies. Film morphology is observed to 

greatly influence the system’s electrochemical current response. Thiophene-based 

conjugated systems are templated from chloroform and chlorobenzene solvent systems 

that are injected with a high-boiling polymer-immiscible liquid (“porogen”) at varying 

percentages with the intent of creating a highly porous network. The porogen percentages 

chosen are modeled after literature co-polymeric experiments to find the most co-

continuous pore formation (predicted to be 28-34%). Upon electrochemical analysis via 

cyclic voltammetry, charges that form across the polymer backbone during doping are 

balanced by available electrolyte ions from solution. Increased polymer surface area 

facilitates rapid charge balancing interactions during redox processes. Poly(3-

hexylthiophene)/chlorobenzene solvent systems utilizing dimethysulfoxide as a porogen 

generate the most reproducible film morphologies upon optimization of polymer solution 

drying rate. Films templated from this solvent system show the greatest capacitive 

behavior while generating the most reproducible and largest normalized current responses 

(400 mA/g improvement on average compared to chloroform-based solvent system 

templated with DMSO).  The increase in electrical performance of polymer films 

generated from this soft-templating approach provide promise for a wide scope of 

applications that include environmentally friendly charge storage systems, consumer 

display technologies, and biomedical sensors.
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1. INTRODUCTION 

1.1 Overview of Conductive Polymer History 

An excellent starting point when opening a discussion about conductive polymers 

is to acknowledge the advent of the field with the Nobel Prize winning work of Heeger, 

MacDiarmid, and Shirakawa on polyacetylene.1A turning point for conductive polymer 

research occurred with the discovery in 1977 that iodine doping of polyacetylene 

increased conductivity significantly.2 Even though polyacetylene was an interesting 

window of research into the expanding field of conductive polymers, it became apparent 

that the material’s practicality in technological applications was severely limited due to 

solubility and stability issues.3 

The search for balance between conductivity and processability gave birth to the 

now well-researched polymers such as polypyrrole, polyaniline, and polythiophene. 

Polyheterocycles are particularly interesting due to their synthetically modifiable 

backbone for enhanced solubility, and increased stability in the oxidized state.4 The 

structures of common conductive polymers are presented in Figure 1.  Today, conductive 

polymers remain an important research area due to the need for clean energy storage 

materials as well as more robust chemical sensors in biomedical applications.5,6 

 

Figure 1: Common conducting polymers 
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1.2 Conduction Mechanisms in Electroactive Polymers 

Due to the diversity of the conductive polymer field, many different definitions 

have arisen over the years in order to describe and classify these materials. Conductive 

polymers have been organized into four major classes: filled polymers, ionically 

conductive polymers, charge transfer polymers, and intrinsically conducting or 

electrically active conducting polymers (ICPs/ECPs).7,4 The terms ICP and ECP are often 

used interchangeably, but they both represent a subset of conductive polymers that are 

defined to be innately conductive. This is in contrast to filled polymers, which are non-

conductive by nature, but are filled with conductive materials to induce conductivity. The 

polymers studied in this thesis are classified as ECPs.  

Early work with charge-transfer salts has undoubtedly contributed to the 

understanding of conductive polymers. The TTF-TCNQ (tetrathiafulvalene-

tetracyanoquinodimethane) complex can be used as a starting point to describe the reason 

conductive properties are observed in these polymeric systems. The experiments of 

Ferraris, Cowan, and Heeger combined the non-conductive molecules TTF and TCNQ to 

form an organic ionic salt capable of metallic conductivity.8 The synthesis of the organic 

ionic salt is a straightforward mixing of equal concentrations of TTF and TCNQ to 

produce a greenish-black solid that can be collected via filtration techniques (Figure 2).9 
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Figure 2: Reaction scheme for the formation of the TTF-TCNQ complex 

The reaction of the two organic molecules involves the transfer of one electron 

from TTF (reducing agent) to TCNQ (oxidizing agent). This is illustrated in equation 1.9 

𝑇𝑇𝐹 →  𝑇𝑇𝐹+ + 𝑒− 

𝑇𝐶𝑁𝑄 +  𝑒− → 𝑇𝐶𝑁𝑄− (Equation 1)  

𝑇𝑇𝐹 + 𝑇𝐶𝑁𝑄 → 𝑇𝑇𝐹+𝑇𝐶𝑁𝑄− 

Electron transfer at the interface of the two molecules results in the formation of two 

aromatically stable charged radical species that combine to form the ionic organic 

complex. Upon redox interactions between the two compounds the TTF radical cation 

and TCNQ radical anion are both found to be stable due to satisfaction of Hückel’s Rule 

of Aromaticity.10 An aromatic system allows for charge delocalization through resonance, 

and therefore displays conductive properties. One resonance structure of the TTF radical 

cation has one ring with 6π electrons (ring with positive charge) and the other with 7π 

electrons (ring with radical). The TCNQ compound forms an aromatically stable 6π 

electron system. In one resonance structure, the negatively charged TCNQ compound has 

a radical and lone pair of electrons segregated to the benzylic carbon positions of the 

molecule.  
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 Upon formation of the organic ionic salt, the charged TTF and TCNQ molecules 

stack into alternating columnar patterns within the crystal structure shown in Figure 3.9 

 

 

Figure 3: Crystal structure of TTF-TCNQ. Carbon = grey, sulfur = yellow, nitrogen = blue 

 It has been demonstrated that upon columnar stacking of charged TTF and TCNQ 

the π-orbital overlap between adjacent molecules primarily occurs in a single dimension 

in the crystal structure. This results in the delocalization of charges along one vector in 

the crystal structure.11 

In order to give contextual understanding to the discovery and importance of the 

TTF-TCNQ complex, a fundamental understanding of conduction in common materials 

is needed. Materials can be described as insulators, conductors, or semi-conductors. 

When two atoms are bonded, their atomic orbitals merge to form molecular orbitals 

(bonding and anti-bonding). In a bulk solid, there are a large number of atoms that bond 

together to form molecular orbitals with discrete energy levels. As the number of 

molecular orbitals increases with the number of bonding atoms in a bulk material, the 

energy levels of the discrete molecular orbitals are spaced very closely together. 

Ultimately, the energy levels are so close they are said to form energy “bands”. In a bulk 
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material the bonding of atoms form two energy bands called the valance and conduction 

bands. These energy bands can help describe the physical and chemical properties of 

insulating, conducting, and semi-conducting materials (namely electrical conduction). In 

an insulator, energy bands are separated by a generally larger gap relative to 

semiconductors and conductors.12 A good comparison is between the insulator soda-lime 

borosilicate glass, and the semiconductor silicon (≈ 2.6 > 1.1 eV respectively).13,14  In 

conductors such as metals, the valence band and conduction band energies overlap 

(Figure 4).  

 

Figure 4: Energy band visualization in insulators, semiconductors, and conductors 

 
 In conductors, there are more electrons available for conduction due to the fact the 

conduction and valance bands overlap. Conversely, for semiconducting materials the 

Fermi-energy (maximum energy of an electron at 0k) is farther away from the conduction 

band implying that there are less electrons available for conduction. Inorganic semi-

conductors are often doped with electron rich or electron poor materials that alter the 
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band gap energy. Upon doping, the material can acquire a more insulating or conducting 

nature. This is due to changes in the density of electronic states within the band gap of the 

material. In an N-doping semiconductor (addition of an electron-rich dopant) this can 

reduce the amount of energy required to promote electrons from the valance band to the 

conduction band increasing the number of free electrons for conduction. This is due to 

the formation of intermediate energy states close to the conduction band within the band 

gap of the material.15 

 Superconductivity was a heavily researched topic in the 1900s due to the 

discovery of mercury’s temperature dependent electrical conductivity.16 Electrical 

resistivity can be described as the opposition of charge movement within a material. The 

SI-unit (international system of units) is the Ohm-meter (Ωm). Consequently, 

conductivity is the product of reciprocal resistivity given as Siemens per meter (S/m), and 

can be describe as the ability of a material to allow for charge flow.4 Superconductivity 

can be defined as a material’s potential to conduct electricity without energy loss. This 

superconductive transition is induced by a phase transition at a specific temperature in the 

material called the critical temperature (critical temperature = resistivity of metal drops to 

zero). Mercury’s critical temperature is 4.154 K for the alpha allotrope.17 This 

superconducting transition is characterized by the Meissner Effect. As a material is 

cooled below its critical temperature it excludes magnetic fields within its interior. This is 

in contrast to perfect diamagnetism, in which a perfect transition to zero resistance occurs 

with no change in the material’s magnetic field.18  

 In discovering mercury’s superconductive transition, the question arose as to 

whether or not superconductivity is possible in organic materials. One of the projected 



 

7 

benefits of an organic superconductor was the possibility of room temperature 

superconductivity, and eliminating costly liquid helium required for most known existing 

superconductors.16 Those materials were postulated to be compounds that displayed 

certain structural characteristics such as aromaticity.19 One of those compounds heavily 

researched was the mentioned TTF-TCNQ complex. The argument for a room 

temperature superconducting transition was built off the newly developed BCS (Bardeen, 

Cooper, Schrieffer) theory and the 1-dimensional predicted Peierls electronic system. 

BCS theory states that fermions (electrons) can form “Cooper-pairs” that display boson-

like properties.  Cooper pairs are electron pairs that couple through phonon interactions 

on the order of the system’s crystal lattice spacing (nanometers).20 

 Peierls predicted that a 1-dimensional electronic system would display thermal 

transitions that had implications on the conductive properties of the system: the 

superconducting transition is temperature dependent due to lattice distortions often 

referred to as dimerization. Dimerization results in the lowering of energy states and the 

creation of new energy band gaps and is directly related to the previously mentioned 

Cooper pair formation.20,19,18 The TTF-TCNQ complex has 1-dimensional donor-acceptor 

stacking in its crystal structure that allows for dimerization during its superconducting 

transition at 59K. This transitions is accompanied by a dramatic increase in conductivity 

observed by Heeger and coworkers to be on the order of 106 (Ωcm)-1 at 60K.21  

The research conducted with TTF-TCNQ set the foundation for work with 

conductive polymers like polyacetylene. The major difference between the TTF-TCNQ 

complex and a conductive polymer is that when dimerization occurs in the polymer it 

takes the form of changes in bond length between adjacent carbon atoms. The energy cost 
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when changing bond length is outweighed by that of the lowering of the overall energy 

state of the electronic system.22 

A defining structural component of conductive polymer systems is conjugation. 

Conjugation can be defined as three or more adjacent p-orbitals that overlap to create a 

system that shares electron density.23 Many resonance forms showing the “pushing and 

pulling” electronic distortions (localized charges such as lone pair electrons, radicals, or 

carbocations) can be drawn to illustrate conduction in a conjugated system. Increasing the 

number of repeat units in a conductive polymer increases the number of degenerate 

orbitals that blend together to form non-degenerate energy bands. The energy barrier to 

promote an electron from the highest occupied molecular orbital (HOMO) in the valence 

band to the lowest unoccupied molecular orbital (LUMO) in the conduction band is 

referred to as the polymer’s band gap (Eg).
4 

In Figure 5 the formation of energy bands with increased number of polymer 

repeat units, as well as the relationship between increased conjugation length and lowered 
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oxidation potential (decreased band gap energy), is presented using polyacetylene as an 

example. 

 

Figure 5: Illustration of the effect of conjugation on conductive polymer electronic properties. (Eg=band 

gap) 

Doping of conductive polymers is different from that of inorganic semiconductors 

and metals. The doping process involves the removal (oxidation of a neutral polymer, 

known as p-doping) of an electron from the polymer or addition (reduction of a neutral 

polymer, known as n-doping) of an electron to the polymer (Figure 6). This process is 

fully reversible, and it can occur for thousands of cycles.24     

 

Figure 6: Visualization of doping in a conductive polymer 

 

During doping intermediate energy levels are formed between the valence and 

conduction bands, decreasing the amount of energy needed to promote electrons from the 

valence band (Figure 7). 
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Figure 7: Formation of intermediate energy levels between the valence and conduction bands in doped 

conductive polymers: a) oxidation b) reduction 

These intermediate energy levels can be observed with ultraviolet-visible (UV-

vis) spectroscopy.25 The conduction mechanism in these polymers has been a topic of 

substantial debate. The most widely accepted theory is that upon oxidation or reduction 

of symmetrical conductive polymers such as polyacetylene, a localized electronic 

distortion called a soliton appears in the conjugated network.26 These solitons can be 

neutral, positive, or negative depending upon the redox reaction. This electronic 

distortion in the structure is stabilized through resonance across the polymer backbone. 

The simplest case is the original trans-polyacetylene system. It is the only known 

conductive polymer to have degenerate resonance structures, due to the symmetry of the 

system (R-form and L-form) (Figure 8).27 
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Figure 8: Illustration of soliton formation in polyacetylene. Top structures: degenerate ground states of 

trans-polyacetylene (R and L form) Bottom structures: resonance forms of degenerate negative solitons of 

trans-polyacetylene 

 Conducting polymers with non-degenerate resonance structures, such as 

polythiophene, follow a different conduction mechanism from that of polyacetylene. In p-

doped polythiophene there are a series of electron removals that result in polaronic and 

bipolaronic electronic states (Figure 9). The initial electron removal involves the 

oxidation of the neutral polymer to form a resonance-delocalized radical cation, known as 

a polaron. The polymer is then further oxidized by the removal of a second electron to 

form a resonance-delocalized dication, known as a bipolaron.4,22,23,27 As stated previously 

these redox reactions are fully reversible. 

