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SUMMARY

Intrinsically conducting polymers (ICPs) with high mechanical strength and electrical
conductivity are attractive for several applications spanning the fields of energy, defense, and
transportation. Electrochemically processed polythiophene (PTh) films are a class of ICPs that
have been demonstrated recently to possess electrical conductivities as high as 1,300 S/cm and
stronger than common types of processed aluminum foils. While these results are promising, the
electrical conductivity of PTh is still low compared to metals and the effects of important process
conditions such as electrode resistance, distance between working and counter electrodes, and
thiophene concentration on the structure and physical properties of electrochemically processed
PTh films must be investigated in detail. In this work, electrode resistance and inter-electrode
distance were demonstrated to be inversely proportional to the charge efficiency for PTh film
growth. A critical concentration of thiophene that produced films with the highest conductivity
was also revealed. Anionic surfactants sodium dodecyl sulfate (SDS) and sodium
dodeclybenzene sulfonate (SDBS) were used, with and without a proton scavenger, in the Lewis
acid boron trifluoride diethyl etherate (BFEE) electrolyte, which allows polymerization of
thiophene at low oxidation potentials, to enhance the ordering and conjugation length of PTh
through stabilization of the radical cation of thiophene via the dodecyl chain of the anionic
surfactants. X-ray diffraction spectra revealed enhanced order and packing when surfactant was
used during the processing of PTh films, and measured electrical conductivities were increased
by as much as 300% because of the surfactant-mediated structural improvements. Necking
behavior observed in tensile test of PTh films with anionic surfactant additives also suggests

chain alignment and increased chain length.
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1. INTRODUCTION

The optical, electrical, and mechanical properties of conjugated or intrinsically
conducting polymers (ICPs) can be tailored by using different electrolytes, monomers, reduction-
oxidation potentials, and dopants, which makes ICPs excellent candidates for a wide variety of
applications. The discovery of electrical conductivity in polyacetylene upon doping with electron
acceptors and electron-donors like iodine or arsenic pentafluoride by Heeger, MacDiarmid, and
Shirakawa [1, 2] in 1977 was awarded the Chemistry Noble Prize in 2000. Intensive studies of
different polymers, such as polyacetylene (PAL), polyaniline (PA), polypyrrole (PPy), and
polythiophene (PTh), have been done since the seminal work of Heeger, MacDiarmid, and
Shirakawa. Unlike conducting polymer composites that are a physical mixture of an insulating
polymer and conductive fillers, ICPs can possess conductivities that are several orders of
magnitude higher than conducting polymer composites because of the delocalization of n-bonded
electrons in the polymer backbone [3]. ICPs are semiconductor with electrical conductivities in
the range of metal (1-10° S/cm) with doping.

ICPs, such as PAL, PA, PPy, and PTh, have received a great deal of attention due to their
broad application potential including but not limited to thermoelectric materials [4, 5],
electrochromic displays [6, 7], light-emitting diodes [8, 9], photovoltaic cells [10, 11], and field-
effect transistors [12, 13]. Several studies in the area of organic electronic devices attracted
researchers because the organic materials have the potential to be more facile and economical to
manufacture and more cost effective compared to inorganic electronics [14, 15]. The flexibility
of polymer electronics is also attractive.

Conductivity of a solid at a macroscopic scale is represented by Eq. 1.1



oc=nqu Eq. 1.1
where, n is the density of charge, ¢ is the charge, and u is the mobility of the carries. ICPs are
semiconductor materials with conductivities in the range of 107 to 10° S/cm. The charge density
in metals is much higher than in ICPs. However, the charge mobility in metals is lower than that
of ICPs because charge mobility in metals is limited by a high rate of collision [16]. The current
density in ICPs, unlike metal, is limited by the number of dopants in its conjugated polymer
chain, so the charge transport in the polymer must be fast in order to have a high conductivity. It
is well known that the molecular structure of polymers, i.e. chain-alignment, is an important
factor in determining the physical properties of the polymer [17]. This is also true in ICPs,
where chain alignment has been shown in several studies to affect the mechanical strength and
electrical conductivity. While much progress has been made on understanding the structure-
property relationship in ICPs, significant efforts are still required to improve the electrical and
mechanical properties of ICPs in order for them to be used in various applications, which has
been proven to be a daunting challenge [8, 18-20]. Therefore, the work in this thesis is focused
on improving the molecular alignment and optimizing the conditions for scaling up the synthesis
of PTh films, which have been demonstrated to posses the best combination of mechanical and
electrical properties in an air-stable ICP [21-23].

PTh can be prepared by electrochemical polymerization [24-28] or chemical oxidation
[20, 29]. Electrochemical polymerization typically yields films with more oriented structure than
the chemical oxidation method because more cross-linking occurs during chemical oxidation
[30]. In addition, a free-standing film can be electropolymerized directly on the working
electrode without any post-processing. The thickness, morphology, and the rate of reaction can

be controlled instrumentally via the electrochemical parameters. Electrochemical deposition also



has the advantage of providing fast and accurate information on the characteristics and properties
of deposited film [30].

Electrochemical routes offer the ability to control molecular arrangement; yet the
insolubility of thiophene in aqueous solution creates a challenge where limited electrolytes are
available. Nonaqueous organic solvents like acetonitrile (CH3CN), with different supporting
salts have been used as the reaction medium for thiophene electropolymerization [6, 27, 31, 32].
However, polymer films synthesized in acetonitrile have relatively low conductivity (10-20
S/cm) and poor mechanical strength because the oxidation potential of the monomer (1.7 V vs.
SCE) is higher than the potential required to overoxidize the PTh — this is the so called PTh
paradox [33]. Alternatively, PTh films deposited in aqueous acid solutions such as H3PO,4 [34]
and HClOy4 [35] at lower oxidation potential, 1.05 V and 0.9 V, respectively, have poor film
conductivity (0.1 — 1 S/cm) due to low doping level. Thiophene is unstable in strong acidic
solvents, so an acid-initiated additive polymerization may take place resulting in a non-
conjugated polymer. Solvated Lewis acid boron trifluoride diethyl etherate (BFEE) was used
recently to synthesize PTh films with electrical conductivities as high as 100 S/cm and tensile
strength of 140 MPa [26]. The drawback of using BFEE is that the solution is moisture sensitive
and the presence of water during electropolymerization can degrade the quality of the
synthesized PTh due to the formation of hydrogenated thiophene ring [36].

The electrical conductivity and mechanical properties of PTh films produced
electrochemically depends on the oxidation potential applied during deposition, thiophene
radical cation stability in the solution, and the amount and type of doping in the film. The
addition of surfactants into the polymerization medium has been shown to lower the oxidation

potential of thiophene [37] and stabilize charged species such as anion or cation radicals [19, 38].



Additionally, the anionic surfactants sodium dodecyl sulfate (SDS) and sodium
dodecylbenzenesulfonate (SDBS) mixed into electropolymerization medium were shown to
orient the molecular structure of polypyrrole under the controlled current density and surfactant
concentration [39].

This thesis addresses a method of controlling the electropolymerization and enhancing
molecular ordering of PTh films to have exceptional electrical and mechanical properties. While
PTh films are attractive for several applications, the findings and techniques presented in this
study of PTh films can be used to guide the electrochemical synthesize of different ICPs that
may be more attractive for a broader set of applications (e.g., poly (3-hexylthiophene) or poly
(3,4-ehylenedioxylthiophene)); thus one may consider the PTh films studied here as “model
systems” for the electropolymerization process of ICPs with similar chemical structure. The
goals of this thesis are accomplished by first presenting a review of the theoretical background
for PTh electropolymerization and its associated experimental technique and characterization
methods, then, systematically studying the effect of electrode and electrolyte preparation, inter-
electrode distance, and thiophene concentration. A significant effort is devoted to understand the
effects of anionic surfactants and 2,6-di-tert-butylpyridine (DTBP) mixed in BFEE on the

structural order, quality, electrical, and mechanical properties of PTh films.

1.1 Charge Transport in Polythiophene Films
The addition or removal of electrons in conjugated polymer distorts the molecular
structure producing specific energy levels called solitons, polarons, and bipolarons, depending on
the doping level and the polymer structure [40]. The solitons conduction mechanism is suitable

for ICPs with degenerate ground states such as polyacetylene. The polyheterocyclic polymers,



i.e. PTh and PPy, only have one ground state, so polaron(s) and bipolaron(s) are the more likely
conduction mechanisms in the polymers. Polaron(s) and bipolaron in the PTh are shown in

Figure 1.1.

BIPOLARON

Figure 1.1: Polaron and bipolaron of PTh.

The process of formation of the polaron and bipolaron state is explained here based on
the oxidation route which removes an electron from the polymer chain. When an electron is
removed from the backbone, a free radical cation and a positive charge are produced; this is
called a polaron (see Figure 1.1). The positive charge is then satisfied by the counter ion from the
electrolyte. This process creates two non-degenerate ground states, aromatic and quinoid
thiophene shown in Figure 1.2. The number of polarons increases to a certain extent with further
doping and two nearby polarons combine and form a bipolaron that is more energetically
favorable [40, 41]. A large number of bipolarons is generated at high doping levels and the
overlapping produces bipolaron energy bands shown in Figure 1.3. In the undoped state, the PTh
bandgap is 2.2 eV and PTh is insulating. Upon further doping, the highest occupied molecular

orbital (HOMO) shifts upward by 0.61 eV and the lowest unoccupied molecular orbital (LUMO)



shifts downward by 0.71 eV to form bipolaron state, which makes the PTh conductive. The
bipolaron states overlap at higher doping concentration and form bipolaron bands (0.19 to 0.21

eV) that lower the effective band gap, increasing the conductivity of the film further [42].
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Figure 1.2: Aromatic and quinoid form of thiophene.

Conduction
Band
e IO.71eV :
2.2eV
_ IO.GleV —
Valence
Band
Neutral Polaron Bipolaron Bipolaron
State Bands
Dopinglevel

Figure 1.3: Band structure of ICPs with one ground state.

The concept of polarons and bipolarons is used to explain the mechanism of intra-chain
charge mobility. These mechanism only explain part of the charge transport in ICP because the
length of a conjugated polymer chain is usually in the range of 30 to 60 units[11] which
corresponds to 15.6 to 31.2 nm for PTh; therefore, charge transport between chains must also be
considered. This transport is best described by a “hopping” process similar to the process in

redox polymers where electrons travel between occupied and unoccupied sites of one redox state



as shown in Figure 1.4 [11]. Intra-chain charge carrier transport is faster than inter-chain
transport. Therefore, films with highly ordered and long conjugated polymer chains are expected

to produce the highest electrical conductivities.

Figure 1.4: Inter-chain charge transport from bipolaron to neutral state chain.

1.2 Electropolymerization of Thiophene

The concept of doping distinguishes ICPs from all other types of polymers. The doping
of conducting polymer is different than the doping process used in the semiconductor industry;
the doping reaction in ICPs are redox reactions where p-doping is the oxidation doping reaction
and n-doping is the reduction doping reaction. The doping charge is supplied by the electrode to
the polymer, while oppositely charged ions migrate from the electrolyte to balance the electronic
doping charge; this process resembles an electrochemical cell.

The electrolytic cell system used for polymer deposition in this study is shown Figure
1.5. Potential or current was applied to the cell to start the electrochemical process. There are
three methods of deposition: galvanostatic or chronopotentiometry (CP), potentiostatic or
chronoamperometry (CA), and potentiodynamic or cyclic voltammetry (CV). When ICP films

are grown with CV, the polymers undergo constant changes between the doped (reduction or



oxidation) and neutral state which causes formation of disordered chains resulting in films with
decreased electrical conductivities in the films. However, CV is very useful for investigating the
preliminary polymerization conditions. It was used it this study for this purpose. CP and CA are
more suitable for producing films with well-ordered structures compare with CV because the
polymer does not undergo redox cycles and the ICP is in the doped state during the entire

deposition.
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Figure 1.5: Electrolytic cell used to deposit PTh film.