 The localized distortions in a bipolaron are typically stabilized across three to five 

heterocycle rings (depending on polymer structure and amount of dopant used) in order 

to minimize unfavorable repulsive interactions.4,26 
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Figure 9: Polaronic excitations upon removal or addition of an electron from polythiophene 

1.3 Organic Soluble Polymers 

Conductive polymers can be synthesized using oxidative or non-oxidative 

methods.22,7 The oxidative polymerization of thiophene is shown in Figure 10. First, an 

electron is removed from a neutral molecule of thiophene to form a resonance-stabilized 

radical cation. The radical cation then couples with another molecule of thiophene, 

followed by loss of another electron, or it couples with another radical cation; both 

pathways form a dicationic dimer, which loses two protons to form a neutral dimer. This 

process is repeated to form the polymer. 
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Figure 10: Oxidative polymerization mechanism of thiophene 

 One of the main advantages of polyheterocycles is the ability to create a variety 

of structural modifications in order to enhance parameters such as solubility and stability 

in the oxidized or reduced state.28,29,4,7 Electron rich monomers have lower oxidation 

potentials, resulting in fewer side reactions and a more stable doped state.30,26  

One thiophene derivative that has been extensively studied is (3,4-

ethylenedioxythiophene) (EDOT), in which the 3- and 4- positions of the thiophene ring 

have been substituted to form a cyclic ether. The ether substituents of the monomer 

reduce the oxidation potential by raising the energy of the HOMO. This fact can be 

illustrated by comparing the oxidation potentials of the monomers EDOT and thiophene 

(+2.07V for thiophene monomer compared to +1.43 V for EDOT monomer; oxidation 

potentials vs. SCE).31,32  

The ability to solubilize a conductive polymer is of great importance and has 

many implications on the properties and performance on the materials. As previously 

mentioned when describing the draw-backs of polyacetylene, the polymer is highly 
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conductive when doped, but researchers had trouble finding an industrial application due 

to processing problems related to poor stability as well as lack of solubility.3 

Polyheterocycles can be modified to have long alkyl chain functional groups to enhance 

solubility in common organic solvents for greater processability.33,34  

1.4 Electroactive Polymer Film Performance Parameters 

 There are a number of factors that influence the electrochemical performance of 

conductive polymer films. Among the most important are the conditions of polymer 

synthesis and film processing conditions.35,36  

Impact of synthetic conditions on conductive polymer film performance: 

The synthetic method used has significant impact on the structural properties of 

the conductive polymer.37,38,39 High levels of conjugation require a specific arrangement 

of repeat units in the backbone of the polymer to maintain resonance stabilization of 

localized electronic distortions during doping.40 One issue observed with oxidative 

polymerization is that when the radical species combine they can create structural defects 

in the polymer backbone. Polymerization conditions such as oxidant choice, solution 

temperature, and monomer concentration can affect the formation of structural defects.41 

These defects disrupt conjugation and therefore the ability of the polymer to be doped 

efficiently.42 The previously described oxidative mechanism involves the oxidation of a 

neutral monomer that forms a resonance stabilized radical cation. The positions that the 

radical can take on the ring are named alpha and beta, so that coupling can occur between 

two alpha carbons (α,α-coupling), two beta carbons (β,β-coupling) or one alpha and one 

beta  carbon (α,β-coupling), as illustrated in Figure 11.26,39 
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Figure 11: Oxidative polymerization mechanism of thiophene with radical recombination mechanisms 

 Beta coupling can be prevented by adding substituents to the beta positions of the 

heterocycle; for example, 3,4-ethylenedioxythiophene (EDOT) cannot undergo beta 

coupling during oxidative polymerization because the 3- and 4- positions of the thiophene 

ring are protected by the cyclic ether linkage so that only α,α-coupling can occur (Figure 

12).43,44 
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Figure 12: Oxidative polymerization mechanism of EDOT(ethylenedioxythiophene) with radical 

recombination mechanisms. (only α,α-coupling occurs due to steric interference of cyclic ether functional 

group) 

In addition to beta-coupling defects, other defects can occur when asymmetrical 

monomers are employed. The relative orientation of repeat units in an asymmetric 

polymer is referred to as regioregularity.45,39,26  An asymmetrical monomer can be 

assigned a “head” and a “tail”; when two monomer units are bonded together, they can 

bond “head” to “head”, “tail” to “tail”, or “head” to “tail” (Figure 13). In a regioregular 

polymer, the type of bonding is consistent throughout the polymer (e.g., all “head” to 

“tail” linkages.) In Figure 13, the polymer is regioirregular because its repeat units are a 

random mixture of linkages.  

β,β-coupling (no reaction due 
to steric interference of cyclic 
ether substituent) 

α,β-coupling (no reaction due 
to steric interference of cyclic 
ether substituent) 

α,α-coupling 
proceeds 
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Figure 13: Linkages in a thiophene polymer with asymmetric monomer structure. (Alkyl chain at 3-

position) Defects in the polymer chain can occur as a result of oxidative polymerization techniques.  

It has been shown that the electroactivity for a polymer is heavily affected by 

regioregularity.46 If the linkages produced during polymerization are “head to head”, 

alkyl chains in the 3- and 4- positions introduce a barrier to free rotation around the 

carbon-carbon bond linking repeat units (Figure 14). Efficient resonance stabilization of 

any localized electronic distortions in the backbone of the polymer is highly dependent 

upon the ability of the heterocycle rings in the structure to become coplanar due to 

favorable π-orbital overlapping.47,40,45 Highly regioregular systems have predominantly 

“head to tail” linkages in polymer structure. These linkages prevent steric interaction of 

the side chains and preserve planarity in the backbone leading to conserved conjugation.  
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Figure 14: Head-Head linkage of poly(3-hexylthiophene). The van-der waals interactions of the hexyl 

chains (represented as black arrows) prevent free rotation (x degrees) around adjacent repeat units, 

disrupting heterocycle ring planarity throughout the polymer chain. 

Regioirregularity can be avoided using certain reaction conditions or by using 

symmetrical monomers.4,26 

The synthetic protocol can also have a profound effect on polymer molecular 

weight and molecular weight distribution (polydispersity).24,38,39 Both molecular weight 

and polydispersity can have a dramatic impact on film performance.46,45,39 

Implications of conductive polymer film processing conditions: 

 The method by which a polymer is processed into a film is another factor that 

affects performance, and builds off the existing structural characteristics of the polymer 

that are a consequence of synthetic protocol. Studies of solution cast films of soluble 

poly(3-alkylthiophene)s such as poly(3-hexylthiophene) (P3HT)  show extensive 

connections between the electrical performance of the film and the choice of solvent, 

solution additives, drying protocols, and substrate properties.48,49 The molecular weight, 

polydispersity, and regioregularity of the polymer influence how the polymer chains 

orient themselves with respect to adjacent chains and the substrate. P3HT is a 



 

19 

semicrystalline polymer. The polymer chains often orient themselves into three distinct 

patterns: crystal lamellae, amorphous chains, and local ordered packing.50 Research 

suggests that these longer chains in a film can interconnect ordered structures, while 

lower molecular weight P3HT may have greater ability to organize into stacked structures 

than does higher molecular weight P3HT, resulting in increased crystallinity and 

conductivity.45 Ultimately, there exists a trade-off between longer and shorter chain 

length with respect to electrical performance for a film sample. Even though shorter chain 

lengths may allow for increased crystallinity in a film, conductivity for a single polymer 

chain suffers due to a lower number of repeat units. This is because the conductivity of an 

electroactive polymer chain generally increases with an increasing number of repeat 

units.7,4,26 In general it has been stated that increasing or decreasing the molecular weight 

by approximately 17,000 gmol-1 of a P3HT film sample (with controlled regioregularity) 

varies the charge carrier mobility by four orders of magnitude, and can be attributed 

mostly to changes in the crystallinity.51 Increasing polydispersity in a P3HT film is 

predicted to decrease crystallinity, which can result in a film sample that has lowered 

charge transport capabilities.52,50 

A large amount of research for the P3HT system has focused on understanding 

how the polymer chains π-π stack. This stacking of P3HT chains leads to greater order 

and p-orbital overlapping in a film, resulting in increased conductivity. The stacking of 

these polymer chains in an organized fashion is referred to as P3HT aggregation.53 

Aggregation of P3HT chains has been shown to have a great impact on film electrical 

properties.54 Techniques such as X-ray diffraction (XRD), ultraviolet-visible 

spectroscopy (UV-Vis), and Raman spectroscopy have all been used to confirm the 
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presence of aggregates and characterize these aggregates in both solution and in films.55 

Relationships have been found between the use of P3HT non-solvents such as acetonitrile 

and aggregate formation.56 Controlled drying of polymer solution droplets has also been 

used to induce aggregation. Aggregation of polymer chains has been demonstrated to be 

highly solvent-specific.57  

1.5 Current Techniques for Modifying Polymer Film Morphology 

Polymer morphology can be described as the physical form and solid-state 

structural arrangement of molecules in a film.58 A polymer film can adopt many different 

types of morphologies, and each one can be utilized in a variety of applications. One 

highly studied morphology in polymer science is porosity. There are numerous important 

applications of porous polymer films. Some of those applications include: gas storage and 

separation for clean energy technologies, polymer actuators, and antibacterial 

surfaces.59,60,61 There are two generalized approaches for creating porous polymer films. 

Those techniques are appropriately named hard-templating and soft-templating. Both 

methods are used when templating a polymer film from solution (solution-deposited 

method). Hard-templating involves the use of nanoparticles or the machining of 

structures for controlled pore formation. These techniques often create a more uniform 

pore distribution. The potential drawback of the hard templating approach is that removal 

of the hard templating material may damage the polymer film.  In contrast, soft-

templating involves the use of “soft materials” such as ionic liquids, dissolved gasses, 

and others to introduce pores. Soft-templating also has its own Achilles heel: control of 

nano-structure sizes is very challenging and is highly dependent upon the material used 

and methodology employed.62,63,64  
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Solution-deposition is not the only technique that can be used to create unique 

polymer film morphologies. Electrochemical polymerization methods often utilize a 

technique called cyclic voltammetry (CV) that results in notable molecular arrangements. 

Described in Chapter 4, this technique involves the use of a computer-controlled 

instrument called a potentiostat. The potentiostat is often connected to a three-electrode 

experimental system (working electrode, counter electrode, and reference electrode). The 

computer-controlled poteniotstat can be programmed to apply electrical waveforms to the 

electrodes. Depending on the electrical bias of the applied potential (negative or positive), 

the chemical species at the working electrode is oxidized or reduced.26 As implied by the 

name (cyclic voltammetry), one completion of a voltage “scan” within a set voltage 

window (programmed voltage value limits: eg. -1.5V to +1.5V) constitutes beginning at 

the intial voltage value (eg. -1.5V), rising to a chosen peak voltage value (eg. +1.5V), and 

ending back at the initial voltage value (eg. -1.5V). Two experiments that are often used 

are repeated potential scanning and potentiostatic electropolymerization. In repeated 

potential scanning electropolymerization the experimental parameters are such that 

multiple cycles are repeated at a certain scan rate (voltage value over time: eg. mV/s). In 

potentiostatic electropolymerization, polymerization is conducted at a chosen constant 

potential value.  In both techniques polymer films are grown onto the working electrode 

that is submerged into a solution of monomer and electrolyte. Depending on multiple 

experimental parameters such as monomer concentration, electrolyte concentration, and 

monomer structure, film morphology produced from the two techniques can be strikingly 

different. It was reported for the 2-2’-bithiophene monomer that potentially dynamic 

methods (repeated potential scanning) produced amorphous films versus potentially static 
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methods that produced more crystalline morphologies.65 An illustration of morphologies 

produced from various porous film creating techniques as well as electropolymerization 

is given in Figure 15. 

 

Figure 15: Illustration of morphologies produced from various techniques. 1) repeated potential scanning 

electropolymerization 2) potentiostatic electropolymerization 3)solution casting 4) templating with porogen 

 
1.6 Benefits/Applications of Enhanced Conductive Polymer Films 

Modifying film morphology is an important endeavor because conductive 

polymer properties (such as conductivity) can be enhanced upon changes in molecular 

arrangement.7,4,58 Metals, such as copper, have conductivities greater than 104 S/cm. 

Common ECP conductivity information is given in Table 1. Inherent conductivities of 

doped ECPs are much lower than that of copper, so ECPs are not likely to be useful as 

replacement materials for copper wires.4  

Table 1: Conductivities of Notable Materials4,17
 

Material Conductivity (S/cm) 

Doped poly(acetylene) (PA) 103-105 

Doped poly(pyrrole) (PPy) 102-103 

Poly(thiophene) (PT) 102 

Poly(aniline) (PANI) 10-102 

Poly(p-phenylene) (PPP) 102-103 

Poly(phenylene vinylene) (PPV) 103-104 

Copper  105 

 

Instead, most potential applications of ECPs are based on their “electroactivity”. 

Electroactivity is a term used to describe the ability of a material to change electrical 

properties in response to an external stimulus such as doping. Doping ECPs results in 
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increased conductivities as well as changes in other useful properties of the polymer such 

as volume, color, reactivity, and solubility.66,4,7,22 For the remainder of this thesis the 

polymers utilized will be referred to as EAPs (electroactive polymers).  

EAP property changes (volume, color, etc.) upon doping are highly tunable via 

alterations in polymer structure through the method of processing.67 Common 

applications that utilized these property changes are: drug delivery, energy storage, 

polymer actuators, and chemical and biochemical sensors.68,69 The mentioned physical 

attributes can all be “enhanced” through changes in the polymer film morphology. Some 

changes in polymer morphology include: polymer chain alignment, sample anisotropy, 

and porosity.70,58 Examples of “enhancement” of polymer film properties include more 

dramatic color change, increased volume change, and higher conductivity. An example of 

enhancement for a polymer material via a morphology change can be demonstrated with 

conductive polymer actuators. Actuators that use conductive polymers such as 

polypyrrole have been shown to benefit from the increased alignment of chains within a 

device by rolling or stretching processes. Augmented strain or stretch forces were 

observed for the polypyrrole actuators, and were attributed to increased conductivity of 

the polymer samples. The explanation for higher observed conductivity was that the 

organized fibers allowed for greater uniform infiltration of solution electrolyte ions as 

opposed to bulk polymer films.71,22 

1.7 Thesis of This Work 

The focus of this work was to explore the use of the soft-templating approach to 

enhance the electronic properties of conductive polymer films. Two known polymers 

poly(3-hexylthiophene) (P3HT) and poly[3,4-(2,2-dibutylpropylenedioxy)thiophene] 
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(poly(ProDOT-Bu2) were synthesized via a non-oxidative Grignard metathesis 

polymerization. The polymers were soft-templated using a variety of solvent systems 

with the intent of creating a network of interconnecting (co-continuous) pores. An 

attempt was made to predict the extent of porosity for polymer-porogen combinations 

based upon the amount of porogen used. Cyclic voltammetry experiments were used to 

evaluate the effect of polymer morphology on conductive polymer electroactivity. 
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2. MONOMER SYNTHESIS & POLYMERIZATION 

2.1 Motivation for Research 

 The need for a high molecular weight regioregular polymer is of high importance 

for the electrical performance of templated films.45,46,47,50 Oxidative polymerization 

schemes can produce defects in the polymer backbone and limit the molecular weight due 

to solubility issues during polymerization.72,39 Non-oxidative techniques allow for 

conserved electrical neutrality of the polymer chain during polymerization. The Grignard 

Metathesis polymerization method was used to synthesize P3HT and poly(ProDOT-Bu2) 

because it has been shown to yield polymers with higher regioregularity and higher 

molecular weights than those resulting from oxidative chemical polymerization.73,74 

2.2 Synthetic Method 

While it has been shown that oxidative polymerization techniques can yield 

polymers with high molecular weight P3HT (> 10,000 g/mol), even under the proper 

experimental conditions, there are usually significant defects in the backbone of polymer 

chains (only 50-80% head to tail linkages).75 Also, when polymerized through oxidative 

schemes the polymer is formed in its oxidized state; double bonds between adjacent rings 

in the oxidized state prevent free rotation, decreasing solubility and thus limiting 

molecular weight.76  Oxidative polymerization is poorly controlled; unwanted beta-

coupling occurs during radical recombination of monomers or oligomers. These 

structural defects limit the ability of the backbone to become coplanar, compromising the 

electrical properties of the polymer. Experiments have shown this relationship between 

regioregularity of the polymer and its doping efficiency. Electron paramagnetic 

resonance spectroscopy was used to detect delocalized charges in regioregular samples of 
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P3HT as opposed to regiorandom upon doping with 2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane. The ability of the regioregular sample to stabilize delocalized 

charges was attributed to its ability to form ordered aggregates (a quality that is 

unobserved for regiorandom P3HT samples).77 

In order to avoid backbone defects commonly encountered with oxidative 

polymerization methods, non-oxidative synthetic techniques were used to produce both 

P3HT and poly(ProDOT-Bu2). Like oxidative polymerization, transition metal-mediated 

coupling reactions can be used to produce polymers via carbon-carbon bond formation. A 

common non-oxidative polymerization scheme utilizes the well-known Yamamoto aryl-

aryl coupling reaction in the presence of a nickel (II) catalyst.78 When this reaction is 

used to produce polyheterocycles, it is known as a Grignard Metathesis (GRIM) 

polymerization. In the GRIM polymerization, organometallic Grignard reagents react 

with an aryl halide, undergoing a transition metal-mediated coupling reaction to form 

carbon-carbon bonds.79 As shown in Figure 16, a brominated alkyl thiophene (1) when 

reacted with a tert-butylmagnesium chloride (Grignard reagent) forms a magnesium 

chloride functionalized monomer at the “head” or “tail” position (2,3). Through oxidative 

addition, the brominated monomer (1) adds to the neutral metal center, and a 

transmetallation step follows with the reaction of the magnesium chloride functionalized 

monomer (2). Dibrominated neutral dimer is then formed via reductive elimination. The 

metal center again becomes neutral.   This process is repeated many times, forming a 

neutral polymer.73  
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Figure 16: Grignard coupling reaction scheme 

 The Grignard metathesis polymerization (GRIM) can produce reasonable 

molecular weight, highly regioregular conductive thiophene polymers such as P3HT 

(>30,000 gmol-1),73 which is much higher than typical molecular weights obtained via 

chemical oxidative polymerization (ca. 10,000 gmol-1).75 Molecular weight often is lower 

for oxidative techniques as opposed to non-oxidative techniques due to the fact that the 

polymer remains in the oxidized state throughout the reaction. The oxidized state 

increases polymer chain rigidity which lowers solubility, and limits obtainable molecular 

weight.26 One explanation for higher molecular weight in the Grignard reaction is the 
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high conversion rate of the nickel(II)-based catalysis: up to 98% conversion has been 

observed in some cases.73 In addition, it has been shown that the ligands chosen that are 

attached to the catalytic metal center highly affect the regiospecificity of the reaction.80 

Carefully chosen ligands strategically create steric crowding close to the metal center. 

This allows for the directional approach of the monomer to be highly controllable. 3-

Hexylthiophene has an alkyl chain at the 3-positon on the thiophene ring as its chemical 

name implies. The presence of this alkyl chain controls how the monomer approaches a 

sterically crowded catalytic center. Ideally, the center is crowded in such a way that 

controls the approach of the 3-hexylthiophene monomer to allow for consistent H-T-H-T 

linkages. Most nickel(II) catalysts that are designed for this application give such 

results.81 One last aspect that gives non-oxidative syntheses an advantage over oxidative 

techniques is that the polymer chain stays in the aromatic, neutral state throughout the 

reaction, allowing free rotation about the sigma bonds between adjacent rings, resulting 

in higher solubilities and ultimately, higher molecular weights.4,26   

2.3 Experimental 

2.3.1 Materials 

3-Hexylthiophene and 1.0M methymagnesium bromide in tetrahydrofuran (THF) 

were purchased from Aldrich and used as received. N-bromosuccinimide (NBS) was 

purchased from Fisher Scientific and recrystallized from water. Dimethylformamide 

(DMF), (THF), hexane, methanol, dichloromethane, dichloro[1,3-

bis(diphenylphosphino)propane]nickel, 3,4-dimethoxythiophene, 2,2-dibutyl-1,3-

propanediol, p-toluenesulfonic acid, were also used as received from VWR. 

2.3.2 Instrumentation 
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Molecular weight determination for P3HT was accomplished using a Viscotec 

GPC with a triple detector (polystyrene standard). Poly(ProDOT-Bu2) molecular weight 

was determined using a Bruker Autoflex MALDI/TOF/TOF. A Bruker Avance 400 MHz 

FT NMR and Bruker Tensor II FT-IR were used in characterization of each synthesized 

polymer. Proton NMR spectra were collected using deuterated chloroform as the solvent 

with the number of scans at 16. FT-IR samples were prepared by placing multiple 

droplets of diluted stock solution (1 mg/mL) onto polyethylene sample cards. Spectra 

were collected using the wavelength range of 400-4000 cm-1. 

2.3.3 Synthesis 

 The synthesis of both polymers (P3HT and poly(ProDOT-Bu2) was implemented 

using the GRIM polymerization technique. Before polymerization, monomers were 

synthesized and then subsequently brominated. The syntheses of P3HT and 2,5-dibromo-

3-hexylthiophene were modified from literature procedures.82 The syntheses of 3,3-

dibutyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine ((ProDOT-Bu2)),6,8-dibromo-3,3-

dibutyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine ((ProDOT-Bu2-Br2)), and poly(3,3-

dibutyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine) (poly(ProDOT-Bu2)), 3,3-dibutyl-

3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine ((ProDOT-Bu2)) were modified from 

literature procedures.83 

Poly(3-hexylthiophene)1: 

Pure 2,5-dibromo-3-hexylthiophene (0.99 g, 3.03x10-3 mol) was added in THF 

(15 mL) to a flamed dried flask that was blanketed under argon. Methylmagnesium 

bromide (2.5 mL, 2.5x10-3 mol) was added dropwise, and the solution was slowly stirred 

                                            
1 Synthesized by Sothavy Vong 
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while refluxing at 60°C. Dichloro[1,3-bis(diphenylphosphino)propane]nickel (15.3 mg, 

28.2μmol) was added, causing the solution to turn dark orange. The solution was further 

refluxed for 2 hours and allowed to cool to room temperature. The product was added 

dropwise to rapidly stirring methanol (turning purple upon addition), and the dark purple 

powder was collected via vacuum filtration. The collected product was purified further 

via soxhlet extraction in a cellulose thimble: first with methanol at 60°C to remove salts, 

then with hexane at 60°C to remove oligomers. A final extraction with chloroform 

dissolved the polymer, leaving behind a colorless cellulose thimble. Evaporation of 

chloroform yielded P3HT as a brownish-gold, freestanding film (0.623g, 63% yield).  

1H NMR (CDCl3, 400 MHz) 6.98 (s-1H), 2.80 (t-2H), 1.69 (m), 1.35 (m), 0.91 (t). FT-IR  

(cm-1): 3054.90, 2916.56, 2850.30, 1509.11, 1472.47, 1462.69, 1377.27, 1261.52, 

1094.48, 1020.03, 819.07, 802.16. 

Poly(3,3-dibutyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine) (poly(ProDOT-Bu2))2: 

Polymerization of the brominated product was accomplished by addition of 

methylmagnesium bromide (4.7 mL, 4.7x10-3mol) to a mixture of THF (155 mL) and the 

brominated monomer (1.4048 g, 3.2960x10-3 mol) (yellow colored solution). 

Dichloro[1,3-bis(diphenylphosphino)propane]nickel catalyst (1.90x10-2 g, 3.50x10-5 mol) 

was added, causing the reaction mixture to turn a dark violet color. After 24 hours, the 

reaction mixture was precipitated from methanol. The precipitate was collected in a 

Büchner funnel. The collected polymer was further purified via soxhlet extraction: 48 

hours in hexane, 24 hours in methanol, and 24 hours in chloroform. Evaporation of 

chloroform yielded poly(ProDOT-Bu2) as a reddish-purple/metallic gold, freestanding 

                                            
2 Synthesized by Joe Garcia 
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film. 1H NMR (CDCl3, 400 MHz) 3.97 (bm-≈4H), 1.38 (bm-≈12H), 0.96 (t-6H). FT-IR 

(cm-1): 2918.02, 2850.23, 1472.67, 1462.87, 1433.96, 1369.45, 1040.36. 

2.4 Results and Discussion 

 Both polymers that were synthesized (P3HT and poly(ProDOT-Bu2) have been 

identified on the basis of FT-IR and NMR spectroscopy. Molecular weights of the 

polymers were determined using gel permeation chromatography (GPC) and matrix 

assisted laser desorption time of flight mass spectrometry (MALDI/TOF/MS). 

2.4.1 Poly(3-hexylthiophene) identification and solubility  

 FT-IR results for P3HT align with literature-recorded peaks. Namely, the peak at 

1509 cm-1 corresponds to a C=C asymmetric stretching vibration characteristic of P3HT 

(Appendix A.1).84 Proton NMR signals also agree well with literature values-1H NMR 

(CDCl3): 6.96 (s, 1H), 2.79 (t, 2H), 1.69 (m, 2H), 1.25 (m, 18H), 0.86 (t, 3H).39 The most 

identifiable signal is the singlet peak at approximately 6.98 ppm that corresponds to the 

single hydrogen attached to the thiophene ring (Appendix B.1).  

GPC results show that the �̅�n and �̅�w of the polymer are approximately 38,713 

and 55,436 g/mol respectively. This indicates around 230 repeat units (Xn) (Appendix 

C.3). Polydispersity index: 

𝑃𝐷𝐼 =  (
�̅�𝑊 

�̅�𝑛
⁄ )      (Equation 2) 

for the polymer was approximately 1.432. 

 P3HT is most soluble in chlorinated solvents such as chloroform and 

chlorobenzene (50 mg/mL). The polymer displays some solubility in xylene, toluene, and 

THF. The solubility of P3HT is highly dependent on molecular weight, with higher 

molecular weight polymer being more soluble in the chlorinated solvents and lower 
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molecular weight chains being more soluble in solvents like toluene.85 A discernable way 

of predicting P3HT solubility is currently being developed by using Hansen Solubility 

parameters and Flory-Huggins models.85 It was experimentally determined that typical 

“non-solvents” of the P3HT used in this research include: dimethylsulfoxide, 

dimethylformamide, ethanolamine, 1,4-dioxane, and methanol. Non-solvents were 

identified by placing milligram amounts of P3HT into a clean dry test-tube and 

introducing the solvent in question. The test-tube (with solvent and P3HT present) was 

agitated with a vortex mixer for approximately 5 minutes. If any dissolution occurred, the 

solvent was not considered a non-solvent of P3HT. 

2.4.2 Poly(ProDOT-Bu2) identification and solubility  

 The FT-IR spectrum for poly(ProDOT-Bu2) is consistent with the spectrum 

reported in literature83 (Appendix A.2). Literature peaks include: (neat, cm-1): 2957, 

2931, 2863, 1468, 1430, 1370, 1041. Notice the absence of a peak at 1509 cm-1 (C=C 

asymmetrical stretching vibration in the  P3HT spectrum) highlighting the symmetrical 

nature of the poly(ProDOT-Bu2) repeat unit. Proton NMR resonance values are in good 

agreement with literature values with the exception of the signals that indicate protons 

next to the oxygens in the cyclic ether ring (≈ 3.98 ppm) (Appendix B.2).83 The spectrum 

was obtained using deuterated chloroform as a solvent. Upon later inspection of the 

reference article, it was observed that deuterated chloroform may react with the polymer. 

The solution to this problem presented was to use deuterated benzene.83 This could most 

likely explain the difference in peak shape when comparing the literature spectrum with 

the spectrum provided in the Appendix section. 
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 Poly(ProDOT-Bu2) molecular weight was determined using MALDI-TOF-MS. 

The spectrum is presented in Appendix C.1. Interpretation of the spectrum involved the 

use of two equations. Equation 3 describes the calculation of number average molecular 

weight (�̅�n): 

�̅�𝑛 =
∑ 𝑁𝑖𝑀𝑖

∑ 𝑁𝑖
    (Equation 3) 

with Ni representing the number of moles of molecules having the molecular weight Mi. 

Equation 4 indicates the calculation of weight average molecular weight (�̅�w): 

�̅�𝑤 =
∑ 𝑁𝑖𝑀𝑖

2

∑ 𝑁𝑖𝑀𝑖
    (Equation 4) 

that involves taking the summation of the product of Ni and square of Mi divided by the 

summation of product Ni and Mi. The number of moles of molecules (Ni ) was found by 

printing out the spectrum and measuring each peak (14 peaks total) in cm. The intensity 

axis spans from 100-800 intensity units. A conversion factor was created in order to 

convert peak height (cm) to intensity units. The conversion factor was found to be 

approximately 100 intensity units (iu) per 2.90 cm (≈ 34.48 iu/cm). M/z (Mi) values for 

each peak were calculated by adding or subtracting the value 266.90 (approximate repeat 

unit m/z) from peak number five in the spectrum. Tabulated calculation results for this 

method are given in Appendix C.2. Using the values in Appendix C.2, �̅�n and �̅�w for the 

polymer were found to be 3,974 and 4,174 g/mol respectively. The average number of 

repeat units for the polymer was found to be about 15. Polydispersity index was 

calculated to have a value of approximately 1.05. 

 Solubility of poly(ProDOT-Bu2) was slightly different from that of P3HT in 

chlorinated solvents. Homogenous chloroform-based solutions of the polymer were 

produced at approximately 20 mg/mL, but upon increasing to higher mass amounts the 
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polymer started to precipitate out of solution. Poly(ProDOT-Bu2) shares common non-

solvents with P3HT. Most notably the polymer is not soluble at all in dimethylsulfoxide. 

Dimethylformamide, ethanolamine, 1,4-dioxane, and methanol were also found to be 

non-solvents using the method described in 2.4.1. 

2.4.3 Molecular Weight and Polydispersity Index 

Table 2 presents calculated �̅�n, �̅�w, PDI, and Xn (number of repeat units) values 

for P3HT and poly(ProDOT-Bu2).  