The mechanism of the electrochemical polymerization remains the same for both CP and
CA [43]. In the beginning, the dimerization process [44], shown in Figure 1.6, occurs on the
electrode first because PTh has a very high rate constants of dimerization [44, 45]. CP is used to
maintain constant current during deposition, which controls the diffusion rate of the monomer on
the working electrode. The main features of electropolymerization using CP are that the potential
decreases initially in a short period then increases to reach a maximum, and this is followed by a

continuous decrease in potential. The initial decrease in potential is related to the charging of the



double layer capacitance. The increase in potential that follows is due to nucleation of ICP on the
working electrode. Charged oligomers on the electrode catalyze the oxidation of monomers as
the film increases in thickness and this process decreases the oxidation potential. Figure 1.7
shows a typical plot of potential versus time for the deposition of PTh using CP. CA is used to
maintain constant potential during deposition providing constant thermodynamics during
deposition. The current decreases initially in a short period with CA deposition as the double
layer capacitance is established. The current increases to a maximum during nucleation of the
ICP film, which follows the formation of the double layer. The nucleation step is followed by
successive oxidation of monomer, which decreases the current. Figure 1.8 shows a typical plot of
current versus time for deposition using CA. The last step of polymerization using CP and CA
deposition is the solid-state polymerization process [43] where some time is required for the

formation of a continuous film after the electrochemical process is stopped.
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Figure 1.6: Dimerization of PTh.
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Figure 1.8: Chronoamperogram of 30 mM thiophene in BFEE with 5 mm inter-electrode

distance at 1.3 V.

Deposition of PTh with CP and CA was conducted at a constant current of 1 mA/cm” and
constant potential of 1.3 V, respectively, to compare the effect of this processing choice on the
ability to control the deposition process. Figure 1.9 shows that potential and current during

deposition of PTh in our experimental system is more reproducible with CP processing than with
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CA processing. This result suggested that it is easier to control electrode kinetics than
thermodynamics in our experimental setup. Figure 1.10a shows that the thickness of PTh films
has more variability under the same conditions for deposition with CA than with CP. Films
produced using CP also had higher electrical conductivities than films produced with CA (see
Figure 1.10b). Therefore, galvanostat or CP was used here to study the physical properties of

PTh films and produce PTh films with improved electrical and mechanical properties.

2) 1.40

B e 1.38

= f
1.36

Current (mA)
N w BN (&)1 (o)]
Potential (V)

1.34

= Experiment #1

1F — — Experiment #2 1.32}F
- = « Experiment #3

O i i

Experiment #1
= = Experiment #2
1

g : g : : 1‘30 i A " 1 " 1 " A
0 5 10 15 20 25 30 35 0 > ) 5 3 10
Time (min) Time (min)

Figure 1.9: a) CA and b) CP comparison of 50 mM thiophene in BFEE with 10 cm? working

electrode area with total charge of 6 C at 5 mm inter-electrode distance.
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samples for CP.
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2. PROCESS OF MAKING POLYTHIOPHENE FILMS

2.1 Electrochemical Deposition of Thiophene

PTh films can be electropolymerized by reduction or oxidation routes. However, there is
a major disadvantage using the reduction route because the polymer is synthesized in its neutral
insulating form limiting attainable film thickness to about 100 nm [6]. The oxidation route
enables film thickness up to hundreds of microns with a proper synthesis route [25]. PTh films
were grown by either constant current (1 and 0.5 mA/cmz) or constant potential (1.3 V) process
in a one-compartment three-electrode cell using a Basi Epsilon C3. CV was performed from
1600 mV to -700 mV with a scan speed of 200 or 20 mV/s (the slower scan rate of 20 mV/s was
used when necessary to observe electrochemical properties of additives with slow diffusion
rates). Faster scan rate produces thinner film and fewer defects than slower scan rate, so it can be
used when the CV was run before the deposition using CP or CA. On the other hand, lower scan
rate can give more accurate reading from the CV. The reference electrode was Ag/AgCl, and 5 x
2 cm and 5.5 x 2.5 cm stainless steel (SS) sheets (AISI 304 with 0.025 mm thickness purchased
from Alfa Aesar) were used as the working and counter electrode, respectively. The polished SS
electrodes were placed in acetone for 30 min, sonicated using a Branson 3510 sonicator, and
dried under vacuum for 30 min prior to each experiment. The electrode contact resistance was
measured to be 0.6 Q. All solutions were deaerated by bubbling argon gas for 30 min and
maintained at a low overpressure during the polymerization. Thiophene monomer (> 99%)
purchased from Sigma Aldrich was mixed in BFEE solvent during the deoxygenization process.
BFEE was sonicated with the anionic surfactant for 30 min to break the ionic bond in studies

where surfactant was used. Here, all electropolymerization experiments were performed at 21 *
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1°C. Polymer films were washed with acetone before and after being peeled from the electrode.
The clean films were dried for 8 hours under vacuum before any characterization.

CV scans of 50 mM thiophene in BFEE with a scan rate of 20 mV/s show the
electrochemical properties of the system (see Figure 2.1). The oxidation from 0.02 V to 1 V
corresponds to the oxidation of the polymer and the strong oxidation peak above 1 V indicates
oxidation of the monomer. The oxidation of the polymer initiated at low potential (0.02 V)
shows that the polymer is already formed on the working electrode because the CV was started
from 1.6 V to -0.7 V. The oxidation potential of the monomer being higher than that of the
polymer results in the so called PTh paradox [33]. This paradox leads to overoxidation of the
polymer when the potential is large enough to oxidize the monomer and grow the polymer (as
discussed below the use of BFEE reduces the magnitude of this overoxidation potential and its
effects on film properties significantly compared to other electrolytes). The current density
increased after the first CV cycle, which indicates polymer growth occurred on the working
electrode during the first cycle. This increase in current produced a shift in oxidation potential to
larger values. The change in oxidation current reached steady state in CV testing after the second
cycle. Figure 2.2 shows that BFEE and SS are not electroactive and that BFEE with thiophene
and anionic surfactants has a higher electrical conductivity than that BFEE without thiophene

and anionic surfactants.
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Figure 2.1: CV of 50 mM thiophene in BFEE at 5 mm inter-electrode distance using 20 mV/s

scan rate.
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Figure 2.2: CV of electrochemical system in different electrolyte at 5 mm inter-electrode

distance using scan rate of 200 mV/S
2.2 Boron Trifluoride Diethyl Etherate (BFEE) Electrolyte

The development of BFEE was first reported by Gasselin in 1894. It is a Lewis adduct

between boron trifluoride and diethyl ether in 1:1 ratio, and a colorless, fuming liquid. The
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conductivity of BFEE is 2.97 x 10™ S/cm [46]. The conductivity of BFEE likely arises from the
presence of polar molecules [(C,Hs);0"|BF, [47] or H'BF;OH species, which result from
complexation with low quantities of water [48]. BFEE is a solvated Lewis acid which helps to
increase the stability of thiophene monomer in solution and reduce the aromaticity of thiophene,
which decrease the oxidation potential of thiophene monomer. The oxidation potential of
thiophene in BFEE has been reported to be as low as 1.3 V, which is 24% lower than the
oxidation potential of thiophene in acetonitrile [26].

BFEE is an extremely moisture sensitive solvent. The exposure of the solution with air
needs to be controlled in order to obtain consistent results and synthesize polymer films with
high quality. Despite storing the solution under argon in a sealed container, the BFEE condition
changed overtime in this work. In addition, different batches of the same type of BFEE
purchased from Alfa Aesar resulted in PTh films with different properties. Therefore, in this
study, the effects of different polymerization parameters were studied using the same batch from
the manufacturer.

Another approach to control the quality of the BFEE used here was to freshly distill the
BFEE before experiments. BFEE received from Alfa Aesar is reported to have less than 0.1%
water; however, even small variations in water content can lead to inconsistent electrochemical
behavior and make it difficult to synthesize PTh films with reproducible properties. The process
used here to distill BFEE at 123-128 °C is shown in Figure 2.3. All glassware was rinsed with
deionized water (DI) water then dried at 100 °C for 2 hours under vacuum before distillation.

The first 10 mL of the distillation product was discarded.
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Figure 2.3: Setup to distill BFEE

8

BFEE was freshly distilled each time when combined with the proton scavenger DTBP in

this work. The unknown concentration of water in BFEE supplied from the manufacturer would

make isolating the effect of DTBP on the anodic route of PTh polymerization difficult because

DTBP has been known as a proton scavenger that has high specificity towards protons in

cationic polymerization, i.e. protons from water [49].

BFEE was stored between 2-8 °C because ether has a low boiling point. Due to the low

boiling point, fumes are produced whenever BFEE makes contact with air, so all experiments

involving BFEE were performed in a working chemical hood. BFEE is a toxic material that

requires special care for handling and disposal. In addition, BFEE is a corrosive material, so the

person used proper protective equipment (i.e. lab coat, goggles, gloves) when working with
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BFEE. A respirator was used here when conducting experiments with BFEE and is

recommended.

2.3 Selection and Preparation of Electrode

The selection of metal electrode is important because it affects the quality of the film
[24]. The metal electrode has to be electrochemically stable within the applied potential used
during the deposition, otherwise no film will be deposited because the kinetics of the metal
dissolution are faster than the diffusion and polymerization of thiophene [50]. Platinum (Pt) and
stainless steel (SS) are electrochemical stabile in BFEE at the potential window for deposition.
However, PTh films deposited on Pt are difficult to peel from the substrate, which creates defects
that reduce the strength of the film [24]. PTh films adhered well to Pt because of the electron
shell configuration of Pt that has one electron on the most outer shell, which is removed easily to
create a bond with thiophene. There is less electronic interaction when PTh is deposited on SS,
and such films have been measured to be stronger than aluminum [24].

Surface finish of the electrode plays an important role in the quality of the PTh films. The
films were difficult to peel from unpolished electrode which can create defects on the films, so a
standardize approach to polish the surface of the electrode was developed. Polishing the SS can
reduce the defects, i.e. microcracks, impurities due to oxygen layers, and extrusion lines from the
processing, which affect surface processes such as adsorption, nucleation, and growth [51]. The
SS sheet was polished on both sides using a Dremel MultiMax at a speed setting of 5 with
oscillating motion using successively 1, 0.3, and 0.05 pm aluminum oxide powders purchased
from Leco; this was then followed by a final polishing step with a colloidal silica suspension

purchased from Struers to achieve a mirror-finish. The polishing time was 4 minutes on each side
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with each grain size, so the total polishing time was 32 min per electrode. Then, the SS was cut
in 5.5 x 3 cm size for use as the working and counter electrodes. A SS electrode before and after

polishing with a reflection of an object is shown in Figure 2.4.

b

Figure 2.4: a) Unpolished and b) polished SS Sheet. The top photo is the object reflected in a)

and b)

The SS working and counter electrodes were connected to a potentiostat/galvanostat by
copper tape and stainless steel wire as shown in Figure 2.5a. The size of the copper tape is large
enough to cover almost one side of the SS; the copper tape is covered with Kapton® tape to
prevent oxidation. The next step was to make sure that the contact resistance was consistent. A
screw and bolt were used to clamp the copper tape to the SS to produce a consistent contact
resistance of 0.6-1 Q. The screw and bolt were covered by Kapton® tape to prevent them for
making contact with the other electrode. The working electrode was sized smaller than the
counter electrode to reduce the effects of fringe capacitance and to improve charge quantity from
the counter electrode. The side of the electrodes was covered with Kapton® tape as shown in

Figure 2.5b to fix the electrode area at 5 x 2 cm.
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Figure 2.5: a) Back of the working electrode (the back of the counter electrode was configured

similarly) and b) front of the working electrode.

Contact resistance at the electrode-lead wire junction has a significant effect on efficiency
of the electrochemical deposition process. Figure 2.6 shows the cyclic voltammogram (CV) and
chronoamperogram (CA) of 30 mM thiophene in BFEE with 5 mm inter-electrode distance for
two different electrode contact resistances. The current density is smaller and the monomer
oxidation potential is higher for higher contact resistance. The CA plot agreed with the CV plot
that the current density decreased at higher contact resistance; this result in a significantly longer
deposition time. This behavior agrees with Ohm’s law; current is inversely proportional to

resistance.
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Figure 2.6: a) CV using 200 mV/s scan rate and b) CA of 30 mM thiophene in BFEE at 5 mM

inter-electrode distance with different contact resistance of electrode. The potential of CA was

1.3 V with total charge of 800 mC.

2.4 Control of Film Thickness
The amount of charge passed at the working electrode during the polymerization was
controlled in order to control the film thickness. Eq. 2.1 shows that the thickness of the polymer

is proportional to Q, the net charge, which can be expressed as

neMm

tpolymer = FA(m+8)p Eq.2.1

where 7 is the charge efficiency, M is the molar mass of thiophene, F is the Faraday constant, A
is the electrode area, n is the number of electrons transferred per monomer (n=2), 6 is the doping
level, and p is polymer density [24, 52]. The thickness of PTh films were predicted using Eq. 2.1
and linear interpolation to reduce the number of experiments required to calibrate different
experiments to produce a specific film thickness. Figure 2.7 shows the trend of thickness at 0.5
and 1 mA/cm®. The total net charge of the film is calculated as the current, which is constant,

multiplied by the total deposition time. For example, to make a film with 1.3 pm thickness, one
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can perform deposition at 0.5 mA/cm?® with total charge of 7.8 C as a starting guess and measure
the thickness. If the film was measured to be 1.6 um thick, the total charge would be reduced to
say 6 C in a second experiment to create another data point. If the second film has measured
thickness of 0.71 um, then a linear interpolation can be used to estimate the total charge required
to produce a film with 1.3 pm thickness.