Table 2: Molecular Weight Data for P3HT and Poly(ProDOT-Bu2) 

Polymer �̅�w (g/mol) �̅�n (g/mol) PDI Xn 

P3HT 55,436 38,713 1.432 230 

poly(ProDOT-Bu2) 4,174 3,974 1.05 15 

 

 The dramatic difference in molecular weight between polymers can be possibly 

attributed to the electron rich nature of the ProDOT-Bu2 monomer (presence of oxygen 

atoms).86 The nickel catalyst used in the GRIM polymerization procedure may interact 

with the ProDOT-Bu2 monomer differently that the 3-hexylthiophene monomer, affecting 

rate of conversion of monomer polymer, thus lowering the degree of polymerization.  

The PDI calculated for P3HT is consistent with that reported in the literature method 

(1.20-1.47).83 The higher PDI (when compared to poly(ProDOT-Bu2))IOx could be 

explained on the basis of large P3HT chains (> 30,000 g/mol) having limited solubility, 

thus affecting chain termination and re-initiation during polymerization.  
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3. ELECTROACTIVE POLYMER MORPHOLOGY CONTROL 

3.1 Motivation for Research 

 The drawback to electrochemically deposited films is that the methods used to 

produce them may not be practical or economical from an industrial viewpoint.  Solution-

processable polymers are therefore desirable for commercial applications of EAPs.  

However, the electrochemical performance of solution-cast films is often inferior to that 

of electrochemically prepared films.87,88 Methods of improving electrochemical 

performance of solution-cast films are needed. 

3.2 Background 

If EAP technology is going to be practical in application, then an industrially 

scalable method of producing processable films is desirable, likely involving deposition 

of the polymer from solution. Unfortunately, the electrochemical performance of 

solution-templated films is typically inferior to that of  electrochemically deposited 

films.88 This may be due to non-uniform doping of the polymer film during 

electrochemical oxidation. During electrochemical analysis (eg. cyclic voltammetry), 

charges that form along the backbone of a polymer are balanced by the available 

electrolyte in solution.4,22,24,26,27 Therefore, uniform doping of an EAP is highly 

dependent upon the availability of the electrolyte and its close proximity to localized 

charge formation along the backbone of the polymer. If a polymer’s morphology is such 

that electrolyte is blocked from entering the bulk of the film, then only surface doping 

will occur, resulting in lowered current response, decreased capacitance, or poor 

electrochromic performance. When a polymer is deposited from solution, it is possible 
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for a dense polymer film to be produced. The dense film most likely can only be charge 

balanced at the surface during doping, limiting electroactivity.89 

Inferior performance was observed previously for the solution-deposited ladder 

polymer poly(benzimidazobenzophenanthroline)(BBL, Figure 17).90  In order to combat 

the problem, it was suggested that creating a porous network within an EAP might allow 

for electrolyte infiltration and ultimately uniform doping. The hypothesis was that 

templating with an ionic liquid such as 1-ethyl-3-methyl-imidazolium 

bis(trifluoromethylsulfonyl)imide (EMI-BTI) would result in pore formation. EMI-BTI 

was a desirable pore creating agent “porogen” due to the liquid being relatively high 

boiling, unreactive, a non-solvent for BBL, and similar in density to BBL. The use of a 

high-boiling liquid can be identified as a “soft-templating” approach to induce porous 

morphology in a polymer film. The basis of this idea was derived from previous 

experiments involving the use of co-polymers to induce unique phase separation within a 

sample.91 With BBL, instead of using a co-polymer to induce phase separation, a high 

boiling solvent was utilized. It was predicted based upon the co-polymer studies that with 

specifically chosen percentages of porogen, desired co-continuous porous networks 

within the BBL polymer film could be achieved.  

          

Figure 17: Structures of poly(benzimidazobenzophenanthroline) (BBL) ladder polymer (left) & 1-ethyl-3-

methyl-imidazolium bis(trifluoromethylsulfonyl)imide (EMI-BTI) ionic liquid (right).  
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Templating with and without the ionic liquid present showed a dramatic increase 

in surface roughness of the polymer film. The dramatic morphology change in the SEM 

image of the film cast with the ionic liquid suggests the possibility of co-continuous pore 

formation within the bulk of the film (Figure 18). This possibility is strengthened by the 

fact that removal of the porogen EMIBTI, with a subsequent methanol wash during 

templating, is demostrated by the absence of a fluorine signal during EDX analysis.90 

 

Figure 18: Scanning electron microscope (SEM) images of BBL polymer cast with and without ionic liquid 

EMI-BTI. SEM images of left: BBL neat film (no ionic liquid) right: BBL co-cast with ionic liquid 

EMIBTI 

Theoretically, an increase in accessible surface area of the polymer film should 

allow the polymer to be doped to a greater extent during electrochemical measurements. 

If pores in the polymer film are co-continuous, the accessible surface area of the polymer 

film will increase, allowing the electrolyte present in solution to freely migrate into and 

out of the film, stabilizing charge formation on the polymer backbone. This phenomenon 

is demonstrated in Figure 19. Films cast with the porogen EMIBTI demonstrate a thirty-

fold increase in current response when compared to the BBL films cast without EMIBTI. 

In addition, the BBL films cast with EMIBTI demonstrate a more capacitive response 

when compared to the films cast without. This suggests that an increase in surface area 

due to increased porosity of the film sample may allow for more electrolyte to infiltrate 

the BBL film, leading to larger current response and capacitive behavior.  
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Figure 19: Cyclic voltammogram of solution cast films created with and without EMIBTI. PC = propylene 

carbonate (supporting electrolyte).CC-BBL= BBL cast with EMIBTI, BBL= BBL without EMIBTI as a 

porogen. Reference = Ag wire at 50 mV/s. 

 It has been shown that changing the mole fractions of two different blocks in a 

block copolymer can result in significant changes in block copolymer morphology.  In 

Figure 20, below, block A is blue, and block B is red.  As the mole fraction of A (fA) 

increases (from left to right), the morphology of the polymer transitions from isolated 

regions of A (labeled S), to columns of A (labeled C), to co-continuous regions of A 

(labeled G), to alternating layers of A and B (labeled L).  These morphologies result from 

minimization of the overall Gibbs free energy of thermodynamic mixing. The mole 

fraction that was theorized to create co-continuous regions of A was predicted to be in a 

range of 28-34% A.91  
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Figure 20: Illustration of different morphologies produced from varying the mole fraction of two different 

blocks in a block copolymer 

 In this study, a soft-templating approach was applied with the intention to create a 

co-continuous network of pores. The block copolymer study discussed above was applied 

to the soft-templating approach; instead of controlling mole fractions in a block 

copolymer, the method was applied to a mixture of polymer and liquid porogen (Figure 

21). 

 

Figure 21: Soft templating of conductive polymers using a high-boiling liquid 

  The hypothesis was that the same minimization of Gibbs free energy would occur 

if a polymer solution and a non-solvent were used instead of two blocks in a block 

copolymer.  The non-solvent would be a high-boiling liquid that did not dissolve the 

polymer, allowing the liquid to remain in the polymer matrix upon solvent removal. This 

high boiling solvent would generate pores in the polymer; thus, it is referred to as a  

“porogen”. Porogens for this study were chosen based upon several parameters: 1) The 

porogen must not be reactive with or dissolve the polymer; 2) The porogen must have a 

similar density to that of the polymer so that density-driven phase separation is not 
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encountered; 3) The template must have a high enough boiling point to remain in the 

polymer matrix during solvent removal. 

3.3 Experimental 

3.3.1 Materials 

ITO (indium-tin oxide) coated glass slides (surface resistance 8-12 Ω/sq.) were 

purchased from Delta Technologies. The two polymers P3HT and poly(ProDOT-Bu2) 

prepared as described in Chapter 2, were stored in sealed vials under argon until use in 

templating experiments. Chloroform purchased from VWR was neutralized before use in 

templating experiments by washing in a separatory funnel three times with saturated 

sodium bicarbonate. Acetone, chlorobenzene, dimethylsufoxide, dimethyformamide, 1,4-

dioxane, and ethanolamine were used as received from VWR. All deionized (DI) H2O 

used in these studies was 18 MΩ ultrapure water. 

3.3.2 Surface Treatment of Indium Tin Oxide Coated Glass 

ITO glass slides were subjected to variety of different surface treatment methods. 

The surface treatment procedural details are provided below with contact angle 

measurement methods. 

Contact Angle Measurement Sample Preparation: 

 The neat polymer solutions (poly(ProDOT-Bu2) in chloroform (no porogen 

present in solution) were deposited using a micropipette (10 microliter droplets) and 

contact angles were measured. A series of 30 measurements were taken of the droplet 

using the image software. Contact angle measurements on surface treated substrates were 

collected using a ramé-hart Model 200 Standard Goniometer with Dropimage Standard 
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v2.4 software (Windows operating system). Optical images were calibrated using 

spherical and cylindrical standards provided with the goniometer. 

Surface Treatment Methods: 

1M HCl procedure:  

ITO glass slides were rinsed three times with H2O, wiped with an acetone dampened low 

lint paper wipe (KIMWIPE), dipped into 1M HCl, rinsed three more times with H2O, and 

stored in acetone prior to templating. 

20% ethanolamine procedure (Delta Technologies)92: 

ITO glass slides were rinsed three times with H2O, wiped with an acetone dampened 

KIMWIPE, sonicated in a 20% (w/v) ethanolamine solution for 15 minutes, rinsed three 

more times with H2O, and stored in acetone prior to templating. 

 Oxygen-Plasma treatment: 

Prior to oxygen-plasma treatment, ITO glass slides were rinsed three times with H2O and 

wiped with an acetone dampened KIMWIPE. The procedure for operating the Harrick 

Plasma Cleaner was as follows: 

1. ITO glass slides were placed into the plasma chamber. The chamber was 

allowed to evacuate for approximately two minutes by opening the needle 

valve to the connected vacuum pump. 

2. The needle valve to the plasma chamber was opened to the outside room, and 

atmosphere was allowed to enter the chamber. The needle valve was then 

closed. 
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3. The plasma cleaner switch was then turned to the ON position while setting 

the RF (radio frequency) level to a low enough setting to generate a purplish-

glow in the chamber. 

4. ITO slides were allowed to plasma clean for about 10 minutes. 

5. Upon completion, the plasma cleaner was turned off. The vacuum pump was 

switched to the off position. The needle valve to the chamber was opened to 

allow for atmosphere to enter the chamber and establish equilibrated pressure. 

6. The door to the plasma chamber was opened, and the ITO glass slides were 

removed. 

7. ITO glass slides were stored in acetone prior to templating.  

3.3.3 Polymer Film Templating Methodology 

P3HT & poly(ProDOT-Bu2) Stock Solution Preparation: 

A stock solution of P3HT (20 mg/mL) was prepared using chloroform or chlorobenzene 

as the solvent. The mass of the polymer was measured using a 5-place balance. The 

polymer solution was stirred with heating at 50°C until bright orange; this generally 

occurred within 10 minutes.  

Note: poly(ProDOT-Bu2) is deep violet/purple and does not change colors upon 

heating at 50°C. 
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Figure 22: P3HT/chloroform solution pre and post solvation upon heating. P3HT solution left: pre-

solvation, and right: post-solvation via heating and stirring at 50°C. 

Templating Solution Preparation: 

Using a micropipette an aliquot of previously prepared stock solution was 

introduced into a clean, pre-weighed vial. A GC syringe was used to inject the desired 

amount of pore creating agent (porogen) into the pre-weighed vial. The solution was 

stirred for 24 h, in the dark, and in a sealed container at 50°C under argon. 

The amount of porogen added to the templating solution was calculated as 

follows: 

𝑋 = 𝑊 ∗  
𝑌

1−𝑊
  (Equation 5) 

X = mass of porogen (mg) 

Y = mass of polymer (mg) 

T= total mass (X + Y) (mg) 

 W= weight fraction of porogen desired (X/T) 

The mass of the polymer (Y) found in the aliquot was calculated as shown below: 
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concentration of stock solution (
mg

mL
) ∗ aliquot volume (mL) = Y(mg)     (Equation 6) 

The volume of porogen needed was found using equation 5 and the solvent’s 

mass and density at room temperature. 

Templating of Polymer Solutions:  

1. A leveled stage was created inside the annealing chamber (with a clean 

small glass sheet) using molding clay. 

2. The annealing chamber was equilibrated by introducing an open 40 mL 

vial filled about halfway with the either chloroform or chlorobenzene.. The chamber was 

sealed, allowing solvent vapors to reach equilibrium for approximately 10 minutes. 

3. The masses of the dry surface treated ITO slides were measured in 

triplicate using the 5-place balance. Care was taken not scratch or drop the ITO slides 

(small changes in mass of the slide dramatically impact the apparent mass of the films 

post templating). Slide mass changes would invalidate normalization of the film mass 

necessary for sample comparison. 

4. The resistances of previously weighed ITO glass slides were measured 

using an Ohm meter keeping the distance between probes constant. The conductive side 

of the ITO is what is necessary to make electrical contact with the film during 

electrochemical analysis, and therefore MUST be facing upwards during templating. The 

general conductive side resistance was on the order of 26 Ω, while the non-conductive 

side generally did not register a resistance reading (OL). 

5. The slides were introduced into the annealing chamber conductive side up, 

and placed onto the leveled stage. The chamber was sealed with slides inside and allowed 

to re-equilibrate for 5 minutes. 
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6. Aliquots of the desired template solution were withdrawn using a 

micropipette, and the chamber was opened. With the pipette perpendicular to the ITO 

glass, 15 μL droplets were deposited onto the surface of each slide. The chamber was 

then closed. 

7. The droplets were allowed to dry for a specified time depending upon the 

solvent system. 

8. The chamber was then opened, and the ITO slides were withdrawn. The 

slides were stored in a clean dry container that would not damage the ITO glass. 

 

Removal of liquid porogen from films: 

The polymer-coated slide(s) were placed onto a clean glass sheet that would not 

damage the ITO glass and put into a vacuum oven. The samples were dried under 

vacuum over night at room temperature followed by drying at 20°C above the porogen 

boiling point for 24 hours. The slide(s) were removed from the oven and allowed to cool. 

The slides were then weighed carefully in triplicate using the 5-place balance. 

Modified Drying Protocols: 

Depending upon the solvent system chosen, the drying protocols can be modified 

to change the morphology of the film produced. The image shown in Figure 23 helps to 

visualize the importance of drying protocols on the film characteristics by showing that 

the same polymer solution and substrate combination can produce dramatically different 

results with a change in the drying protocol.  
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Figure 23: Images of P3HT films templated from a 15% DMSO/chlorobenzene solution on ITO glass with 

different drying conditions. Top image: P3HT film templated from 15% DMSO/chlorobenzene on ITO 

glass with enhanced drying rate. Bottom image: P3HT film templated from 15% DMSO/chlorobenzene on 

ITO glass, but dried in open air 

The film dried with an “enhanced drying rate” has a completely different 

appearance from the film dried in open air. The “enhanced drying rate” is induced by a 

heat gun set to the “cold air” option and to the low airflow rate setting. This experimental 

set-up is shown in Figure 24. 