Using the same charge at different current densities produced films of different thickness.
7.8 C was needed to produce a 1.3 ym film using 1 mA/cm?, but only 6.9 C was needed to
produce a film with the same thickness at 0.5 mA/cm? because the polymer produced at this
lower current density allows more time for monomers or oligomers to rearrange during
deposition to produce a more compact film with higher electrical conductivity (see Figure 2.7). A
higher current density also resulted in a higher oxidation potential, which can produce shorter
conjugated chains due to cross-linking. A critical value of current density for producing PTh
films with high electrical conductivity has been reported [27]. At very low current density, a
longer polymerization time is required to produce a specific film thickness, and in this period of
time the positive effect of longer time for rearrangement competes with negative effects of side
reactions that form oligomers and ultimately shorter chains. A current density of 0.5 mA/cm’
was used to synthesize films in this study because improvements in molecular structure and
electrical conductivity were produced choosing this current density over a current density of 1
mA/cm® as shown in Figure 2.7. The electrical conductivity increased as the total charge
increased due to the longer deposition time, which incorporates more dopants in the film. The
modest increase in electrical conductivity from a total charge of 6.8 C to 8 C shown in Figure
2.7a is expected because of the modest increase in total charge — larger increases in total charge

shown in Figure 2.7b produced larger changes in electrical conductivity. Films synthesized using
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0.5 mA/cm” were found to have better molecular ordering than films synthesized using 1

mA/cm?; this is shown and discussed in Chapter 6.
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Figure 2.7: Film thickness and in-plane conductivity of PTh film synthesized with different
current densities for different total charge. a) 0.5 mA/cm? and b) 1 mA/cm”. Each data point is an

average of two measurements on samples coming from one film.
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3. POLYTHIOPHENE CHARACTERIZATION

PTh films were synthesized in 5 x 2 cm sheets and cut as shown in Figure 3.1 to enable
characterization with various techniques. One square in the sample map below represents 0.25
cm’. Note that the outer squares were unused to avoid fringe capacitance effect on film
properties except for samples used in mechanical testing where the outer squares were used for
gripping. Measuring electrical conductivity and mechanical properties of polymer films are
simple, indirect techniques to quantify changes in structural order because both of these
properties depend significantly on the packing and alignment of polymer chains. Improvement in
physical properties of PTh films is expected to correlate to improvement in the molecular order

of the film, which is the main objective of this study.

Mechanical test under tension
Electrical conductivity measurement
Scanning electron microscope, XPS, and XRD

Figure 3.1: Sample map of 5 x 2 cm PTh film.
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3.1 In-Plane Conductivity Measurement by Four-Probe Technique
The inline four-point probe technique is a method for measuring sheet resistivity where
four-needle like electrodes in a linear array are brought in contact with the sample, and current
flows to the material via the outer two electrodes while the two electrodes in the middle measure
the electric potential as shown in Figure 3.2 [53]. This method of measuring resistivity does not

include the contact resistance, because there is no potential drop across the voltage measurement.

S

a,fZ ’...:::

Figure 3.2: Four-probe measurement on rectangular surface.

Sheet resistivity was calculated using Eq. 3.1 where G is the correction factor for a thin
rectangular film (1.27 x 107 ) times the thickness of the film [53]. Three measurements, each in
transversal and longitudinal directions of the film were performed on a 1 x 1 cm film — note that
the measured conductivity values presented in this thesis are isotropic in the plane of the PTh
films as confirmed by measurements in the transverse and longitudinal directions. The voltage
was recorded at twenty different current values generated with 1 second delay using Keithley
2400 multimeter for each measurement. The slope of the V-I plot was used in Eq. 3.1, and then

the in-plane conductivity was calculated as the inverse of resistivity as shown in Eq. 3.2
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Eq. 3.1

Eq. 3.2

Electrical conductivity measurements were always performed on the surface of the films
that was in contact with the electrode for consistency. However, measurement of the electrical
conductivity on the surface of the films in contact with the solution side gave similar results.
Figure 3.3 shows that the conductivity measured on the electrode or solution side of the same
film with thickness of 1.3 um is the same suggesting that the measured in-plane conductivities

are representative of bulk film properties.
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Figure 3.3: Conductivity measurement of PTh films synthesized using 50 mM thiophene in
BFEE at 5 mm inter-electrode distance with 1 mA/cm?. The film was cut into two 1 x 1 cm
strips. Strip 1 was measured on the solution side first, then the SS side. Strip 2 was measured on

the SS side, then the solution side.

26



The oxidation state of Pth is not stable in the air because of large free energy (1.19 V)
associated with the two half reactions of water and PTh [54]. Therefore, the reduction reaction of
an oxidized PTh film may occur very quickly. The PTh films were stored in a vacuum chamber
(dry atmosphere) and always transported in a desiccator to prevent dedoping of the films via
exposure to moisture in air. Electrical conductivities of PTh films were always measured the day
after film deposition in approximately 8 hours to establish a consistent time frame.

As discussed in section 2.2 of Chapter 2, BFEE is a moisture sensitive solution and
cannot be stored for long times. This produces PTh films with electrical conductivities that show
batch-to-batch variation. Therefore, the absolute value of electrical conductivity is only
compared between films synthesized with the same BFEE batch supplied from the manufacturer.
Trends and percent improvements in electrical conductivity are compared when considering

films made in different batches.

3.2 Mechanical Properties under Tension

A 0.5 x 2 cm strip of film was loaded under tension using TA Instrument QA 800 with a
stretching rate of 2 mm/s and clamping pressure of 2 psi applied at room temperature 23 £ 1 °C.
The strain-stress behavior of the films was analyzed to obtain the tensile strength, tensile
modulus, and elongation at break. Tensile strength is the maximum stress the material can
withstand under unaxial loading, and tensile modulus or Young’s modulus is calculated using the
initial linear slope of the strain-stress curve as shown in Figure 3.4. The elongation at break
reported in this study assumes that the polymer deforms uniformly. When the polymer exhibits
necking behavior, the change in shape factor is not incorporated, so the value may be

overestimated. The measurement of strain during the necking region is challenging due to the
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size of the sample, which is very small. Observations of necking behavior are reported in this

work as evidence of increased chain alignment and chain length in PTh films.
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Figure 3.4: Strain-stress curve of PTh film with necking. (A) Tensile strength, (B) necking, (C)

Young’s or tensile modulus, and (D) fracture point.

The thickness of films was held constant because it is known that mechanical properties
of electropolymerized ICP films depend on their thickness [55]. Mechanical properties can
reveal useful information about the bulk properties of the polymer film; however, the relatively
thin PTh films synthesized here exhibit surface roughness including small bumps that can
comprise a significant fraction of the film thickness as shown in Figure 3.5, and such roughness
introduces variability in the thickness measurements and thus on the determination of the

mechanical properties of the films.
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Figure 3.5: Cross section of PTh film.

3.3 Thermal, Chemical, and Structural Analysis

Thermogravimetric analysis (TGA) is often used to measure the weight change of
polymer films as a function of temperature, which relates to the thermal stability of the films, and
was used here for this purpose. The reader is referred to [22] or additional information on TGA
and its use to characterize thermal properties of ICPs. The TA Instrument SDT Q600 was used to
perform TGA from 20 °C to 600 °C with a temperature ramp rate of 10 °C/min under nitrogen
flowing at 100 mL/min. The film was cut to small pieces (total sample weight = 0.5 mg) and
placed in an aluminum pan covered with an aluminum lid. The aluminum pan filled with PTh
pieces is placed on the sensitive balance inside a heat chamber with thermocouple. The weight of
the sample is recorded as the temperature increases.

X-rays photoelectron spectroscopy (XPS) is a quantitative and qualitative technique to
provide elemental composition and chemical bonding structure on the surface (5-50 nm) of a
solid [56]. XPS measures the kinetic energy of photoelectrons and the number of electron that
are ejected after the surface is exposed to X-rays. Because ICPs films lose electrons when

bombarded with the X-ray source, a flood gun was applied for charge neutralization at the
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surface of PTh films. The XPS used in this study was Thermo Fisher Scientific K Alpha. The X-
rays source is a monochromatic Al K, with spot size of 400 um. At least 10 cycles were used to
perform high resolution scan of sulfur and oxygen to verify the incorporation of anionic
surfactant in PTh films.

Wide angle x-ray scattering (WAXS) in transmission mode with Rigaku Micromax 002
X-ray generator (A = 0.15418 nm) and R-axis IV++ detector system was used to examine the
structure of polymer films. WAXS is a commonly used technique for characterizing the structure
of polymer films and the reader is referred to [31, 36]. for an in-depth discussion on the use of
WAXS for polymer film characterization. The total exposure time was two hours for each
sample. The X-ray pattern is not clear with only 30 minutes exposure time because the film was
too thin. The molecular spacing, d, of PTh was calculated using Bragg’s law as shown in Eq. 3.3,

where 6 is the Bragg’s angle, and A is the wavelength of the X-ray generator.

. A
"~ 2sin (0

Eq. 3.3

Although a small change in Bragg’s angle does not indicate a change in the d-spacing from
calculation due to truncation errors, Bragg’s law can be used qualitatively to provide useful

information; the larger the Bragg’s angle, the smaller the d-spacing is.
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4. EFFECT OF INTER-ELECTRODE DISTANCE

4.1 Electrochemical Characterization

The effect of the distance between the working and counter electrodes in electrochemical
polymerization of thiophene on the properties of the resulting film has not been studied in detail.
This parameter influences fundamental processes of the synthesis such as diffusion and transport
of the monomer from the solution to the electrode surface and is important to consider for scaled
up production of freestanding PTh films. Figure 4.1 shows cyclic voltammograms (CV) and
chronoamperograms (CA) of 30 mM thiophene in BFEE at electrode distances of 5, 20, and 30
mm for electrodes with dimensions of 1.5 x 2 cm. The CA was performed with 1.3 V until the
charge reached 1.5 C. As shown in the CV and CA plots in Figure 4.1, the current density
decreased as the distance between electrodes increased because the solution resistance between
the two electrodes increased. The increase in solution resistance results in a decrease in the
diffusion rate of the monomer to the working electrode. Less monomer diffuses to the working
electrode as the diffusion rate decreases, which results in a higher oxidation potential required to
polymerize the monomer. The highest current density was produced at an electrode distance of 5
mm and the lowest current density was produced at an electrode distance of 30 mm. Shorter
distances between electrodes also lead to faster nucleation stage (see inset of Figure 4.1b) and

deposition time required to produce films of a fixed thickness.