.  

Figure 24: Experimental setup to enhance film drying rate. Heat gun has hot and cold settings as 

well as two airflow settings (High and Low) 
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A unique set of polymer film morphologies was produced from a set of differing 

experimental conditions. The parameters that were modified included polymer type, 

solvent, porogen, and drying protocol. Table 3 presents the experimental conditions 

below. Solution concentrations of polymer were kept constant at approximately 20 

mg/mL. 

Table 3: Solvent Systems and Drying Protocols 

Polymer Solvent Porogen Drying Protocol 

P3HT chloroform None Solvent annealing 

P3HT chloroform DMSO Solvent annealing 

P3HT chloroform DMSO Open air 

P3HT chlorobenzene None Solvent annealing 

P3HT chlorobenzene None Open air 

P3HT chlorobenzene None Enhanced drying 

P3HT chlorobenzene DMSO Solvent annealing 

P3HT chlorobenzene DMSO Open air 

P3HT chlorobenzene DMSO Enhanced drying 

poly(ProDOT-Bu2) chloroform None Solvent annealing 

poly(ProDOT-Bu2) chloroform DMSO Solvent annealing 

poly(ProDOT-Bu2) chloroform 1,4-dioxane Solvent annealing 

poly(ProDOT-Bu2) chloroform ethanolamine Solvent annealing 

 
3.3.4 Microscopy  

Electronically neutral polymer films templated onto surface treated ITO glass 

slides were freeze fractured by submerging into liquid nitrogen for 1 min and then 

cleaved for SEM (scanning electron microscopy) cross-sectional analysis. The samples 

were then coated with a layer of iridium using vapor deposition to inhibit surface 
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charging. Images were acquired with an FEI Helios NanoLab 400 DualBeam system 

using the charge reduction detector under high vacuum. Instrument parameters include an 

accelerating voltage of 5-10 kV and a beam current of 21 pico-amperes.  

Optical images of films were collected using an Olympus BX60M optical 

microscope in “Simple Polarized Light Mode” along with the U-A/V360 Analyzer, and 

U-LBD-2 Filter. 

3.4 Results and Discussion 

3.4.1 Polymer Solution Drying Physics   

The differences in film quality are apparent with the images of the varying 

experimental systems presented below. 

 

 
Figure 25: Images of templated polymer films. “A”: poly(ProDOT-Bu2)/CHCl3/solvent annealing, “B”): 

poly(ProDOT-Bu2)/CHCl3/1,4-dioxane/solvent annealing, “C”: poly(ProDOT-Bu2)/CHCl3/DMSO, “D”: 

poly(ProDOT-Bu2)/CHCl3/ethanolamine/solvent annealing, Film “E”: P3HT/CHCl3/solvent annealing, “F”: 

P3HT/CHCl3/DMSO/solvent annealing, “G”: P3HT/chlorobenzene/enhanced drying, “H”: 

P3HT/chlorobenzene/DMSO/enhanced drying 

Macroscopic as well as microstructural film morphology changes occur with 

modifications in the drying protocol, as described in later sections. Each solvent system 

has a unique behavior when it comes to film drying. Consequently, this approach to 

creating porous polymer is not trivial. What is observed is that film characteristics 

B C D 

E F G H 

A 
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heavily depend on polymer structure, drying protocol, polymer rheology, solution 

parameters, and surface treatment of the substrate of choice. Even though this approach 

to soft templating is laborious, reproducibility is achievable with careful consideration of 

the system’s important physical parameters. 

It is crucial to understand the underlying physical parameters that determine 

unique droplet drying patterns. These patterns in droplet drying help predict the resultant 

polymer film morphology.93 Ideally, film morphology should be predictable for a given 

solvent/substrate system. 

The unique experimental conditions give rise to sample-specific drying behaviors. 

These drying behaviors can be predicted using droplet drying physics. Polymer solution 

drying is an abstract area of research that is also heavily influenced by yet another set of 

complex physical parameters that include: solubility parameters of the polymer, solution 

analyte concentrations, and interfacial interactions between the polymer solution droplet 

and the substrate.94 

Flory Huggins theory is used to describe polymer dissolution.  The polymer-

solvent interaction is described as a statistical “random-walk” of the polymer molecule 

through a 2-dimensional lattice of solvent molecules. The polymer chain interaction with 

the solvent varies greatly with polymer structure.95 The interaction of polymer chain with 

solvent is often a predictable and experimentally testable phenomenon. A physical 

parameter often used experimentally to determine polymer chain-solvent interactions is 

the hydrodynamic radius. The hydrodynamic radius of a dissolved polymer describes its 

size in the solution state. Dynamic light scattering measurements of P3HT in chloroform 

with varying amounts of DMSO have been used to measure parameters such as the 
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hydrodynamic radius and demonstrate the presence of solution state aggregation of 

polymer chains.48 The changes in polymer solubility behavior in solution and the 

influence of solution drying environment constitute a complex mosaic of variables in 

predicting film morphologies. What is known is that the factors that influence film 

morphology can be influenced by a phenomenon called the Marangoni effect, which is 

described as a mass transfer along a surface tension gradient.94 A surface tension gradient 

can be induced by yet another set of factors that include: solute shape, concentration 

gradients and solvent viscosity.96 An illustration of this effect is presented in Figure 26. 

 

Figure 26: Marangoni flow illustration of polymer and porogen within a solution droplet on a substrate; θ is 

the contact angle between the droplet and the substrate. 

 The influence of the Marangoni effect on polymer droplet drying will help 

elucidate the complex and seeming unrelated morphologies observed in the following 

section. The phenomenon can be used to explain the observed trends in film drying. 

3.4.2 Contact Angle Measurements 

It was observed that greater wettability of the substrate often lead to promoted 

film adhesion. In general, lower contact angle of a liquid on a surface implies greater 

wettability. Lower contact angle is a result of the adhesive force between the liquid 

droplet molecules being greater in magnitude than the cohesive force between the liquid 

molecules.98 Surface treatment methodology was found to be of the utmost importance in 
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order to prevent polymer film delamination. The contact angles given in Figure 27 are the 

averages of the right and left angles of the droplet-substrate interface. 

 

Figure 27: Contact angle study of poly(ProDOT-Bu2)/CHCl3 droplets on surface treated ITO glass. Four 

different surface treatment methods were employed: control (no surface treatment), 10% ethanolamine with 

sonication, 1M HCl dip, and oxygen-plasma treatment 
 

 The contact angles converge by measurement number 30. This is due to the 

volatile nature of CHCl3. As the solvent evaporates the contact angle decreases due to 

less liquid available to create a droplet and the beginning of film formation. Initial 

contact measurements (measurements 1-10) show that the HCl surface treatment 

procedure produced the lowest contact angle of the various techniques employed.  

Contact angle images of the polymer solution can be observed in Figure 28. It has been 

experimentally determined that the treatment of a surface can affect the morphology of 

P3HT films.97 
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Figure 28: Contact angle images of poly(ProDOT-Bu2)/CHCl3 solution on surface treated ITO glass. From 

the left: 1 M HCl, oxygen plasma, 20% ethanolamine 
 
3.4.3 Investigation of Polymer Film Morphology 

Poly(ProDOT-Bu2)/CHCl3: 

 Each film studied was templated from four separate solutions of poly(ProDOT-

Bu2) dissolved in chloroform to which 28% (weight percent of porogen = [mass 

porogen/total mass] *100) of a uniquely chosen pore creating agent was added. The 

porogens chosen were DMSO, 1,4-dioxane, and ethanolamine. The fourth solution 

contained no porogen and was used to create a set of “control” films. All films were 

templated in an annealing chamber containing 40 mL of chloroform to reduce the rate of 

solvent evaporation from the film. The differing morphologies can be observed in SEM 

images presented in Figure 29. Additional images can be observed in Appendix (D.1-

D.4). 
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Figure 29: Poly(ProDOT-Bu2) films created from five different solvent systems. A) control film (no 

porogen), B) 28% 1,4-dioxane, C) 28% DMSO, D) 28% ethanoloamine 

 
 The 28% DMSO film is the only film that displays inhomogeneous film 

characteristics. Figure 30 shows that pore formation in the DMSO film is not consistent 

throughout the film. The central regions of the film display a control-like film 

morphology. This can be seen by comparing image “A” in Figure 30 with that of image 

“A” in Figure 29. Pore formation is isolated to the periphery of the film. There is an 

intermediate surface rough region in the DSMO film that is observed in image “B” of 

Figure 30. This could imply that the drying physics for the DSMO film during solution 

drying were not optimal. The DMSO film is also the only film in this experiment to have 

partial delamination towards the central region of the film (see Figure 30 image “A”). 

Porosity, as well as delamination of the central film region, is consistent across all four 

films templated using 28% DMSO solution. More studies are needed in order to 

A B 

C D 
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determine if delamination of the central region is directly correlated with the presence of 

DMSO in solution or other experimental factors. Solution wettability, polymer 

concentration, and surface defects in the ITO glass may also be potential causes of film 

delamination. 

 
 

Figure 30: SEM images of DMSO film morphology: A) film overview, B) intermediate surface rough film 

region, C) film periphery showing unique pore formation 

 The control, 1,4-dioxane, and ethanolamine films all show consistent features 

throughout the film, as can be seen in Figure 31. 

 

Figure 31: SEM images of film overview: A) control film, B) 1,4-dioxane, C) ethanolamine 

 The solutions containing 28% ethanolamine exhibited the most consistent pore 

features (Figure 32). Most pore features are smaller than 10 micrometers with some 

macro-pores larger than 10 micrometers. Unique film adhesion is present with leg-like 

polymer fibrils attached at the film edges; these fibrils were not observed with any of the 

other porogens or the control films. 

A B C 

A B C 
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Figure 32: SEM image of 28% ethanolamine film with unique “leg-like” structures 

 Film thickness varies from film to film and with specific regions within a film. 

Figure 33 shows the film cross-section of the four unique film morphologies. Film 

thicknesses are approximately as follows: control film-8 μm, DMSO film (central 

region)- 28 μm 1,4-dioxane film-14 μm, ethanolamine film- 28 μm. 

 

 
 

Figure 33: SEM images of film cross-sections: A) control film, B) DMSO film (central region of film), C) 

1,4-dioxane film, D) ethanolamine film 

A B 

C D 
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P3HT/CHCl3/DMSO Porogen Percentage Spread: 

In order to investigate the effect of porogen concentration on film morphology, 

the amount of DMSO present in a P3HT/chloroform solution was varied from 0% to 

55%. These samples utilized a solvent annealing protocol in which an annealing chamber 

containing 40 mL of chloroform was allowed to equilibrate prior to templating. No pore 

formation is present as expected for the control film (0% DMSO). This can be observed 

in Figure 34. Additional images for this experiment are available in Appendix (D.5-

D.11). 

 

Figure 34: SEM image of experimental control (no DMSO present during templating) 

 The film morphology seems to follow a common drying pattern in which the 

polymer ends up depositing towards the center of the film. Pore formation ends up along 

the periphery of the polymer “rich” regions. Overall film morphology can be observed 

with the optical microscopy images provided in Figure 35. This observation may imply 
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the DMSO follows a surface tension gradient towards the edges of the solution droplet 

during drying. Pore formation is not interconnecting and very sparse. 

.  

Figure 35: Optical microscopy images of a 25% DMSO/P3HT film templated from CHCl3; the white arrow 

points to a polymer “rich” region of the film where pore formation occurs, while the yellow arrow points to 

a region where the polymer film is thin and not as much polymer has deposited. 

Although overall pore formation increases with increasing DMSO content, as previously 

described, it does not increase uniformly throughout the film. As can be seen in Figure 

36, increasing DMSO percentage is accompanied by an increasing amount of pores 

present in the film on the edge of polymer “rich” regions. 

 

 
 

Figure 36: SEM images of morphology relationship-(pore formation increase with increase in DMSO 

percentage in templating solution): 15%, 25%, 32%, 38%, 45%, and 55% 

15% 25% 32% 

38% 45% 55% 
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Film failure at the center of the films is consistent all the way up to 55% DMSO films. A 

film failure is present at the center of the 0% DMSO film as shown in Figure 37. 

 

Figure 37: SEM image of 0% DMSO P3HT film failure 

Film failure is a common feature in most polymer films. Some factors that affect 

the formation of film failures include: delamination from the substrate, polymer drying 

rate, polymer Tg, and the extent of film crystallinity.98  

P3HT/Chlorobenzene/DMSO Porogen Percentage Spread: 

 After witnessing the morphology produced by the chloroform-based solvent 

system, the experiments were repeated using chlorobenzene as the solvent in an attempt 

to homogenize polymer deposition within the templated film. Chlorobenzene has a much 

lower vapor pressure than that of chloroform (1.6 kPa and 26 kPa respectively at 

25°C)99,17, which was expected to result in reduced evaporation rate. This difference in 

evaporation rate could allow for more control over polymer solution drying rate, resulting 

in a more distinct trend in pore formation with varying DMSO percentage. 



 

59 

 The chlorobenzene solutions produced with varying amounts of DMSO (0%-

55%) were all subjected to an enhanced drying rate using the experimental set-up shown 

previoulsy in Figure 24. The heat gun, set to the “cold” and “low” airflow rate settings, 

was positioned at a set distance above the open annealing chamber. Films were templated 

on a level glass stage and dried using the heat gun. 

 This approach to film drying has created some unique film morphologies. 

Polymer deposition seems to be more consistent than that of the chloroform system. This 

can be observed in Figure 38. Additional images for this experiment are presented in 

Appendix (D.12-D.18). The polymer film is more homogenous when templated from the 

chlorobenzene-based solvent systems. There are no polymer “rich” regions that are 

segregated from thinner polymer film regions.  

 

 

Figure 38: Optical microscopy of two P3HT films templated from different solvent systems: Top film 

image displays a film templated from a 15% DMSO/chlorobenzene solution. Bottom image displays a film 

templated from a 15% DMSO/CHCl3 solution. 

As expected, the 0% DMSO control film displays no apparent pore formation. 

This is shown in Figure 39. The 0% DMSO film displays unique drying features. The 

lines observed in the film are most likely a consequence of film drying and the pinning of 

the polymer solution droplet and the ITO glass substrate.100 
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Figure 39: SEM image of  a P3HT film templated from chlorobenzene (0% DMSO) with no pore formation 

There is also noticeably more pore formation, and a somewhat distinct trend to the 

number and location of the pores formed as DMSO concentration is increased. This 

observation is shown in Figure 40. 