4.2 In-Plane Conductivity

Figure 4.2 shows the electrical conductivity and charge efficiency of the PTh films grown

at different electrode distances. In-plane conductivity decreases as the inter-electrode distance
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increases. CA plot in Figure 4.1b shows that the deposition time to reach a fixed total charge is
longer at a larger inter-electrode distance. Longer deposition time may produce more oligomers
due to side reactions and form shorter chains [27], producing PTh films with lower electrical
conductivity. Charge efficiency is the total current used to grow the PTh film relative to the total
current passed in the cell, which can be calculated according to Eq. 4.1 [57] assuming the degree
of polymerization is 100%,

n = [(nFW,/M)/Q] x 100% Eq. 4.1
where 7 is the charge efficiency of polymerization, n is the number of electrons transferred per
monomer attached to the polymer, which is estimated to be 2.17 [24], and F is the Faraday
constant (96487 C mol'l), Wp is the weight of the PTh film (g), M is the molar mass of the
monomer (g/mol), and Q is the integrated charge passed through the cell during the film growth
(1.5 C). The larger electrode distances (20 and 30 mm) with slower diffusion rates and longer
deposition times have charge efficiency lower than the one calculated for 5 mm electrode
distance as shown in Figure 4.2. The film growth at 5 mm electrode distance with the highest
charge efficiency has the highest electrical conductivity because most of the charge in the cell
was used to grow the film as opposed to oligomerization of the monomer in the solution or on
the working electrode, which produced films that were thicker than films grown at 20 and 30 mm
electrode distance. At 5, 20, and 30 mm distance, the film thickness was 0.93, 0.57, and 0.57 pum,
respectively. Despite the fact that the thicker film had higher possibility of containing defects
[55], the thickest PTh film synthesized at 5 mm distance had the highest conductivity indicating
that PTh films synthesized at larger electrode distances contain more oligomers. In a different
study, CA with 1.3 V for 90 min was performed and the total charge of 5 mm inter-electrode

distance was 1.94 C and 20 mm and 30 mm distance were 1.58 C and 1.60 C, respectively.
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Therefore, making PTh film at shorter electrode distance has higher charge efficiency, which

would potentially reduce the cost of the energy input required to make the films.
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Figure 4.1: a) CV using scan speed of 200 mV/s and b) 1.3 V CA with total charge of 1.5 C

using 30 mM thiophene in BFEE at different electrode distances.
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Figure 4.2: In-plane conductivity and charge efficiency of PTh films synthesized using 30 mM
thiophene in BFEE at different electrode distance obtained using 1.3 V with 1.5 C total charge.

Each data point is an average of four measurements on samples coming from two films.
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4.3 Surface Morphology

The surface morphology of PTh films on the solution side (as opposed to the side in
contact with the electrode) is influenced by the diffusion rate, which can be controlled by
adjusting the electrode distance. The monomers or oligomers on the working electrode at 20 and
30 mm electrode distance are not as many as when the electrode distance is set at 5 mm because
the diffusion rate at 20 and 30 mm is slower due to higher solution resistance. Because of the
slower monomer diffusion rate, the solution side of the surface of PTh films synthesized at 20
and 30 mm electrode distance is smoother than the film surface synthesized at 5 mm electrode
distance as shown in Figure 4.3. The slower diffusion rate can also reduce the quality of PTh
films because overoxidation of the polymer can occur more rapidly than oxidation of the
monomer when there is not enough monomer on the working electrode; this is a result of the PTh

paradox discussed in Chapter 1.

Figure 4.3: SEM images of PTh surface (solution side) electropolymerized at a) 5 mm, b) 20

mm, and ¢) 30 mm inter-electrode distance.
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5. EFFECT OF THIOPHENE CONCENTRATION

5.1  Electrochemical Characterization

Monomer concentration has been known as one of the important parameters affecting the
electrosynthesis properties and electrical conductivities of polymer films [27, 58]. The thiophene
concentration affects the current density as shown in Figure 5.1a. The increased current density
as thiophene concentration is increased is possibly due to the faster dimerization rate [44], which
also affects the nucleation stage. The nucleation is faster with faster dimerization rate using
higher thiophene concentration (see inset of Figure 5.1b). Figure 5.1b shows that the thiophene
oxidation potential decreases as the thiophene concentration increases because more oligomers
are available in the solution or at the working electrode surface and the oxidation potential of

thiophene oligomers is lower than that of the monomer [59].
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Figure 5.1: a) CV using scan speed of 200 mV/s and b) CP at 1 mA/cm? of different thiophene

concentration in BFEE at 5 mm inter-electrode distance.
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5.2 In-Plane Conductivity

There is a competition between overoxidation due to low thiopehe concentration [27] and
high oligomerization from very high dimerization rate [44] to synthesize PTh film with different
thiophene concentrations. Consequently, there will be a critical point of thiophene concentration
for which the properties of the film are optimum. The electrical conductivity and deposition time
of PTh films using different thiophene concentrations at 1.3 V and 1.5 x 2 cm electrodes is
presented in Figure 5.2. The film made using 100 mM thiophene concentration has the highest
electrical conductivity of 17.37 S/cm at 5 mm inter-electrode distance. The electrical
conductivities of the films using 30 and 60 mM thiophene concentration is lower than films
made by using 100 mM thiophene due to low thiophene concentration at the electrode surface.
This reduction in electrical conductivity due to lower thiophene concentration at the electrode is
also observed in the studies on the effect of inter-electrode distance presented in Chapter 4. PTh
film synthesized using 150 and 200 mM of thiophene have lower conductivity than films
produced using 100 mM thiophene due to oligomerization in the PTh films synthesized at 150
and 200 mM thiophene. The competition between overoxidation and high oligomerization can
also be observed in the deposition time required to produce PTh films with the same thickness
using different thiophene concentrations as shown in Figure 5.2. The deposition time is slower at
30 and 60 mM concentration because the dimerization rate is slower than at 100 mM
concentration. However, the deposition time starts to slow down at 150 and 200 mM
concentration, because the oligomers are more dominant in the PTh films growth using 150 and
200 mM concentration than the film growth using 100 mM thiophene. The oligomers produce
films with lower conductivity and the diffusion of the monomer to the film is slower than the

films synthesized using 100 mM thiophene. The deposition time at 150 and 200 mM thiophene is
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comparable likely because 200 mM thiophene produces oligomers that reduce the diffusion rate,

but it also has faster dimerization rate than 150 mM that increases the diffusion rate.
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Figure 5.2: In-plane conductivity of PTh films with different thiophene concentration at 5 mm

inter-electrode distance synthesized at 1.3 V with total charge of 1.5 C. The thickness of PTh

films are 0.7 £ 0.1 pm.

In our system, CP produced better PTh films with higher electrical conductivity than CA
as shown Figure 1.10a due to better process control using the CP method. Roncali in his review
paper found that the conducting films grown using CP method are generally more homogeneous
and more compact with high electrical conductivity than films made by the CA method [60].
Figure 5.3 shows the in-plane conductivity of PTh films synthesized using different thiophene
concentrations with the CP method at 1 mA/cm”. The in-plane conductivity increased with
higher thiophene concentration. The low electrical conductivity of PTh films synthesized with 10

mM thiophene was likely due to the overoxidation of PTh film on electrode, which degraded the
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quality of the film. The CP plot in Figure 5.1b shows that the oxidation potential is 1.48 V at a
thiophene concentration of 10 mM which is larger than the potential required to overoxidize PTh
(1.3 V) and leads to cross-linking, shorter chains, and low electrical conductivity. The electrical
conductivity values at a thiophene concentration of 50 and 100 mM were close within the
standard deviation of four measured PTh films. While the values produced at 50 and 100 mM
were close, the highest conductivity of 41.17 S/cm was measured at 50 mM thiophene
concentration. Thiophene concentration higher than 100 mM is needed to see a similar trend as
that shown in Figure 5.2 for films synthesized with the CA method. Films produced at 50 mM
thiophene concentration possess better structural order than those made at 100 mM thiophene
concentration; this is discussed in the following section in detail.

Maintaining a 5 mm electrode distance will be challenging using a large electrode area in
large scale process. The electrical conductivity of PTh films synthesized using 30 and 100 mM
thiophene and 1.3 V at 20 mm electrode distance was measured to be 0.45 S/cm and 1.15 S/cm,
respectively, which is a decrease from the measured conductivities of PTh films synthesized
using the same experimental conditions at 5 mm electrode distance, 1.15 S/cm and 17 S/cm,
respectively. Because the diffusion rate of the monomer can be controlled by adjusting the
electrode distance and thiophene concentration, the need to use a larger inter-electrode distance
can be compensated for by using larger thiophene concentrations. Further studies are required to

see if this trend will exist at production scales.
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Figure 5.3: In-plane conductivity of PTh films with different thiophene concentrations at 5 mm
inter-electrode distance synthesized with current density of 1 mA/cm? and total charge of 7.8 C.
The thickness of PTh films are 1.3 + 0.2 um. Each data point is an average of eight

measurements on samples coming from four films.

5.3 Mechanical Properties and Thermal Stability

The effect of thiophene concentration on the mechanical properties of PTh films is shown
in Figure 5.4. The tensile modulus and strength of three different thiophene concentrations were
comparable, yet the films synthesized using 50 and 100 mM of thiophene have larger elongation
at break than the films synthesized at 10 mM of thiophene concentration. The PTh film
synthesized using 50 mM of thiophene concentration has the highest tensile strength and
Young’s Modulus of 170 MPa and 3.5 GPa, respectively. The electrical conductivity results
shown in Figure 5.3 suggest that PTh films synthesized using 50 and 100 mM of thiophene have
longer conjugated chains than films synthesized using 10 mM of thiophene. The extended chain

length and high entanglement of PTh films synthesized using 50 and 100 mM of thiophene are
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expected to provide high strength, modulus, and elongation at break. The comparable tensile
modulus and strength in the film synthesized using 10 mM of thiophene is likely the result of
cross-linking. This film with the highest oxidation potential (1.48 V) is likely to have more
cross-linking than films synthesized at 50 and 100 mM of thiophene [61]. Note that the standard
deviation of elongation at break for the film synthesized using 10 mM of thiophene is very small,

0.33 (see Figure 5.4b). A high degree of cross-linking is known to produce brittle films [17].
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Figure 5.4: Mechanical properties of PTh films with different thiophene concentrations at 5 mm
inter-electrode distance synthesized at 1 mA/cm?” with total charge of 7.8 C in BFEE. The
thickness of PTh films were 1.3 £ 0.2 um. Each data point is an average of 16 measurements on

samples coming from four films.

Figure 5.5 shows that the PTh film synthesized using 10 mM of thiophene has higher
thermal stability than PTh films synthesized using 50 and 100 mM of thiophene. There are two
decomposition steps [62]. The first decomposition at 190 °C represents the loss of dopant ions,

which exist in larger amounts in films made at 50 and 100 mM of thiophene since films with
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higher electrical conductivity have higher dopant concentration. The decomposition at 600 °c
corresponds to the degradation of the PTh chain [22]. The, PTh made using 10 mM of thiophene
only lost 15.6 % weight upon heating above 600 °C, while PTh films using 50 and 100 mM of
thiophene lost 24.7 % and 25.5 % of the weight, respectively. The high thermal stability in cross-
linking polymer network exhibited by PTh films made using 10 mM of thiophene comes from

the delay of the thermal flow in the polymer.
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Figure 5.5: Thermogravimetric analysis (TGA) of PTh film with different thiophene

concentration.

5.4 Structural Analysis
X-ray diffraction is used commonly to determine the molecular structure of PTh [31, 36].
Figure 5.6 shows three distinct peaks in the scattering pattern of PTh films synthesized at 10, 50,
and 100 mM thiophene concentration. The three peaks represent inter-molecular spacing of d1,
d2, and d3 as illustrated in Figure 5.7. The two molecular packing orientations for PTh chains
shown in Figure 5.7 were proposed by Jin et. al., This packing results in highly anisotropic

electrical transport in the films due to the orientation of thiophene rings on the electrode [36].
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The peak observed at 20 = 38° was not found in prior work. It is proposed here that the d3
distance represents the distance between two thiophene rings because the d3 peak is at the
highest angles (i.e., shortest d-spacing) compared with the other two peaks. It is observed that the
film made with 50 mM of thiophene exhibits the smallest d1/d3 and d2/d3 ratios indicating that
the d3 peak in this film is more pronounced than the corresponding peak in the films made at 10
and 100 mM of thiophene. The result also suggests that the conjugated PTh chain is longer in the
film made at 50 mM thiophene concentration. The X-ray data of line broadening at full width at
half maximum intensity (FWHM) in Table 5.1 shows that PTh films made at 50 mM thiophene
concentration has the narrowest d1 and d2 peaks, showing more molecular ordering compare to
the PTh films made using 10 and 100 mM of thiophene. The PTh films made at 50 mM
thiophene concentration also has good molecular packing as indicated by the low d1/d2 ratio.
PTh films with larger cross-plane than in-plane spacing are expected to be more dense. The
atomic-spacing calculated by Eq. 3.3 shows that the distance between crystallite will be shorter
at larger Bragg’s angles (20). The inter-atomic distance observed in Table 5.1 for the 50 mM
film is the highest compare to that of films made with 10 and 100 mM of thiophene. The high
elongation at break of PTh films made with 50 mM and 100 mM of thiophene can be explained
according to the X-ray pattern, because a high elongation at break is consistent with the longer
chain length of PTh films synthesized using 50 and 100 mM thiophene concentration than PTh

film synthesized at 10 mM of thiophene as discussed above.
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Table 5.1: X-ray diffraction data of PTh films with different thiophene concentrations.