 
 

Figure 40: SEM images of morphology relationship-(pore formation increase at the internal region of the 

film with increase in DMSO percentage in templating solution): 15%, 25%, 32%, 38%, 45%, and 55% 

15% 25% 32% 

38% 45% 55% 
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 In Figure 41, pore formation can be seen to migrate towards the edges of the film 

with higher percentages of DMSO. The drying physics of the system could be changing 

introducing a difference in concentration of DMSO within certain regions of the film. 

Much like the poly(ProDOT-Bu2)/CHCl3/ 28% DMSO system, the DMSO tends to 

migrate to the periphery of the droplet. A Marangoni-like effect seems to be driving pore 

formation at different percentages of DMSO in solution. At lower percentages of DMSO 

the pore formation seems to accumulate internally at the center of the film. This implies a 

reversal of the surface tension gradient described by the Marangoni effect. 

 
 
Figure 41: SEM images of morphology relationship-(pore formation increase at the edges of the film with 

increase in DMSO percentage in templating solution): 15%, 25%, 32%, 38%, 45%, and 55% 

 An optical microscope image showing the regions where pore formation 

accumulates at differing percentages is presented in Figure 42. 

15% 25% 32% 

38% 45% 55% 
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Figure 42: Optical microscope image of a P3HT film templated from 32% DMSO/chlorobenzene. The 

white arrow indicates where pore formation accumulates at lower DMSO percentages (left film edge), and 

the yellow arrow shows where pore formation accumulates at the higher DMSO percentages (right film 

edge) 

 
 Some film failure persists throughout the films, but not on the same scale as the 

chloroform-based films. The chlorobenzene films all have very distinct regions within the 

films. Each film has a heavily porous region, a “pore gradient” region, and a thin, lightly 

porous region. The pore gradient can be observed in Figure 43.  

 

Figure 43: SEM image of a dramatic “pore gradient” observed in the 38% DMSO/chlorobenzene film 

The trend in pore formation seems to imply that the system is highly dependent 

upon the percentage of DMSO present in the templating solution. Marangoni drying 

effects dictate where and how many pores accumulate in a specific film region. 

 

  



 

63 

3.4.4 UV-Vis Analysis of Polymer Solutions and Films 

Motivation for Research:  

A number of electronic transitions that occur for P3HT film samples as a 

consequence of film morphology characteristics can be observed using UV-Vis 

spectroscopy. The transitions that are of high interest are of those electronic states that 

correspond to P3HT aggregates (π-π stacking).49 The confirmation of aggregation in a 

P3HT film helps characterize a films electronic properties and may imply some structural 

characteristics such as molecular ordering within a particular film sample.45,46,48 

Solution-State Experimental: 

A series of P3HT/CHCl3 solutions was prepared by diluting 20 mg/mL stock 

solution with CHCl3. Resulting polymer concentrations studied were 5,1, 0.05, 0.025, and 

0.01mg/mL. In order to determine the optimal concentration for further solution-state 

UV-Vis experiments with P3HT, each diluted solution was analyzed from 300-700nm 

using a Perkin Elmer Lamda 365. The results are presented in Figure 44. 

 

Figure 44: Diluted P3HT/chloroform solution UV-Vis analysis: 5 different polymer concentrations were 

scanned from 300-700nm. 0.025 mg/mL produced a solution absorbance closest to 1 abs unit. 
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 Based on the absorption spectra shown in Figure 44, further P3HT solution 

studies were conducted using 0.025 mg/mL, because this concentration produced a 

solution absorbance closest to 1 absorbance unit. A 55% DMSO solution was produced 

(using Equation 5, pg. 42). The amount of DMSO was added to a 20 mg/mL 

P3HT/CHCl3 stock solution so the weight percent of DMSO (X/T = 0.55, where X is 

DMSO mass in mg and T is total mass (DMSO + P3HT mass in mg) is equal to 55% 

(volume of CHCl3 is excluded from calculation). Once the 55% DMSO 20 mg/mL 

P3HT/CHCl3 was produced, the solution was diluted further with CHCl3 to a final 

concentration of 0.025 mg/mL P3HT/CHCl3. The diluted solution was scanned from 300-

700nm and compared to the diluted stock solution (0.025 mg/mL P3HT/CHCl3 with no 

DMSO present as a control solution). The purpose of this experiment was to identify 

whether or not solution state aggregation was detectable upon addition of DMSO to 

solution. The results are presented in Figure 45. 

 

Figure 45: UV-vis comparison of a 0.025mg/mL P3HT/CHCl3 stock solution (control solution) and 55% 

DMSO 0.025mg/mL P3HT/CHCl3 solution. Both spectra presented are normalized for comparison. Notice 

the increased absorbance from approximately 600-650nm. 

Evidence of Aggregation 
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 Addition of DMSO to the solution results in an additional absorption occurring 

around 600 nm. This feature is consistent with literature P3HT aggregation wavelengths 

that correspond to interchain excitations that evolve out of π-π stacking. The feature at 

455 nm is consistent with the π-π* excitation of P3HT.49 

Solid-State Experimental: 

 Solutions of P3HT (20 mg/mL, the same as those used in templating experiments) 

with varying DMSO percentages were templated onto borosilicate glass slides (no ITO 

coating), and thin films were created using a drawdown bar purchased from GARDCO. 

Wire #3 was used in the drawdown experiments because it is known to produce films 

approximately 7.7 μm thick. The films were dried under vacuum overnight at 50°C. After 

cooling, UV-Vis spectra of the films were acquired from 300-700nm using a BioTek 

sample plate. Differences between solution and solid-state film spectra can be seen in 

Figure 46. 

 

Figure 46: UV-vis comparison of solution P3HT solution and solid state draw-down film sample templated 

from heated and unheated solutions. 
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 As can be seen in Figures 45 and 46, solution state spectra do not contain any 

evidence of aggregation present in solution unless DMSO is present. Not surprisingly, all 

solid state P3HT samples show the aggregation peak at 600nm.The presence of a red-

shift in the spectrum going from solution state to solid state P3HT samples implies 

different orientation of chains and the formation of intra-chain excitations.49 Changing 

DMSO concentration during drawdown casting did not produce any trends in the UV/Vis 

spectra of dried films (Figure 47). 

 

Figure 47: UV-vis analysis of draw-down films templated from increasing DMSO percentage in solution 
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4. ELECTROCHEMICAL ANALYSIS OF POLYMER FILMS 

4.1 Motivation for Research 

 Conductive polymers can be chemically and electrochemically doped. Cyclic 

voltammetry (CV) allows for careful control of the voltage window and for other 

experimental parameters such as the scan rate. The conductive polymer films templated 

in Chapter 3 have a unique set of morphologies that have a dramatic impact on the 

electrochemical properties of the polymers. Cyclic voltammetry experiments were 

conducted in order to understand the morphology dependency of electrochemical 

behavior.  

4.2 Cyclic Voltammetry Background 

An indispensable tool used for studying the electrochemical behavior of many 

different chemical species is cyclic voltammetry. What makes this analytical technique so 

useful is that the electrical parameters, such as voltage window or scan rate of an 

experiment, can be well controlled and tailored to the specific conditions needed for the 

analyte. A large variety of properties (examples: redox potentials, diffusion kinetics, 

capacitance values, etc.) of a system can be quickly evaluated with reasonable sample 

sizes. 

In the three-electrode cell configuration commonly utilized in cyclic voltammetry, 

three separate electrodes are immersed in an electrolyte solution (Figure 48). Probing the 

system electrochemically involves application of a potential difference across two 

electrodes, the working electrode (WE) and the counter electrode (CE), while referencing 

the potential to a known redox couple at the reference electrode (RE).101,26 The working 

electrode can have a variety of different shapes and material compositions; in this study 
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the working electrode is an indium tin oxide (ITO) coated glass slide. The counter 

electrode is usually an inert metal (platinum) with high surface area to act as a source and 

sink of electrons. The reference electrode maintains a constant reference voltage in order 

to measure the voltages of the redox processes occurring at the working electrode; the 

Ag/AgCl reference electrode was used for these studies.101,26 A waveform generator 

called a potentiostat (usually controlled using a computer) applies a potential difference 

across the working and counter electrodes. This waveform generator can control the 

voltage window and the rate at which the voltage change is applied. During this process 

the reference electrode maintains a very low input impedance to measure the voltage of 

the system. Depending on the voltage applied, the analyte at the working electrode 

becomes oxidized or reduced. Cations or anions supplied by the electrolyte are necessary 

to aid in charge balancing at the surface of the electrodes and maintain solution 

conductivity. 

 

Figure 48: Experimental set-up for electrochemical analysis of film samples. (WE=working electrode, CE= 

counter electrode, RE= reference electrode) 
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4.3 Theory of Immobilized Redox Centers  

 During a CV experiment, when a potential is applied the species present in 

solution readily diffuse to and from the working electrode surface. Depending on the 

voltage bias, the species present at the surface of the working electrode are either 

oxidized or reduced. Current response of the system is dependent upon the amount of 

analyte present at the surface of the electrode. As an electrochemical process occurs, the 

current response initially rises with increasing amount of analyte (being reduced or 

oxidized) diffusing to the surface of the electrode.101,26 Conversely, the current response 

decreases as the concentration of the redox active species decreases at the electrode 

surface. The Randles-Sevick equation26 captures this relationship: 

𝑖𝑝 = (2.69𝑥105)𝑛3/2𝐴𝐷1/2𝐶𝑏𝜈1/2 (Equation 7) 

 where n is the number of electrons transferred, A is the electrode surface area 

(cm2), D is the diffusional constant (cm2s-1), Cb is the bulk concentration (molcm-3) and ν 

is the scan rate (Vs-1). In a diffusion-controlled electrochemical system the peak current is 

proportional to the square root of the scan rate.101,26 

 In this study, the conductive polymer films are immobilized on the surface of the 

working electrode, so their electrochemical behavior is not expected to be diffusion 

controlled, and the Randles-Sevick equation does not apply.  Instead, the electrochemical 

behavior of the polymer films is described by the theory of surface immobilized redox 

centers.101,26 Assuming the analyte in question is immobilized on the electrode surface, 

then the relationship of peak current to scan rate should follow this equation: 

𝑖𝑝 =
𝑛2𝐹2Г𝜈

4𝑅𝑇
 (Equation 8) 
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 Here, n is the number of electrons transferred, v is the scan rate, F is Faraday’s 

constant (C mol-1), R is the gas constant (J K-1 mol-1), T is the temperature (K), and Г 

represents the total amount of reactant initially present at the electrode surface. An 

important aspect of this equation is that for an analyte that is adhered to the electrode 

surface, the graph of peak current response versus scan rate will produce a linear 

relationship. 

 The importance of the linear relationship for this study comes into play when 

determining if a particular film that is scanned electrochemically behaves according to 

the theory of immobilized redox centers. If a linear relationship between current response 

and scan rate is observed, it is implied that a film is well adhered to the working 

electrode. This is crucial to the experiment because if the process was diffusion 

controlled then the relationship between film electrochemistry and morphology could not 

be determined. 

4.4 Electrochemical Characterization of Polymer Films 

4.4.1 Experimental 

Instrumentation: 

 The potientiosat-software combination used was a Pine Wavenow system 

supported by the Windows-based AfterMath Pine research program (Version 1.2.483). 

The three-electrode configuration was used, and the electrode types are as follows: ITO 

coated glass working electrode, platinum flag counter electrode, and Basi Ag/AgCl 

reference electrode.  

 

 



 

71 

Materials: 

All electrochemical experiments in this study were conducted in aqueous 

solutions (18 MΩ ultrapure water). The supporting electrolyte used was a 0.1M aqueous 

solution of tetra n-butylammonium tetrafluoroborate (TBABF4). TBABF4 was 

recrystallized from a 1,2-dichloroethane/hexane mixed solvent system. Crystals were 

washed with chilled hexane, dried in vacuum at 50°C, sealed in a vial under argon, and 

stored in a dark desiccator prior to use. ITO (indium-tin oxide) coated glass slides 

(surface resistance 8-12 Ω/sq.) were purchased from Delta Technologies. Prior to use, 

ITO slides for electrochemical studies were surface treated according to the 1M HCl 

procedure discussed in Chapter 3 section 3.3.2. 

Cyclic Voltammetry Experimental Parameters: 

A 1.4 V window (-0.2 - +1.2V) was used for all electrochemical experiments. The 

electrolyte solution was bubbled with argon to remove any dissolved gasses prior to the 

experiment. All films (electrochemical analyte) were scanned from 100 mV/s to 500 

mV/s (five different experiments per film). The resulting linear regression coefficients of 

eachscan-rate dependency plot for each film studied are provided in Appendix E (Table 

5).  An example scan-rate dependency plot is shown in Figure 49. 



 

72 

 

Figure 49: Scan-rate dependency plot for a P3HT film templated from chloroform. Linear regression 

coefficient close to 1 implies that the polymer film is well-adhered to the ITO working electrode. 

Gravimetric analysis: 

Post-templating, the ITO glass slides were weighed in triplicate using an 

analytical balance accurate to the fifth decimal place. The film masses were calculated by 

subtracting the mass of the ITO slide from the combined mass of the ITO slide and 

polymer film. Variation in film mass is accounted for in the electrochemical results by 

mass normalization (division of sample current response at each voltage value by the film 

mass in grams). The corresponding current responses in the following cyclic voltammetry 

experiments are presented in milliamps per gram. Film mass data is provided in 

Appendix F. 

4.4.2 Poly(ProDOT-Bu2): 

 The films templated from the poly(ProDOT-Bu2)/CHCl3 solvent system with 

porogens (28%) DMSO, 1,4-dioxane, and ethanolamine were electrochemically analyzed 

at five different scan rates. The data from those experiments are collected in Figure 50 

comparing the electrochemical responses of the films at the 300 mV/s scan rate.  
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Figure 50: Cyclic voltammograms of poly(ProDOT-Bu2) films templated using three different porogens as 

compared to a control film prepared without a porogen. 

 Onset of polymer oxidation occurs around +0.5V relative to the Ag/AgCl redox 

couple. This is consistent for all four films studied. The 1,4-dioxane, ethanolamine, and 

control films (no porogen) all display similar electrochemical responses. Peak current for 

these films approaches approximately 200 mA/g. The DMSO film significantly 

outperforms the other films by at least two-fold in terms of current response.  

 The lack of performance by the ethanolamine film is notable. As can be seen in 

Chapter 3, the ethanolamine-templated films are highly porous. Theoretically, this film 

should display electrochemistry similar to that of the DMSO film. Higher film surface 

area implies greater access to the charge-balancing electrolyte in solution during 

electrochemical doping. While this should allow for increased electroactivity, the 

electrochemical performance of the ethanolamine-templated film is comparable to that of 

the control film. 