20 FWHM Peak intensity ratio

o (S/cm) dl |d2 |d3 |dl |d2 |d3 |dl/d2|dl1/d3 |d2/d3
10 mM 8.79-1395 |16.6]25.2|38.0|11.5|13.5]|6.0 19| 14.0 7.6
50 mM 26.69 -38.69 | 16.8 | 25.5|38.1 | 6.6 | 74 |8.8 1.9 3.7 1.9
100 mM | 31.23-37.29 | 16.9|25.1 | 37.7 | 10.8 | 12.8 | 8.4 2.1 7.3 3.5

5.5 Surface Morphology
Images of the surfaces of the PTh films synthesized using different thiophene
concentrations are presented in Figure 5.8. It was discussed in the section on the effect of
electrode distance on film properties that the amount of thiophene on the surface of the working
electrode affects the surface roughness of the film. This result is consistent with the trend
observed when the inter-electrode distance is fixed and the concentration of thiophene is varied.

Lower thiophene concentrations produced smoother films that were shinny metallic black.

Figure 5.8: SEM images of PTh surface on solution side electropolymerized at 5 mm with a) 10

mM, b) 50 mM, and c) 100 mM thiophene in BFEE.
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6. EFFECTS OF ANIONIC SURFACTANTS AND PROTON

SCAVENGER

PTh is generally synthesized by electrochemical oxidation of thiophene or its oligomers
in organic media such as acetonitrile [6, 27, 31] or BFEE due to its insolubility in aqueous
solution and higher oxidation potential than that of water [63]. Several studies have been done to
address this problem by using anionic surfactant solution that has the ability to increase the
solubility of thiophene in water, providing an electrocatalytic effect during polymerization [37,
63-65] and modifying the characteristic of the metal/electrolyte interface [66]. Electrochemical
synthesis of PTh in aqueous micellar medium using sodium dodecyl sulfonate (SDS) or sodium
dodecylbenzene sulofante (SDBS) has been demonstrated to improve the electrochemical
properties by reducing the oxidation potential of thiophene via the catalytic effect of the anionic
surfactant (29). The radical cation of thiophene interacts with the anion of the surfactants (DS™ or
DBS’) and diffuses to the electrode electrostatically on the anodic polymerization route. A study
has also demonstrated an improvement in polymer order using SDS in the electropolymerization
of poly(3-alkylpyrrole)s in aqueous medium [67].

Although several studies of electrochemical polymerization have been done in aqueous
solution with anionic surfactants, no studies were found on the effects of surfactant in organic
solution and BFEE on the synthesis and properties of PTh films. PTh films produced in BFEE
solution show great improvement in their electrical and mechanical properties because this Lewis
acid reduces the oxidation potential of thiophene compared to deposition in a strong acidic or
other non-aqueous solution, i.e. acetonitrile. The goal of using BFEE and anionic surfactants

(SDS and SDBSY) in this study is to understand the process of electrochemical polymerization of
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PTh in surfactant/non-aqueous solution at different surfactant concentrations, and further
improve the physical properties of PTh films while understanding the connection between
improved structural order in the film and increased electrical conductivity and mechanical
properties.

2,6-di-tert-butylypyridine (DTBP), a proton scavenger, was used by Jin et al., to
eletropolymerize thiophene in BFEE producing films with conductivities as high as 1300 S/cm
[36]. DTBP with its specificity toward protons from water removes defects in the thiophene ring
during anodic polymerization. Using anionic surfactants and DTBP in BFEE as electrolyte is
expected to increase the conductivity of the resulting film due to synergistic effects, i.e., the
combination of the positive characteristics of both additives.

Based on optimal conditions revealed in the studies presented in previous chapters, PTh
films were deposited at 0.5 mA/cm? for 90 min at 5 mm inter-electrode distance using 50 mM
thiophene and film thickness of 4.1 + 0.3 um. Technical grade SDBS and SDS purchased from

Sigma Aldrich were used.

6.1 Preparation of Anionic Surfactant/BFEE Electrolyte
The Bjerrum length is the charge separation between ions where the Coulombic
interaction is comparable to the thermal energy kg T, where kg is the Boltzmann constant and 7 is
absolute temperature in Kelvin. In water, ionic bonding is weak due to the short Bjerrum length
of water, 0.7 nm [68]. Water has a dielectric constant, &, of 80 which makes the ion-solvation
highly probable. The ¢ of BFEE is 2.833 [69] and its Bjerrum length is 21.92 nm calculated by
Eq. 6.1, where ion-solvation is not likely to occur [70].

2
dg = ———— Eq. 6.1

AmtegerkgT
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where e is the elementary charge of an electron 1.60 x 10" C, g is the vacuum permittivity 8.85

x 10712 F/m, and ¢, is the dielectric constant of BFEE. The lengths of SDS and SDBS are 1.46 nm

and 2.26 nm, respectively, calculated using a semi-empirical molecular program [71].

Consequently, anionic surfactants (SDS and SDBS) require external energy (e.g., sound, thermal,

or light energy) to be solvated in BFEE. Table 6.1 and Eq. 6.2, where r is the radius of an ion,

show that the Coulombic energy of SDS and SDBS in BFEE is approximately 10-fold larger

than the thermal energy. Therefore, SDS and SDBS were sonicated for 30 min in BFEE to

overcome this energy barrier and break the ionic bond. The solvation of SDBS and SDS is

shown in Figure 6.1.

Ap
Ecoutompbic = ;kBT

Table 6.1: Coulombic energy of SDBS and SDS in BFEE

2r (nm) AB/2r
Bjerrum Length of BFEE (nm) SDBS | SDS | SDBS | SDS
2192 226 1.46| 9.70 | 15.01

SDBS ') DBS- o
1 _
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. ]

Figure 6.1: Solvation of SDBS and SDS
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6.2 Electrochemical Behavior of Thiophene in Anionic Surfactant/BFEE Electrolyte

Figure 6.2 and Figure 6.3 show the CV of 50 mM thiophene in anionic surfactant/BFEE
solution (SDBS and SDS respectively) with 5 mm inter-electrode distance for five consecutive
cycles with 2 seconds delay between each cycle. The current density during the deposition of
PTh without anionic surfactants is higher on the first two cycles because the diffusion of
thiophene to the electrode surface is much faster than the diffusion of surfactant. The slower
diffusion is the result of anionic surfactants being more than three times heavier than thiophene.
Molecular weights of thiophene, SDBS, and SDS are 84.14 g/mol, 348.48 g/mol, and 288.38
g/mol, respectively. Consequently, DS" and DBS™ molecules will need more time to diffuse into
the polymer network. This conclusion is supported by the clear transition from lower to higher
current over the five cycles when SDBS and SDS are included in electrolyte as shown in Figure
6.2 and Figure 6.3. A deposition rate of 0.5 mA/cm” and a longer film deposition time of 90 min
were used to synthesize PTh films. The in-plane conductivities of the films grown with and
without the presence of the surfactants were comparable when the deposition time was set to 13
min because sufficient time was not given for surfactant to diffuse into the film. The fact that the
use of surfactants only affects the film conductivity after some critical deposition time supports
the hypothesis that the solid-state polymerization process occurs until the polymerization is
terminated, which means that “late-arriving” surfactant molecules can influence polymer order at

the electrode-film interface.
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Figure 6.2: Five consecutive CV scans of 50 mM thiophene in SDBS/BFEE with scan speed of

20 mV/s.
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Changing the concentration of SDBS does not show a clear trend in the CV plots (see in
particular the fifth CV cycle in Figure 6.2). The current density is expected to increase with
increased concentration of SDBS due to additional charge provided by SDBS. However, the
current density is expected to decrease when the SDBS concentration reaches the critical
micelles concentration (CMC) because steric effects of the micelles in the solution will limit
diffusion of SDBS to the electrode. The 5th CV cycle in Figure 6.3 supports the explanation
given for the expected behavior in the CV plots using SDBS or surfactants in general. This cycle
show clearly that the presence of SDS increases the current density, yet the concentration of 5
mM SDS has lower current density than 1 mM SDS suggesting the presence of micelles in
BFEE.

Figure 6.4 shows the CP plots of 50 mM thiophene in SDS/BFEE and SDBS/BFEE at
different concentrations of each surfactant. For both surfactants, the oxidation potential
decreased as the concentration of the surfactant increased until a critical concentration was
reached — likely CMC — and the oxidation potential begin to increase. The presence of surfactant
in the solution increased the conductivity of the solution by providing additional charge, and this
decrease in solution resistance under constant current deposition lowers the oxidation potential as
shown in Figure 6.4. A decrease in thiophene oxidation potential in anionic surfactant medium
can also be attributed to stabilization of the thiophene radical cation in the solvent due to the
strong interaction of the thiophene radical cation with the anionic chain of the surfactants (DS
and DBS") [72]. Once CMC is reached, the presence of micelles in the solution hinders monomer
or oligomer diffusion into working electrode which increases the effective solution resistance
and the oxidation potential. Fall et al. found the same trend in aqueous solution that increasing

the concentration of anionic surfactant above CMC in anodic polymerization increased the
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monomer oxidation potential [64]. The difference in oxidation potential magnitude between

SDS and SDBS is attributed to the large batch-to-batch variability of the water content in BFEE

received from Alfa Aesar.
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Figure 6.4: CP plot of 50 mM thiophene in BFEE at different concentration of a) SDBS and b)

SDS.

Figure 6.5 shows the CV of 50 mM thiophene in SDBS/distilled BFEE and SDS/distilled
BFEE with 5 mm inter-electrode distance. The most distinguishable feature in the CV scan is
that the oxidation current density of the solution with surfactant is lower than it is without
surfactant in the first cycle. This result is identical with the result for the first cycle in undistilled
BFEE (see Figure 6.2 and 6.3), which was attributed to the slower diffusion of surfactant to the
electrode compared to thiophene. The solutions with 0.5 mM SDS and 0.5 mM SDBS have
comparable oxidation current density, which suggests that SDS and SDBS provide similar
increase in solution conductivity. The current densities for solutions with 5 and 30 mM SDS are

lower than that of the 0.5 mM SDS solution probably due to formation of micelles during
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polymerization. The reduction current densities of 0.5 mM SDS and SDBS solutions at negative
potential are higher than that of the thiophene solution. This can be attributed to reduction
reactions occurring on PTh deposited during the first sweep at positive potentials or reduction of
the positive charge from the surfactants on the working electrode. The oxidation current density
of 50 mM thiophene solution under the same deposition condition in distilled BFEE is lower
than it is in the undistilled BFEE (see Figure 5.1 and Figure 6.5). The presence of water in
undistilled BFEE (< 0.1%) increases its conductivity leading to larger currents during deposition.
Although the electrochemical characteristics of distilled BFEE are not as favorable as the
characteristics of undistilled BFEE, the distilliation process offers more control in the PTh

synthesis leading to reproducible results.
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Figure 6.5: First cycle of CV of 50 mM thiophene in freshly anionic surfactant/distilled BFEE

electrolyte at 5 mm inter-electrode distance with 20 mV/s scan rate.

The oxidation potential of 50 mM thiophene in anionic surfactant/distilled BFEE
electrolyte in Figure 6.6 shows that the presence of surfactant in the solution helps the
polymerization by reducing the oxidation potential. The oxidation potential of 0.5 mM

SDS/distilled BFEE solution is lower than oxidation potential of 0.5 mM SDBS/distilled BFEE
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solution. DS™ possibly provides more charge into BFEE and has stronger interaction with the
thiophene radical cation than DBS™ does. In both distilled and undistilled BFEE, anionic
surfactants reduce the oxidation potential, and the oxidation potential increases with surfactant

concentration, yet is still lower than that of the solution without anionic surfactants.
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Figure 6.6: CP plot of 50 mM thiophene in anionic surfactant/distilled BFEE.

BFEE is a solvated Lewis acid which has a strong interaction with the radical cation of
thiophene [26]. The low oxidation potential of thiophene in BFEE is due to the presence of
counter ions from BFEE (i.e., [(CoHs);0"]BF; [47] or H'BF;OH ) that stabilize the radical
thiophene cation and decrease the aromaticity of the thiophene ring. The presence of DBS™ and
DS’ from the SDBS and SDS anionic surfactants can also stabilize the radical cation of thiophene
in BFEE because of the steric interaction between thiophene and the dodecyl chain of anionic
surfactants. Additionally, the conductivity of the BFEE solution is increased by the addition of
DBS or DS’, which reduces the oxidation potential of thiophene in BFEE. The molecular weight

of the dopants [(C,Hs);0"|BF, [47] or H'BF;0H' that exist in BFEE solutions are 189.95 g/mol
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and 85.79 g/mol, respectively, which makes them much lighter than DBS™ and DS". These
dopants also exist in much higher concentrations than DBS™ and DS’ so they are expected to play
a larger role in determining electron density derived from doping in the PTh films.

A mechanism for the diffusion of anionic surfactant into the working electrode is
proposed in Scheme 6.1a. The diffusion of the thiophene to the electrode is faster than the
diffusion of the surfactant anion. The surfactant is “late-arriving” due to its larger weight
compare to thiophene monomer. Hydrophobic interactions between the dodecyl chain of the
surfactant (DS” and DBS’) and the thiophene monomers may add more weight. These
interactions lead to chain alignment in the polymer network because the dodecyl chain acts as a
template for polymerization. Scheme 6.1b shows PTh electropolymerization on the working
electrode in the presence of anionic surfactant indicating surfactant-mediated molecular ordering
that will be explained further later in this chapter.

The lower oxidation potential of surfactant/BFEE electrolyte results from the additional
charge and the radical cation stability in the solution. The oxidation potential increases due to the
presence of micelles in the solution. The hydrophobic chain inside the micelle may trap some
thiophenes reducing the thiophene presence in the solution and on the working electrode as
shown in Scheme 6.2, resulting in microemulsion polymerization [73] and likely shorter
conjugated polymer chains. PTh films are deposited layer-by-layer, so if there is any
contamination on film (i.e. surfactant micelles), the PTh layer wraps around the object as shown
in Figure 6.7. The presence of micelles in the PTh film network can degrade the quality of the
film because the thiophene may polymerize around the perimeter of the micelles, reducing the

compactness of the film.
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Figure 6.7: SEM image of PTh growing around an object (e.g., micelle) in the film.

6.3 Role of DTBP in Anodic Polymerization of Thiophene in Distilled BFEE

The dimerization of PTh shown in the Figure 1.6 with its 2,2-bithiophene coupling as
proposed by Diaz is the desired route to have a long and linear conjugated length. However,
bithiophene has three resonances as shown in Figure 6.8. With 3,3 and 2,3"-bithiophene, the
conjugated chain will be non-linear and short -bb. The occurrence of 3,3 and 2,3 -bithiophene is
more probable if protons at the 3-position of the radical cation are more acidic than at the 2-
position [74]. 2,6-di-tert-butylpyridine (DTBP) purchased from Sigma Aldrich (= 97%), which
has a very high specificity toward protons during cationic polymerization as shown in Figure 6.9,
can play an important role as a proton scavenger because it prevents deprotonation of 3’-cationic
radical by taking the H', which reduces the acidity of the solution. The probability of having 2,2-
bithiophene in the polymer structure increases when DTBP is used. Recent work has shown that
inclusion of DTBP during the polymerization of PTh in BFEE produces film with electrical
conductivities as high as 1300 S/cm [36]. Here, DTBP will be used with surfactant additives as a

potential method to improve the electrical and mechanical properties of PTh films.
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Figure 6.9: DTBP protonation.

DTBP forms a stable cation after reacting with a proton, and such formation of a stable
cation increases the conductivity of distilled BFEE electrolyte as indicated by the increase in
current compare to BFEE without DTBP shown in the CV plot of Figure 6.10a. As expected the
current density increased as the concentration of DTBP increased. The CV observations are
confirmed by the reduction in oxidation potential with increasing DTBP concentration at 5 mm
inter-electrode distance shown in Figure 6.10b. The oxidation potential was the same for 25 mM
and 50 mM DTBP after approximately 20 min of film growth because the proton supply in the
solution was exhausted at this time and in this concentration range. DTBP may also assist the
deprotonation process for thiophene (i.e., the last step in dimerization), which would reduce the

oxidation potential during anodic polymerization of PTh.
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Figure 6.10: a) CV using 200 mV/s and b) CP using 0.5 mA/cm” of 50 mM thiophene with

different DTBP concentration in distilled BFEE.

There is a maximum concentration of DTBP that can be used during polymerization of
thiophene, because excess DTBP reduces the rate of polymerization via the deprotonation
reaction with intermediate cation radicals. Previous work has shown that no polymer film is
produced at very large concentrations of DTBP [49]. Figure 6.11 shows that the maximum
electrical conductivity of a PTh film synthesized in distilled BFEE was produced with a DTBP
concentration of 25 mM. This concentration of DTBP is therefore taken as the maximum
concentration for improving the electrochemical properties of the electrolyte.

The mechanical properties of PTh films synthesized in distilled BFEE using various
DTBP concentrations are shown in Figure 6.12. The effect of the DTBP concentrations on the
mechanical properties of the PTh films is not clear due to overlapping of the error bars.
However, slightly higher average values of mechanical properties were achieved for films

synthesized at 25 mM DTBP.
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Figure 6.12: Mechanical properties of PTh films in distilled BFEE with different DTBP
concentration. Each data point is an average of eight measurements on samples coming from two

films. The films thickness is 3.8 = 0.5 ym.
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Jin et al. reported that PTh films electropolymerized in a DTBP/BFEE electrolyte using a
constant current of 1 mA/cm? produced electrical conductivities of 800-1300 S/cm measured 30
minutes after deposition, and a Young’s modulus of 46 GPa [36] due to a low number of defects
from hydrogenated thiophene rings. In this study, a lower current density of 0.5 mA/cm” was
used to synthesized PTh film in DTBP/BFEE electrolyte, and these films exhibited electrical
conductivities as high as 180 S/cm 45 minutes after deposition, and a Young’s modulus of 3.5 +
0.8 GPa. The oxidation potential is higher at higher current density, so the rate of polymerization
is higher than the rate of deprotonation thiophene assisted by DTBP. This may produce a higher
doping level in the films produced by Jin et al., leading to the reported higher conductivity value
(it is also not clear if the films synthesized by Jin et al. were exposed to air, which leadings to
lose of dopants, before electrical conductivity measurements as the films here were). The use of
higher current density in this work as proposed by Jin et al., led to films with reduced electrical
conductivity presumably due to increased cross-linking in the film at the higher oxidation
potential used during deposition. Further work is required to clarify the reasons for the lower

conductivities measured in our work compared to the prior study.

6.4 Electrochemical Polymerization of PTh in Anionic Surfactant/DTBP/BFEE
Electrochemical polymerization of thiophene in solvated Lewis acid BFEE reduces the
oxidation potential by reducing the aromaticity of the thiophene ring, which promotes the
deposition of high quality PTh films. The molecular order and electrical conductivity of PTh
films are shown later in this thesis to be improved significantly by adding anionic surfactants to
the BFEE electrolyte. Motivated by these results and the demonstrated improvement to the PTh

chain structure using DTBP, here we synthesize PTh film in an anionic surfactant/DTBP/BFEE
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mixture to further improve the molecular structure of PTh films by combining the merits of the
surfactant and DTBP additives.

The first cycle of a CV scan with anionic surfactant/DTBP/distilled BFEE mixture is
presented in Figure 6.13. The previously determined optimal concentrations of SDS, SDBS, and
DTBP were used to create various mixtures in freshly distilled BFEE. The current density was
the highest for the DTBP/distilled BFEE mixture because of the presence of the stabilized cation
of DTBP. Similar values of current density are observed for the anionic
surfactant/DTBP/distilled BFEE mixtures and the anionic surfactant/distilled BFEE electrolyte.
It is possible that the effects of the DTBP cation are cancelled by the anion of the surfactant (the
reverse of this as well). The oxidation potential of the three mixtures was lower than that of the
surfactant/distilled BFEE mixture and distilled BFEE alone. This observation was confirmed by
the trends observed in the CP plots shown in Figure 6.14. The DTBP was more effective for
proton elimination in the surfactant/DTBP/distilled BFEE mixture because the amount of water
is lower than in the undistilled BFEE. The oxidation potential in the distilled BFEE was higher
than in the undistilled BFEE due to higher water percentage in the undistilled BFEE. Figure 6.15
shows CP plots of the anionic surfactant/DTBP/undistilled BFEE mixture for comparison with
the mixture in distilled BFEE. The oxidation potential of this mixture in undistilled BFEE is
more comparable to that of the surfactant/undistilled BFEE electrolyte because more water is

present in the solution, making the DTBP virtually ineffective.
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Figure 6.14: CP using 0.5 mA/cm? of 50 mM thiophene in anionic surfactant/DTBP/distilled

BFEE electrolyte at 5 mm inter-electrode distance.
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BFEE electrolyte at 5 mm inter-electrode distance.

6.5 In-Plane Conductivity

The conductivity of a PTh film can be predicted from its electrochemical behavior (i.e.,
CV and CP plots). Figure 6.16a shows that the critical concentration of PTh film synthesized in
SDBS is at 0.5 mM. This behavior agrees with the CP in Figure 6.4a where the oxidation
potential during polymerization increases at 1 and 5 mM SDBS suggesting the presence of
micelles. However, this is not the case for PTh films synthesized in SDS. Although the CP in
Figure 6.4b predicts the micelles presence at 1 and 5 mM SDS, the electrical conductivity of the
PTh films synthesized at these concentration still increases (see Figure 6.16b). The lower critical
concentration for SDBS is likely the result of the larger DBS™ anion and the presence of the

benzene ring in SDBS compared to the DS™ anion in SDS, which may produce steric hindrance to
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polymerization at high concentration of SDBS. The addition of SDS improved the electrical
conductivity of PTh films by a higher percentage compared with the addition of SDBS into PTh
films. This was the case for growth in undistilled and distilled BFEE (see Figure 6.16). PTh films
synthesized in 0.5 mM SDS and 0.5 mM SDBS in distilled BFEE has 200% and 300% increase
respectively with the respect to the PTh films made without surfactants. The critical
concentration of SDS reduced to 0.5 mM when freshly distilled BFEE was used (see Figure
6.16¢). The critical concentration of SDBS in distilled BFEE appears to be the same (or possibly
higher) as that in undistilled BFEE. The change in critical concentration of SDS is likely caused
by the reduced water content in distilled BFEE, which reduced reactions between SDS and
water. The electrical conductivities of films synthesized using distilled BFEE were lower than
those of films synthesized in undistilled BFEE. This might be due to the lower solution
conductivity of distilled BFEE because of less water content, which increased the oxidation

potential during film growth.
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Figure 6.16: In-plane conductivity of PTh films growth by CP at 0.5 mA/cm? for 90 min using 50
mM thiophene in a) SDBS/undistilled BFEE/, b) SDS/undistilled BFEE, and c¢) SDS/distilled
BFEE and SDBS/distilled BFEE. Each data point is an average of four measurements on samples

coming from two films. The film thickness is 4.1 + 0.3 um.
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Figure 6.17 suggest that the use of surfactants allowed a higher amount of dopants to
enter the film, thus the higher electrical conductivity measured on the next day of deposition (i.e.
day 1). Literature has shown that increased molecular order will allow a high packing density of
dopants [75, 76]. The conductivity may converge due to “less trapped” dopants escaping the film
first, followed by the slow decay of dopants that are trapped more in the bulk of the polymer.

Further studies are required to understand the mechanism of dopant loss from the films clearly.
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Figure 6.17: Conductivity stability of PTh film synthesized in SDBS/undistilled BFEE

electrolyte.

The electrical conductivities of PTh films made from anionic surfactant/DTBP/distilled
BFEE mixtures are shown in Figure 6.18. The conductivities of PTh films with additives were
higher than that of films without additives for all electrolyte mixtures used in the synthesis of the
films. The electrical conductivity of PTh films synthesized using the three mixtures are within
the standard deviation of the electrical conductivity of the film synthesized using DTBP/distilled
BFEE. The presence of DTBP cation may cancel the charge from DBS™ and DS™ anions reducing

the solution conductivity. This can result in a smaller amount of dopants from the dodecyl chain
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of the surfactants which improves molecular ordering because anionic surfactants require longer
times and high solution conductivities to diffuse into the working electrode due to their relatively

large weight.
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Figure 6.18: In-plane conductivity of PTh films synthesized using 0.5 mA/cm” with 50 mM
thiophene at 5 mm inter-electrode distance in anionic surfactant/DTBP/distilled BFEE
electrolyte. Each data point is an average of four measurements on samples coming from two

films.