 These results imply there is an unseen factor that inhibits electroactivity of 

ethanolamine-templated films. There are a few possible explanations for the lack of 
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performance in these films. One explanation could be minimal contact of the polymer 

with the ITO substrate. This would generate higher series resistance in the 

electrochemical cell thus lowering observed current response. A second explanation is 

that during templating the incorporation of ethanolamine as a porogen has disrupted the 

aggregation formation during droplet drying. It is possible that ethanolamine behaves 

differently than DMSO as an aggregate forming solvent. There is significant evidence in 

the literature of non-solvent incorporation into P3HT solutions introducing 

aggregation.102 Due to differing alkyl chain functionality (two butyl groups attached to 

the cyclic ether), poly(ProDOT-Bu2) most likely behaves differently in terms of 

aggregation in the presence of a non-solvent. More data that shows the formation of 

aggregates in poly(ProDOT-Bu2) is needed before solid conclusions are made for this 

system in terms of the connection between electrochemical behavior and chain 

orientation in the solid state. Cyclic voltammograms of films templated with each 

porogen (ethanolamine, DMSO, 1,4-dioxane) and the experimental control film are 

presented in Appendix G. 

Testing the chemical reactivity of poly(ProDOT-Bu2) with ethanolamine: 

 Another possibility for the low ethanolamine film performance is that the solvent 

may be chemically reacting with the polymer. One of the parameters of porogen choice 

during the pre-screening stage is that the solvent must not chemically react or dissolve the 

polymer. Before ethanolamine was chosen as a porogen a small mass of poly(ProDOT-

Bu2) was placed into a test tube filled with ethanolamine. Ethanolamine was not observed 

to dissolve the polymer.  
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 Chemical reactivity was tested by exposing a set of templated poly(ProDOT-Bu2) 

films (DMSO as a porogen) to ethanolamine. Exposure of the films was accomplished by 

submerging in ethanolamine. This can be visualized in Figure 51 below. 

 

Figure 51: Image of poly(ProDOT-Bu2) films submerged in ethanolamine 

 

 The ethanolamine-exposed films were then rinsed three times with ultrapure 

deionized water, dried in a vacuum oven overnight at 50°C, cooled to room temperature, 

then electrochemically analyzed using the same cyclic voltammetry techniques employed 

with the previously studied films in this chapter. 

 As can be seen in Figure 52, there is a significant drop in current response (almost 

200 mV/g) when comparing a control film that has not been exposed to ethanolamine 

with a film that has been exposed to ethanolamine. This may be due to a chemical 

reaction occurring between the polymer and ethanolamine. The exact nature of this 

reaction is unclear, but it may involve an electrochemically irreversible reaction of the 

polarons and/or bipolarons formed during oxidation with the lone pair of the 
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ethanolamine nitrogen. If the product formed was electrochemically inactive, overall 

polymer electroactivity would decrease.  

 

Figure 52: Comparison of cyclic voltammograms from a control film and one exposed to ethanolamine 

 
The existence of a chemical reaction occurring between ethanolamine and 

poly(ProDOT-Bu2) could be confirmed by experimentation using NMR and/or FT-IR. 

4.4.3 Poly(3-hexylthiophene) 

Chloroform as Solvent (DMSO percentage spread 0%-55%): 

Presented in Figure 53 below is the normalized peak current response of the 

previously investigated porogen spread film study in Chapter 3 using CHCl3 as the 

primary solvent and DMSO as the porogen (0-55 weight percent). As DMSO percentage 

in the graph increases there does not appear to be a significant dependence of current 

response on DMSO percentage. 
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Figure 53: Normalized peak current response for P3HT/CHCl3 films with increasing amounts of DMSO at 

500mV/s. Curve given represents the averaged current response for three tested films at each DMSO 

percentage. 

 The poor quality of templated P3HT/CHCl3 films may be the reason for the lack 

of apparent trends in performance; film failures may result in inhomogeneous doping 

across samples, making film comparison difficult.  

 The CV showing the cycled electrochemical data tells a slightly different story 

(Figure 54). There seems to be a slight trend in the area underneath each CV. This will be 

shown more vividly in the chlorobenzene solvent studies. The morphology investigation 

revealed a relationship between the amount of pores and DMSO percentage. It is possible 

there is a slight increase in surface area when going to higher percentage of DMSO 

samples. This can translate into electrochemical behavior that is more capacitive in 

nature, which can be observed by an increase in area under a CV curve. 
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Figure 54: 100 mV/s scans at different percentages of DMSO (chloroform-based solvent system) 

Control Film Drying Experiment: 

 In the control film drying experiment, the P3HT/CHCl3 stock solution 

(approximately 20 mg/mL) used in the previous templating experiments was deposited 

onto 1M HCl treated ITO glass. Each sample was subjected to a varied drying time by 

modifying the surrounding experimental environment. Film set 1 (each film set is three 

slides) was templated in open air. Film set 2 was templated in the closed annealing 

chamber with no CHCl3 in the chamber. The third film set was annealed in a chamber 

with 40 mL of CHCl3. The films were then electrochemically tested using the same 

experimental parameters as described in the above sections. Each film’s drying time was 

timed. The drying time versus average peak current response at 500 mV/s is presented 

below in Figure 55. Peak current response can be seen to increase with solution drying 

time when solutions are allowed to drying from 1-5 minutes. This is plausible due to the 

time-dependent nature of aggregate formation in P3HT solutions. Additional experiments 

are needed to establish a trend (or lack of trend) between film current response and the 

presence of aggregates in film samples. More data points are needed to establish the true 
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current response range for films that are allowed to dry for 0.5 minutes. There is a distinct 

outlier in the data-set for the 0.5 minute films (approximately 33 mA/g) adding to large 

error in the calculated average current response. It is hard to say for certain whether or 

not this outlier is an experimental artifact or a real physical phenomenon. 

 

Figure 55: Peak current response of films annealled using three different experimental conditions. From the 

left of the curve (green) represent the open air trial, (blue) is the “in chamber” trial, and (yellow) is the 

“annealed in 40 mL CHCl3” trial. The averaged drying time is shown as a curve with error bars. 

Chlorobenzene as Solvent (DMSO percentage spread 0%-55%): 

 Revisiting the chlorobenzene morphology studies in Chapter 3 shows that these 

films follow a much more distinct trend in pore formation relative to the CHCl3 trials. 

Even though pore formation shifts to different regions of the film with increasing DMSO 

concentration, there is a clear change in film morphology. There is a possibly a co-

continuous aspect to pore formation at certain percentages in these films. Normalized 

peak current responses at 500 mV/s (Figure 56) show that the electrochemical responses 

of the chlorobenzene films are much more reproducible than those of the CHCl3 films. 

There is still not a very strong trend in current response with respect to DMSO 

percentage. There seems to be an initial increase in current response going from 0%-15% 

DMSO, and a maximum current response at 38%. Increasing current response as porogen 
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concentration is increased, followed by decreasing current response, could be indicative 

of reaching the optimal, co-continuous morphology as porogen concentration increased, 

followed by transitions on to less ideal morphologies at higher concentrations as shown 

in Figure 20. 

 

Figure 56: Normalized peak current response of chlorobenzene films with increasing DMSO percentage at 

500mV/s. Curve given represents the average current response from three tested films. 

 
The CV overlay showing different electrochemical responses of films templated 

from increasing percentages of DMSO is shown in Figure 56. The CV data show that 

with an increase in DMSO percentage going from 0%-15% DMSO there is an increase in 

the area under the CV (capacitive behavior) between the cycle data. This can most likely 

be attributed to the increase in porosity going from the 0% to 15% film. Electrolyte can 

most likely only dope the surface of the control (0%) film. With the introduction of 

porosity in the 15% film comes the increased surface area and availability of P3HT 

chains for doping. More experimentation is needed to confirm an increase in film surface 

area with increasing DMSO percentage in the templating solution. 
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Figure 57: Cyclic voltammogram overlay of P3HT/chlorobenzene film behavior (0-55% DMSO) at 100 

mV/s. Notice the large increase in surface area underneathe the CV going from 0% DMSO to 15% DMSO 

Comparison of Solvent Systems: 

 There is an interesting observation when comparing the averaged film current 

responses for both chloroform and chlorobenzene solvent systems across 10 to 45 percent 

DMSO; the chlorobenzene solvent system produces films that significantly outperform 

films templated from a chloroform-based system by approximately 400 mA/g on average 

(Figure 58). 

 

Figure 58: Comparison of averaged film current response from chloroform and chlorobenzene solvent 

systems as a function of DMSO percentage. 
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In addition to greater overall current response at each percentage of DMSO (with 

the exception of 0% and 55%), the chlorobenzene-based solvent system films are 

statistically more reproducible. This reproducibility can be observed by looking at the 

error associated with each data point in the comparison graph. The one data point that 

displays large error in the chlorobenzene system is that of the 45% DMSO trial. The 

normalized current response data for each percentage of DMSO used to calculate the film 

current response averages is available in Appendix H along with corresponding relative 

standard deviation values. It is worthwhile to note that experimentally more data points 

are needed (possibly upwards to 10 separate trials) at each DMSO percentage (for both 

solvent systems) in order to draw stronger conclusions. While it can be seen that the 

relative standard deviation of the data points at each DMSO percentage drops going from 

the chloroform-based solvent system to that of chlorobenzene, deviations in the 

chlorobenzene experiment are still relatively high.  

 Another noteworthy observation is that at 55% DMSO the area under the CV for 

the chlorobenzene film is significantly larger than that of the chloroform film. As stated 

before in Chapter 3, the chlorobenzene films show a larger amount of pore formation that 

may constitute a larger surface area available for electrochemical doping that result in a 

more capacitive behavior (Figure 59).  
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Figure 59: Comparison of cyclic voltammograms from two films templated from chloroform and 

chlorobenzene (55% DMSO) at the 100 mV/s scan rate. 
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5. CONCLUDING REMARKS 

5.1 Monomer Synthesis & Polymerization 

Characterization of both polymers (P3HT and poly(ProDOT-Bu2)) using FT-IR 

and NMR show good agreement with the spectra reported in the literature. The only 

discrepancy found is in the poly(ProDOT-Bu2) NMR spectrum. The assumed peak at 

approximately 3.98 ppm (protons adjacent to oxygens in cyclic ether ring) is very broad 

and not reflective of the sharp peak identified in the literature. It was argued in the 

literature reference that deuterated chloroform reacts with the polymer. The solution to 

the problem of reactivity with deuterated chloroform was to use deuterated benzene 

instead. 

P3HT molecular weight determination utilizing the GPC technique show that the 

�̅�n and �̅�w of the polymer are approximately 38,713 and 55,436 g/mol respectively. This 

indicates around 230 repeat units (Xn). Polydispersity index for the polymer was 

calculated to be 1.432. 

Molecular weight determination for poly(ProDOT-Bu2) using MALDI-TOF-MS 

indicates �̅�n and �̅�w values for the polymer to be 3,974 and 4,174 g/mol respectively. The 

average number of repeat units for the polymer was found to be about 15. Polydispersity 

index was calculated to have a value of approximately 1.05. 

Notable differences in molecular weight between P3HT and pol(ProDOT-Bu2) 

can be explained by the possible difference in coordination with the nickel catalyst for 

each monomer (electron rich nature of ProDOT-Bu2). The larger PDI for P3HT is most 

likely a result of the low solubility of larger chains in solution during polymerization 

(>30,000 g/mol). 
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5.2 Electroactive Polymer Morphology Control 

It is observed that the relationship between percentage of DMSO and pore 

formation predicted from block-copolymer models does not exist unless the polymer 

solution drying physics are well controlled. Even with carefully controlled experimental 

parameters, the structural relationship is still not directly comparable to copolymer 

percentage experiments. Polymer films produced via templating protocols give way to a 

variety of unique morphologies that are highly dependent on the solvent system used, 

surface treatment of the substrate, and experimental drying conditions. Marangoni drying 

effects dictate where polymer and porogen migrate in the droplet. This places a crucial 

role in final film morphology. Aggregation of P3HT chains is evident in all CHCl3 

templated film samples as observed by UV-vis experiments. Solution state aggregation is 

also present in CHCl3/DMSO systems. The P3HT/chlorobenzene/DMSO system that has 

shortened drying time produces the most uniform and predictable film morphologies. 

Pore formation tends to accumulate in the central regions of the film at lower percentages 

of DMSO, and near the edges at higher percentages. Even though pore formation is 

segregated to specific regions of the film, there is a trend in the localization and number 

of pores that indicate the potential ability to control where and how pores form.  

5.3 Electrochemical Analysis of Polymer Films 

 P3HT films templated from a chlorobenzene/DMSO solvent system generate 

films that have statistically more predictable and reproducible current responses as 

compared to films templated from the chloroform/DMSO solvent system. There is a 

notable increase in area under the CV for films templated with porogen as compared to 

films templated without porogen (example: 0% DMSO to 15% 
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DMSO/P3HT/chlorobenzene system). In addition, films templated using chlorobenzene 

also display larger areas under the CV when comparing to chloroform templated 

counterparts (example: 55% DMSO/P3HT/chlorobenzene versus 55% 

DMSO/P3HT/chloroform). This may indicate that chlorobenzene films have larger 

surface area present for charge balancing interactions with the electrolyte.   

 The poly(ProDOT-Bu2) films templated with 28% ethanolamine may provide 

some explanation as to why some films are enhanced electrochemically upon templating 

with a porogen and some are not. Ethanolamine templating did not result in the expected 

enhanced electrochemical response due to increased film porosity. Chemical reaction 

between ethanolamine and poly(ProDOT-Bu2) may be occurring, and this may contribute 

to the lack of film performance when templated with ethanolamine. It is also possible that 

there exists a balance between the charge transport characteristics of the film and the 

morphology.  

 It was observed that electrochemical response could be increased by 

approximately 2-fold with the presence of the porogen DMSO for both polymer systems. 

The first example of this observation is with the poly(ProDOT-Bu2) experiments. Control 

films (no porogen) performed in the 150-200 mA/g range, while post-templating with 

28% DMSO saw an increase in the current response to around 400-450 mA/g. The P3HT 

experiment example of this current response increase can be shown with the 

chlorobenzene solvent system (0-55% DMSO). Control films performed around 900-

1000 mA/g, while films templated with DMSO saw a consistent current response 

increase to about 1700-2000 mA/g. This is not as significant an increase seen in the initial 
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BBL/EMI-BTI experiments (30-fold increase in current response with porogen), but it is 

still notable. 

5.4 Future Work/Suggested Experiments 

 Chlorobenzene seems to be a promising solvent for P3HT, and fine tuning of the 

drying conditions could lead to more consistent co-continuous pore formation and 

statistically more reproducible current response data. Spectroscopic studies are needed to 

probe the nature of the interaction between ethanolamine and poly(ProDOT-Bu2). 