The PTh films synthesized in anionic surfactant/DTBP/undistilled BFEE have higher
conductivities than the films synthesized in anionic surfactant/undistilled BFEE and
DTBP/undistilled BFEE as shown in Figure 6.19. In the anionic surfactant/DTBP/undistilled
BFEE, anionic surfactant appears to be the dominant factor as shown in Figure 6.15. The
oxidation potentials of the mixtures are comparable to the oxidation potentials of the anionic
surfactant/undistilled BFEE system after several minutes of film deposition. The DTBP cation

may still cancel the charge of the dodecyl chain, but higher water content in the undistilled BFEE
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promotes a faster diffusion rate of the DBS- and DS- to the working electrode. Therefore, the
PTh films synthesized in anionic surfactant/DTBP/undistilled BFEE have higher electrical
conductivities than the films synthesized in anionic surfactant/undistilled BFEE and
DTBP/BFEE. Using the anionic surfactant/DTBP mixtures in undistilled BFEE to synthesize the
PTh films offers the advantage of reducing the defects due to DTBP and increasing the

molecular ordering due to the anionic surfactants.
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Figure 6.19: In-plane conductivity of PTh films synthesized using 0.5 mA/cm” with 50 mM
thiophene at 5 mm inter-electrode distance in anionic surfactant/DTBP/undistilled BFEE
electrolyte. Each data point is an average of four measurements on samples coming from two

films.

6.6 Mechanical Properties
Mechanical properties of PTh films synthesized in SDBS/undistilled BFEE solution are
shown in Figure 6.20. The Young’s modulus and tensile strength of PTh films without

surfactant, with 0.1 mM SDBS, and with 0.5 mM SDBS were comparable within the spread of
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eight measured 0.5 x 2 cm strips. There was little difference in the electrical conductivity and
oxidation potential of films synthesized with no surfactant and with 0.1 mM SDBS solution, so
similar mechanical properties were expected for those films. The tensile modulus and strength of
films synthesized with 0.5 mM SDBS were expected to be higher than that of films synthesized
with no surfactant and 0.1 mM SDBS because the electrical conductivity was higher and the
oxidation potential was lower for films synthesized at 0.5 mM SDBS. The molecular weight of
SDBS is lower compare to that of the PTh structure; therefore, films made with SDBS could
have lower molecular weights than films made without surfactant. Steric effects from the use of
surfactants could also cause the films to be less compact, so increased chain length and
alignment may compete with reduced effective molecular weight when surfactants are added to
PTh films. Because of these competing factors, it is difficult to draw clear conclusions about the
mechanisms responsible for the tensile modulus and strength data of films made with no
surfactant, 0.1 mM and 0.5 mM SDBS concentrations. However, it is clear that the tensile
strength and Young’s modulus of PTh films reduces slightly when the SDBS concentration is
increased. Out of the eight strips that were cut from two films and used for testing for each
surfactant concentration (0.1, 0.5, and 5 mM SDBS), almost half exhibited necking behavior as
shown in the stress-strain curves in Figure 6.21. Necking indicates that the polymer network is at
least partially aligned because of the presence of surfactant. However, the short necking period
without drawing steps suggest that the conjugated chain lengths are short. No necking was
observed in films that were synthesized without surfactant and with 1 mM SDBS solution.
Overall, the inclusion of SDBS increased the maximum strain of PTh films. This improvement is
likely the results of increased molecular order, which is discussed further in the next section.

Note that the reported strain measurement assumes uniform deformation. Assuming necking with
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uniform deformation can overestimate the true strain values. PTh films synthesized in BFEE by

Jin et al. produced lower tensile strength and elongation at break than PTh films synthesized with

surfactants in this study [24]. The mechanical properties measured here would be even higher at

the slower strain rate used by Jin et al. because the polymer has more time to overcome the

stress.
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Figure 6.20: Mechanical properties of PTh films synthesized at different SDBS concentrations in

BFEE. Each data point is an average of eight measurements on samples coming from two films.

The film thickness is 4.1 £ 0.3 pm.
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Figure 6.21: Stress-strain curve of PTh in SDBS/BFEE electrolyte.

Figure 6.22 displays the mechanical properties of PTh synthesized in SDS/BFEE
electrolyte. Unlike PTh films synthesized in SDBS/BFEE, the Young’s modulus and tensile
strength at all concentration were comparable within the data spread. The in-plane electrical
conductivity of PTh films with SDS increased with SDS concentration (see Figure 6.16b), which
suggest increased molecular ordering with the addition of SDS. Therefore, the near constant
mechanical strength and tensile modulus are most probably the result of reduced molecular
weight with increased SDS concentration (there is balancing act between increased molecular
order and reduced molecular weight similar to the case with SDBS). There was directionality in
the elongation at break data for films synthesized with SDS where the transverse direction
exhibited higher elongation than the longitudinal direction with the respect to the direction of
electron flow into the lead wire attached to the electrode as shown in Figure 2.5. A possible
reason for this behavior is uneven film growth experienced with these samples. This anisotropic

behavior was not observed in the mechanical properties of films made with SDBS.
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Figure 6.22: Mechanical properties of PTh films synthesized at different SDS concentrations in
BFEE. Each data point is an average of eight measurements (four for each direction) on samples

coming from two films.

In distilled BFEE, the mechanical properties of the films synthesized in presence of
various concentrations of either SDS or SDBS showed no difference as shown in Figure 6.23.
There was no directionality in the elongation at break, and 4 out of 12 strips of films made with
SDBS and 6 out of 16 strips of films made with SDS exhibited necking behavior, most likely due
to chain alignment in the film. This result highlights that improved experimental consistency is
achieved with distilled BFEE because the films made with each surfactant are more uniform

without any directionality compared with films made using undistilled BFEE.

73



< la £ 12}p
g 12 150 =~ T )
O 4} g © [
) = 2 9
= ~ Mm
53 £ = 1
3 4100 © ©
c C
= L o 6
W - 4=
= 2F 20 ]
= L
S 4150 F ©
o 2 = 3t
> 1} G
B Young's Modulus |
@® Tensile Strength
0Lb— 0 0
— + )] w w w w
5 8 B8 &8 8 2 § @ @ a o g
B ) ) n wn n O @] o) w wn w
g ® 0 =5 = = & £ B E E =
S = = c c c 5 =2 =2 E E E
n £ £ 0 ) o w £ E W O 9
o N 0 o ™ o N v o «
Z o o =z o @]

Figure 6.23: Mechanical properties of PTh films synthesized in anionic surfactant/distilled

BFEE. Each data point is an average of eight measurements on samples coming from two films.

Tensile modulus and strength of PTh films in SDS/DTBP/undistilled BFEE presented in
Figure 6.24 are comparable, which also exhibit the highest absolute and average value, with the
results obtained from films made using SDS/undistilled BFEE and DTBP/undistilled BFEE
electrolytes. Tensile strength and Young’s modulus of the films synthesized in the mixtures of
three solutions is comparable to the films synthesized in no additive, DTBP/BFEE, and
SDS/BFEE because the addition DTBP and anionic surfactants in BFEE does not produce
significant changes in tensile strength and Young’s modulus of the films (see Section 6.3Figure
6.22a). Although the films synthesized in SDS/DTBP/undistilled BFEE have higher electrical
conductivities than the films synthesized in anionic surfactant/undistilled BFEE and
DTBP/undistilled BFEE as shown in Figure 6.19, the effect of anionic surfactant is more
dominant as suggested by the CP plot in Figure 6.15 creating competition between enhancement

of molecular structure and decreasing molecular weight. This trend is identical to that observed
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for the Young’s modulus and tensile strength of PTh films synthesized in distilled BFEE
mixtures, and the Young’s modulus and tensile strength of the PTh films synthesized in anionic
surfactant/DTBP/distilled BFEE are comparable to the values obtained with the same additives
in distilled BFEE (see Figure 6.25). Surfactant/DTBP mixtures in distilled and undistilled BFEE
produced absolute and average Young’s modulus and tensile strength values that are higher than
values achieved with films made using SDS/distilled BFEE and DTBP/distilled BFEE
electrolytes. The slightly higher Young’s modulus and tensile strength of the films synthesized in
the three mixture solutions show that mixing anionic surfactant and DTBP in distilled or
undistilled BFEE produce synergistic results. The elongation at break of the films made with
anionic surfactant/DTBP/distilled and undistilled BFEE is shown in Figure 6.26 and Figure 6.27,
respectively. It is noted that these values are comparable to the values measured for films made
in several different electrolyte combinations. The variance in the measurements standard
deviation is likely due to the variability in thickness of the PTh films.

The mechanical properties (tensile modulus, strength, and elongation at break) of the
films synthesized in distilled solution are slightly better than those of films synthesized in
undistilled BFEE. This is likely because of the higher polymerization rate in distilled BFEE that
results from the higher oxidation potential. This explanation is supported by structural analysis

data that is discussed in the following section.

75



4} {150
2 B
g 3 1 =
= : {125 ©
= @
(@] e
E 2t n
2 s %
5 {100 £
< At —

W Young's Modulus
@® Tensile Strength
0 i i 4 i 75
& S & K
) o o S
N ST N
& ‘96\ ¢ S
@ 9 )
@ 2
X S
2 N\
< S

Figure 6.24: Tensile modulus and strength of PTh films synthesized using 0.5 mA/cm? with 50
mM thiophene at 5 mm inter-electrode distance in SDS/DTBP/undistilled BFEE electrolyte.

Each data point is an average of eight measurements on samples coming from two films.
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Figure 6.25: Tensile modulus and strength of PTh films synthesized using 0.5 mA/cm? with 50
mM thiophene at 5 mm inter-electrode distance in anionic surfactant/DTBP/undistilled BFEE
electrolyte. Each data point is an average of eight measurements on samples coming from two

films.
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Figure 6.26: Elongation at break of PTh films synthesized using 0.5 mA/cm? with 50 mM
thiophene at 5 mm inter-electrode distance in anionic surfactant/DTBP/undistilled BFEE. Each

data point is an average of eight measurements on samples coming from two films.
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Figure 6.27: Elongation at break of PTh films synthesized using 0.5 mA/cm? with 50 mM
thiophene at 5 mm inter-electrode distance in anionic surfactant/DTBP/distilled BFEE. Each data

point is an average of eight measurements on samples coming from two films.
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6.7 Structural Analysis

The PTh films synthesized with SDBS and SDS were analyzed with X-ray photoelectron
spectroscopy (XPS) to confirm the incorporation of DS™ and DBS’ anions in the PTh films.
Figure 6.28 displays the high-resolution spectra of Ols and S2p recorded for PTh films made
with different concentrations of SDBS and SDS. A small hump located at 168.4 eV in
concentrations higher than 1 mM SDS and 1 mM SDBS in S2p scans is the signature of [S=0]
from [=SOy4’] of SDS and [=SOs7] of SDBS, which indicate the incorporation of DS™ and DBS”
anions in the film (see Figure 6.28b and d). This hump does not appear when the SDBS and SDS
concentration is lower than 5 mM because the relative concentration of SDBS and SDS to the
concentration of thiophene was low. The hump might appear at low SDBS and SDS
concentrations with additional scans to compensate for the low concentration. The peaks in the
S2p scan at 163.9 eV, and the shoulder at 165.6 eV, are the signature of doublets from the
thiophene sulfur atom [S(2p)s;2, S(2p)i12] [77]. The Ols peak in the XPS in Figure 6.28a and c
shows that there is oxygen in the PTh film structure. This oxygen is attributed to the oxygen
from air [78], because the thiophene structure does not have oxygen and oxidized thiophene may
react with atmospheric oxygen. The Ols peaks are shifted to lower binding energies at
concentrations higher than 1 mM SDBS and 1 mM SDS (see Figure 6.28 a and c) because of the
presence of [O-S=0] from DS™ and DBS" anions in the film as shown in Figure 6.29. The C-O-C
is likely from the diethyl ether trapped in the PTh film. The Ols peak of 0.1 mM SDBS shifted
to a higher binding energy possibly because of [C=O] in the film that has a signature at
approximately 535.7eV. The [C=0] is likely a contaminant in the thiophene chain from CO,

[37].
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Figure 6.28: Ols and S2p high resolution XPS spectra of 50 mM thiophene in undistilled BFEE
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Figure 6.29: Fitted PTh Ols peaks of 50 mM thiophene in undistilled BFEE with a) 5

mM SDS and b) 5 mM SDBS.