 A problem with the experimental design in this thesis was the need to carefully 

template on a limited surface area of ITO glass (smaller films could be completely 

submerged in electrolyte solution). Two problems are created from having to template on 

a limited surface area. One problem is that film masses had to be large enough to measure 

and use in normalization during CV experiments. A balance had to be found between 

film size and the ability of the film to be submerged completely in electrolyte solution. 

Problem two was that in limiting film mass, this ultimately limited the number of 

templating techniques and film characterization methods that could be employed. For 

example, one major drawback of this body of work is that film porosity quantification 

was a major challenge. Common porosity measurement techniques such as gas isotherm 

analysis require a larger sample size then possible in our approach with smaller ITO 

glass. If film mass is limited due to the available surface area of the ITO glass, then 

characterization using these instruments that require larger sample sizes is not possible. 

 The solution to the ITO surface area problem is fairly simple. Using ITO glass 

with larger dimensions would allow for more polymer to be deposited during templating. 

If the mass deposited from solution could be approximated with the amount of surface 
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area available during templating, then film masses could be calculated to allow for 

characterization of porosity in those instruments that require larger sample sizes. 

 Experiments that allow for better quantification and characterization of polymer 

aggregation are needed in order for more connections to be made with film electrical 

performance (polarimetry, differential scanning calorimetry, tunneling electron 

microscopy, atomic force microscopy). It is possible that aggregates present in the film 

have an effect on electricochemical performance, but at this time all that can be stated is 

that aggregation is present in all P3HT films with no strong connection to CV data. A 

good experiment would be to quantify the P3HT aggregation (Using UV-vis or other 

techniques) in a situation similar to that of the “Control Film Drying” study (C hapter 4, 

page 74). The goal would be to produce films that had controllable levels of aggregation. 

The films could then be electrochemically tested to find current response. The current 

response would then be plotted versus aggregation level in the films. 

 Finally, additional studies are needed to probe the use of GRIM polymerization 

with ether-substituted monomers. Identification of any undesirable interactions between 

the catalyst and the monomers is necessary. Alternative coupling reactions should be 

investigated to improve polymer chain lengths of these desirable electron-rich polymers. 
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APPENDIX A: FT-IR SPECTRA FOR P3HT AND POLY(PRODOT-BU2) 

A.1 FT-IR spectrum of synthesized P3HT 
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A.2 FT-IR spectrum of synthesized poly(ProDOT-Bu2)  
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APPENDIX B: 1H NMR SPECTRA FOR P3HT AND POLY(PRODOT-BU2) 

B.1 1H NMR spectrum of synthesized P3HT 

 

 

 

a 
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B.2 1H NMR spectrum of synthesized poly(ProDOT-Bu2) 
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APPENDIX C: MOLECULAR WEIGHT DETERMINIATION DATA FOR P3HT 

AND POLY(PRODOT-BU2) 

C.1 MALDI-TOF-MS data for synthesized poly(ProDOT-Bu2). Peaks are labeled in the 

spectrum (peaks: #1-14) 
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C.2 MALDI-TOF-MS poly(ProDOT-Bu2) data. Molecular weight data is presented 

alongside corresponding peak number in spectrum (F.1 above).  

Note: conversion factor is ≈ 34.48 iu/cm (iu = intensity units) 

Table 4: MALDI-TOF-MS Data (Poly(ProDOT-Bu2) 

Peak # Ni (cm) Ni (iu) Mi (Mi)2 NiMi Ni(Mi
2) 

1 2.85 198.2759 2475.358 6127397 490803.7 1214914968 

2 5.60 293.1034 2742.258 7519979 803765.3 2204131758 

3 10.7 468.9655 3009.158 9055032 1411191 4246497704 

4 14.85 612.069 3276.058 10732556 2005173 6569064460 

5 16.20 658.6207 3542.958 12552551 2333465 8267370053 

6 15.05 618.9655 3809.855 14514995 2358169 8984281463 

7 11.40 493.1034 4076.755 16619931 2010262 8195345449 

8 9.70 434.4828 4343.655 18867339 1887243 8197533392 

9 7.25 350.0000 4610.555 21257217 1613694 7440026093 

10 5.75 298.2759 4877.455 23789567 1454827 7095853688 

11 3.65 225.8621 5144.355 26464388 1161915 5977301510 

12 3.60 224.1379 5411.255 29281681 1212868 6563135324 

13 2.10 172.4138 5678.155 32241444 978992.2 5558869690 

14 2.10 172.4138 5945.055 35343679 1025009 6093737751 
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C.3 P3HT GPC computer data image (P3HT molecular weight data is presented in 

image) 
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APPENDIX D: MICROSCOPY OF TEMPLATED FILMS 

Microscopy of templated films (SEM and optical microscopy) is presented with polymer 

name and solvent system. 

Poly(ProDOT-Bu2)/CHCl3 film 

D.1 Poly(ProDOT-Bu2) film templated with no porogen using chloroform as the solvent. 

   

   

 
 

 

 

Poly(ProDOT-Bu2)/CHCl3/28%DMSO film 

 

D.2 Poly(ProDOT-Bu2) film templated with 28% DMSO in solution using chloroform as 

the solvent. (See following page) 

A B C 
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Poly(ProDOT-Bu2)/CHCl3/28% 1,4-dioxane film 

D.3 Poly(ProDOT-Bu2) film templated with 28% 1,4-dioxane using chloroform as the 

solvent. 

 

 

   

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Poly(ProDOT-Bu2)/CHCl3/28% ethanolamine 

D.4 Poly(ProDOT-Bu2) film templated with 28% ethanolamine using chloroform as the 

solvent. (See following page) 
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Poly(ProDOT-Bu2)/CHCl3 solvent system (0-55% DMSO) 

0% DMSO film 

D.5 P3HT film templated with no porogen using chloroform as the solvent. 

 

 

 

15% DMSO film 

D.6 P3HT film templated with 15% DMSO using chloroform as the solvent. (See 

following page) 

A B C 
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25% DMSO film 

D.7 P3HT film templated with 25% DMSO using chloroform as the solvent. 

 

 

 

 

A B C 

A B C 
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32% DMSO film 

D.8 P3HT film templated with 32% DMSO using chloroform as the solvent. 
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38% DMSO film 

D.9 P3HT film templated with 38% DMSO using chloroform as the solvent. 

 

 

 

45% DMSO film 

D.10 P3HT film templated with 45% DMSO using chloroform as the solvent. 
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55% DMSO film 

D.11 P3HT film templated with 55% DMSO using chloroform as the solvent. 

 

 

 

 

 

 

 

 

 

 

0% DMSO film 

D.12 Optical images (top) presented with SEM images (bottom) of P3HT film templated 

(no DMSO present in solution) using chlorobenzene as the solvent. (See following page) 

A B C 
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15% DMSO film 

D.13 Optical images (top) presented with SEM images (bottom) of P3HT film templated 

with 15% DMSO using chlorobenzene as the solvent. (See following page) 
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25% DMSO film 

D.14 Optical images (top) presented with SEM images (bottom) of P3HT film templated 

with 25% DMSO using chlorobenzene as the solvent. (See following page) 
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32% DMSO film 

D.15 Optical images (top) presented with SEM images (bottom) of P3HT film templated 

with 32% DMSO using chlorobenzene as the solvent. (See following page) 
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38% DMSO film 

D.16 Optical images (top) presented with SEM images (bottom) of P3HT film templated 

with 38% DMSO using chlorobenzene as the solvent. 
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45% DMSO film 

D.17 Optical images (top) presented with SEM images (bottom) of P3HT film templated 

with 45% DMSO using chlorobenzene as the solvent. (See following page) 
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55% DMSO film 

D.18 Optical images (top) presented with SEM images (bottom) of P3HT film templated 

with 55% DMSO using chlorobenzene as the solvent. 
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APPENDIX E: LINEAR REGRESSION DATA 

E. Film type (with film number (#1-3) in parentheses) is presented with regression 

coefficient for that film. A coefficient close to unity implies proper film adhesion to ITO. 

Key: Film = A/B/C: where A = polymer, B = solvent, C = percentage of porogen  

Table 5: Linear Regression Data 

Film poly(ProDOT-

Bu2)/CHCl3 

 

(1) 

poly(ProDOT-

Bu2)/CHCl3 

 

(2) 

poly(ProDOT-

Bu2)/CHCl3/ 

28% DMSO 

(1) 

poly(ProDOT-

Bu2)/CHCl3/ 

28% DMSO 

(2) 

poly(ProDOT-

Bu2)/CHCl3/28%            

1,4-dioxane 

(1) 

r2 0.8774 0.9273 0.9984 0.9999 0.9874 

Film poly(ProDOT-

Bu2)/CHCl3/28% 

1,4-dioxane 

(2) 

poly(ProDOT-

Bu2)/CHCl3/28% 

ethanolamine 

(1) 

poly(ProDOT-

Bu2)/CHCl3/28% 

ethanolamine 

(2) 

P3HT/CHCl3 

 

 

(1) 

P3HT/CHCl3 

 

 

(2) 

r2 0.9962 0.9866 0.9497 0.9985 0.9978 

Film P3HT/CHCl3 

 

(3) 

P3HT/CHCl3/ 

15% DMSO  

(1) 

P3HT/CHCl3/ 

15% DMSO 

 (2) 

P3HT/CHCl3/ 

15% DMSO  

(3) 

P3HT/CHCl3/ 

25% DMSO 

 (1) 

r2 0.9988 0.9897 0.9936 0.9906 0.9934 

Film P3HT/CHCl3/ 

25% DMSO 

 (2) 

P3HT/CHCl3/ 

25% DMSO 

 (3) 

P3HT/CHCl3/ 

32% DMSO  

(1) 

P3HT/CHCl3/ 

32% DMSO  

(2) 

P3HT/CHCl3/ 

32% DMSO  

(3) 

r2 0.9988 0.9988 0.9989 0.9974 0.9968 

Film P3HT/CHCl3/ 

38% DMSO  

(1) 

P3HT/CHCl3/ 

38% DMSO  

(2) 

P3HT/CHCl3/ 

38% DMSO  

(3) 

P3HT/CHCl3/ 

45% DMSO  

(1) 

P3HT/CHCl3/ 

45% DMSO  

(2) 

r2 0.9955 0.9993 0.9956 0.9983 0.9995 

Film P3HT/CHCl3/ 

45% DMSO  

(3) 

P3HT/CHCl3/ 

55% DMSO  

(1) 

P3HT/CHCl3/ 

55% DMSO  

(2) 

P3HT/CB 

 

(1) 

P3HT/CB 

 

(2) 

r2 0.9984 0.9957 0.9972 0.9935 0.9983 

Film P3HT/CB 

  

(3) 

P3HT/CB/ 

15% DMSO  

(1) 

P3HT/CB/ 

15% DMSO 

(2) 

P3HT/CB/ 

15% DMSO 

(3) 

P3HT/CB/ 

25% DMSO 

(1) 

r2 0.9903 0.9987 0.9978 0.9972 0.9984 

Film P3HT/CB/ 

25% DMSO 

(2) 

P3HT/CB/ 

25% DMSO  

(3) 

P3HT/CB/ 

32% DMSO 

(1) 

P3HT/CB/ 

32% DMSO 

(2) 

P3HT/CB/ 

32% DMSO  

(3) 

r2 0.9976 0.9950 0.9985 0.9988 0.9978 

Film P3HT/CB/ 

38% DMSO 

(1) 

P3HT/CB/ 

38% DMSO 

(2) 

P3HT/CB/ 

38% DMSO 

(3) 

P3HT/CB/ 

45% DMSO 

(1) 

P3HT/CB/ 

45% DMSO 

(2) 

r2 0.9964 0.9977 0.9957 0.9991 0.9978 

Film P3HT/CB/ 

45% DMSO 

(3) 

P3HT/CB/ 

55% DMSO 

(1) 

P3HT/CB/ 

55% DMSO 

(2) 

P3HT/CB/ 

55% DMSO 

(3) 

 

r2 0.9431 0.9997 0.9989 0.9993  
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APPENDIX F: GRAVIMETRIC ANALYSIS DATA 

F.1 Mass data for templated poly(ProDOT-Bu2) films (chloroform as solvent) 

 

F.2 Mass data for templated P3HT films (chloroform as solvent) 
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APPENDIX G: POLY(PRODOT-BU2) EXPERIMENTAL CV DATA 

 

G.1 Control film CV data (poly(ProDOT-Bu2) film templated from chloroform solution 

with no porogen present.  

 

G.2 CV experimental data of poly(ProDOT-Bu2) film templated from chloroform 

solution with 28% 1,4-dioxane. 
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G.3 CV experimental data of poly(ProDOT-Bu2) film templated from chloroform 

solution with 28% DMSO. 

 

G.4 CV experimental data of poly(ProDOT-Bu2) film templated from chloroform 

solution with 28% ethanolamine. 
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APPENDIX H: NORMALIZED PEAK CURRENT RESPONSE DATA FOR P3HT 

EXPERIMENTS 

H. Tabulated normalized current response data for two different solvent systems: 

chloroform and chlorobenzene (0-55% DMSO as porogen) 

Table 6: Normalized Peak Current Response Data for P3HT Experiments 

Percentage 

DMSO 

CHCl3 

Current Response 

Averages 

(mA/g) 

Normalized 

Peak 

Current 

Response 

(mA/g) 

Relative 

Standard 

Deviation 

(+/- %) 

Chlorobenzene 

Current 

Response 

Averages 

(mA/g) 

Normalized 

Peak 

Current 

Response 

(mA/g) 

Relative 

Standard 

Deviation 

(+/- %) 

 

0 

 

 

992 

1109.954  

11 

 

961 

864.514  

11 902.640 938.922 

962.916 1078.311 

 

15 

 

 

1414 

1173.583  

24 

 

1734 

1707.165  

5 1262.308 1661.142 

1806.712 1833.987 

 

25 

 

 

1014 

1137.082  

27 

 

1751 

1749.192  

0.2 697.622 1748.667 

1207.533 1754.041 

 

32 

 

 

1319 

1544.924  

17 

 

1723 

1931.577  

11 1100.716 1591.414 

1310.795 1645.337 

 

38 

 

 

1244 

1349.680  

8 

 

1950 

2089.388  

6 1242.035 1892.871 

1140.461 1868.336 

 

45 

 

 

1218 

941.905  

20 

 

1882 

1576.237  

16 1323.65 1892.398 

1389.714 2177.546 

 

55 

 

 

1702 

1476.729  

19 

 

1732 

1617.098  

9 1926.635 1898.416 

 1680.889 
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