Current density controls the diffusion rate of the monomers or oligomers to the working
electrode. The wide-angle X-ray scattering (WAXS) spectra of PTh films made without the
presence of surfactant and deposited using 0.5 mA/cm” with 50 mM thiophene are shown in
Figure 6.30c and d and reveal enhanced molecular ordering in the films. This is indicated by the
sharper peaks in these films compared to films in Figure 5.6 that were deposited using 1
mA/cm”. The films grown with 0.5 mA/cm” are also thicker than the films grown using 1
mA/cm?”. This suggests that a slower deposition rate provides more time to rearrange monomers
and oligomers on the working electrode.

WAXS data for PTh films made with and without SDBS and SDS anionic surfactants are
shown in Figure 6.30 and Table 6.2. The broad peaks in the WAXS pattern of the PTh films
synthesized in the presence of SDBS and SDS (see Figure 6.30) show that the PTh films are
amorphous. As discussed in the prior section, the anion tail from the surfactant is thought to

create steric effects that reduce the packing density of PTh chains in the film. This hypothesis is
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supported by the larger d1 and d2 spacing (i.e., larger full width at half maximum for the d1 and
d2 peaks) for films synthesized with 5 mM SDS (Figure 6.30d) compared to films synthesized
without surfactant (Figure 6.30a) that have similar values of electrical conductivity. The films
made with SDS and SDBS increased electrical conductivity by 479% and 61%, respectively,
with respect to the films synthesized without surfactant additives. The PTh films in Figure 6.30a
and b were produced with a different BFEE batch than the one used to produce the films in
Figure 6.30c and d so it is only useful to compare the percent improvement in electrical
conductivity achieved using SDBS or SDS in the respective batches. The Bragg’s angles and full
width at half maximum (FWHM) of peaks in the WAXS spectrum of the films made with SDBS
are comparable to the angles and peaks for films made with no surfactant as shown in Figure
6.30a and b. The important differences are that the ratio of d1/d2 is closer to one when SDBS is
in the PTh film, which means that the thiophene ring has approximately the same periodicity of
dl and d2 packing, and that the FWHM of the d3 peak is significantly lower. The sharper d3
peak in films made with 0.5 mM SDBS suggest increased ordering, and possibly chain length,
compared to films synthesized without surfactants. Films made with SDS produced a more than
400% increase in electrical conductivity compare to films made with no surfactant. The FWHM
of the d2 and d3 peaks are narrower in films synthesized with 5 mM SDS than in films made
with no surfactant. The films with 5 mM SDS also show larger d1/d3 and d2/d3 peak ratios. The
sharper d2 peak suggest closer out-of-plane packing of polymer chains and the sharper d3 peak
suggest increased conjugation length; this hypothesis as based on assigning the d3 peak to the

unit spacing between thiophene rings.
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Figure 6.30: WAXS pattern in transmission mode of PTh film electrochemically synthesized

using 50 mM thiophene with current density of 0.5 mA/cm?” at 5 mm inter-electrode distance in

anionic surfactants/undistilled BFEE electrolyte.

Table 6.2: X-ray diffraction data of PTh films in undistilled anionic surfactant/undistilled BFEE

electrolyte.

20 FWHM Peak intensity ratio
ID 6 (S/cm) dl |d2 |d3 |dl [d2 |d3 |dl/d2|dl1/d3 | d2/d3
a | No Surfactant 86.02 - 129.18 17.6 | 26.0 | 38.7 | 5.1 [ 4.6 | 13.2 1.1 3.0 2.7
b | 0.5mM SDBS 162.96 - 183.52 | 17.7 | 26.0 | 38.3 | 5.2 | 4.8 | 10.8 1.0 3.5 3.4

20 FWHM Peak intensity ratio
ID 6 (S/cm) dl |d2 |d3 |dl [d2 |d3 |dlI/d2|dl1/d3 | d2/d3
c | No Surfactant 18.07 - 20.74 17.0 | 249 [ 372 |63 [ 7.2 | 127 1.0 3.6 3.7
5mM SDS 89.56 - 135.24 17.3 125.5 1368 63]5.9]12.0 1.0 4.1 4.0
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Figure 6.31 and Table 6.3 present the WAXS data for PTh films synthesized in anionic
surfactant/DTBP/distilled BFEE, anionic surfactant/distilled BFEE, and DTBP/distilled BFEE.
The PTh films synthesized in the distilled BFEE show increased molecular close-plane packing
that probably results in more dense films compared to the films synthesized in the undistilled
BFEE because the lower d1/d2 peak ratio in distilled BFEE suggest closer d2 spacing relative to
d1 spacing (see Table 6.2 and Table 6.3) . This may result from the slower diffusion of the
thiophene to the working electrode in distilled BFEE that can cause the PTh film on the working
electrode to be oxidized more than it would in undistilled BFEE where the thiophene diffusion is
faster. The electrical conductivities of PTh films synthesized in anionic surfactant/distilled
BFEE, DTBP/distilled BFEE, and anionic surfactant/DTBP/distilled BFEE electrolytes are
comparable to each other, but higher than the conductivities of films without additives as shown
in Figure 6.18. It is difficult to find clear support of the trends observed in the electrical
conductivity data in the WAXS data in Table 6.3 because several competing factors (some of the
clear ones were discussed above) must be considered when attempting to interpret WAXS data
for films with different combinations of additives. However, the d1 spacing is clearly larger in
films synthesized in distilled BFEE without additives, and this suggest increased disorder of
polymer chains in the plane in which electrical conductivity was measured. Further studies are
required to isolate the effect each additive has on the WAXS spectra so a clear understanding of

their influence on molecular ordering in the film can be developed.
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Figure 6.31: WAXS pattern in transmission mode of PTh films electrochemically synthesized
using 50 mM thiophene with current density of 0.5 mA/cm?” at 5 mm inter-electrode distance in

distilled BFEE with DTBP and anionic surfactants additives.

Table 6.3: X-ray diffraction data of PTh films synthesized in anionic surfactant/DTBP/distilled

BFEE electrolyte.
20 FWHM Peak intensity ratio
o (S/cm) dl d2 |d3 |dl [d2 |d3 d1/d2 | d1/d3 | d2/d3
No surfactant or DTBP 20.62-29.05 | 174 1253 |38.0 |69 |54 | 12.1 0.8 5.9 7.3
0.5mM SDBS 40.60-46.96 | 17.2 | 25237357149 | 938 0.9 6.4 7.3
0.5mM SDS 66.33-67.77 | 179 | 25.8 387 |6.0]49| 99 0.8 6.1 7.5
25mM DTBP 64.53-99.12 | 17.6 | 255377164 |52 | 11.2 0.8 5.2 6.5
0.5mM SDBS +25mM DTBP | 47.69-61.87 | 17.7 | 25.5|37.8 6.5 |5.1 | 11.1 0.7 6.8 9.5
0.5mM SDS + 25mM DTBP 43.48-55.10 | 17.4 | 25.0 | 35.8 | 5.6 |62 | 125 0.8 4.6 5.6
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The films synthesized with SDS/DTBP additives in undistilled BFEE produced the
highest electrical conductivities compared with films synthesized with other electrolyte
combinations (see Figure 6.19). XRD analysis suggest that these films have best molecular
ordering because they have the highest combination of dl, d2, and d3 Bragg’s angles, the
narrowest combination of d1 and d2 peaks, and a d1/d2 ratio close to one as shown in Figure
6.32 and Table 6.4. The data also suggest that films synthesized using SDBS/DTBP additives
have better molecular packing than films made in DTBP/undistilled BFEE because of larger
average Bragg’s angles and smaller average FWHM, but molecular packing comparable with
that of films made in SDBS/undistilled BFEE because the Bragg’s angles and FWHM in Table
6.4 are comparable. This result is expected because the percent difference in conductivity of
films synthesized in SDBS/DTBP/undistilled BFEE to the SDBS/undistilled BFEE film is not as
high as the difference in conductivity between films synthesized in DTBP/undistilled BFEE and
films synthesized in SDBS/DTBP/undistilled BFEE. Note that the 25 mM DTBP spectra in
Figure 6.31 has some distortion that is likely due to some contamination on the surface. The
films with anionic surfactants SDS and SDBS have better molecular ordering (smaller FWHM of
dl, d2, and d3) than the films synthesized without additives in undistilled BFEE; identical results
were observed with films synthesized in distilled BFEE (see Figure 6.31 and Table 6.3).
Electropolymerized PTh films in anionic surfactant/DTBP/undistilled BFEE exhibit very
promising mechanical and electrical properties as well as significantly enhanced molecular

packing.
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Figure 6.32: WAXS pattern in transmission mode of PTh film electrochemically synthesized
using 50 mM thiophene with current density of 0.5 mA/cm?” at 5 mm inter-electrode distance in

undistilled BFEE with DTBP and anionic surfactants additive.

Table 6.4: X-ray diffraction data of PTh films synthesized in anionic surfactant/DTBP/undistilled

BFEE electrolyte
20 FWHM Peak intensity ratio
6 (S/cm) dl d2 | d3 dl [ d2 | d3 d1/d2 | d1/d3 | d2/d3
No surfactant or DTBP 25.76-26.8 1751251 38,6 73|55 9.1 1.2 7.1 6.2
0.5mM SDBS 36.85-46.04 | 17.7 | 255(379 |64 |52| 94 1.0 6.0 5.8
5mM SDS 59.28-66.78 | 17.3 | 253 | 376 | 6.6 | 54| 10.7 1.1 5.9 53
50mM DTBP 30.66-36.12 | 17.2 | 25.1 | 373 |6.7 5.6 | 10.8 1.0 53 5.1
0.5mM SDBS + 50mM DTBP | 53.45-84.71 | 174253137960 |54 | 94 1.2 5.7 5.0
5SmM SDS + 50mM DTBP 87.89-119.7 | 176 1254 383 ]6.1 |52 104 1.0 6.0 5.8
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7. CONCLUSIONS

This thesis has demonstrated the effects of several important processing parameters in the
synthesis of PTh films and has shown for the first time that surfactant additives can be used in
Lewis acid electrolytes such as BFEE to improve the molecular ordering and physical properties
of ICP films such as PTh. Different parameters in the electrochemical polymerization of PTh in
BFEE were studied to reveal and understand the conditions for improved experimental
reproducibility, and to improve the molecular structure of PTh films and explain the mechanisms
responsible for the improvements. The use of anionic surfactants SDS and SDBS and proton
scavenger DTBP as additives in BFEE electrolyte were demonstrated to enhance molecular
ordering in PTh films synthesized by electrochemical polymerization, and such enhancements
produced improved in-plane electrical conductivities and mechanical properties. PTh films made
with SDS and SDBS increased electrical conductivity by 479% and 61%, respectively, compared
to films made without additives. All films in this work had Young’s modulus in the range 1-8
GPa and tensile strength in the range 100-175 MPa; however, films fabricated with SDS and
SDBS showed increased necking and elongation at break during density testing, which suggest
increased alignment of constituent polymer chains using these additives. The findings in this
study can be extended to improve the electrochemical processing of ICPs similar to PTh towards
enhanced structural order and improved physical properties, and a high degree of experimental
consistency.

The following steps and comments summarize key finding in this work and are presented
to facilitate the fabrication of PTh films with enhanced electrical conductivity and mechanical

properties:
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1.

Selection and preparation of electrodes: The electrode must be stable in the potential
range of the process and have few surface defects, which can be removed with
polishing to a mirror finish. Measures should be taken to minimize the contact
resistance between the electrode and the lead wire; this will provide higher current
efficiency during deposition.

Inter-electrode distance: The shortest distance is preferred to maximized current
density. An optimal thiophene concentration of 50 mM was revealed for a distance of
S mm. This critical concentration was determined using galvanostat and potentiostat
techniques. The thiophene concentration should be increased to attain PTh films with
similar properties using larger inter-electrode spacing.

Electrochemical method: The galvanostatic method is the preferable route for
electrochemical synthesis of PTh, because it produces more compact, uniform films,
and allows easier control of the total charge (i.e., film thickness). The current density
needs to be optimized. High current density may produce films with more cross
linking due to high oxidation potential, whereas low current density may produce
oligomers in the PTh film.

Effect of surfactants: Anionic surfactants (SDS and SDBS) were demonstrated here
as additives that improve the molecular ordering of PTh films. It was found that
solvation of SDS and SDBS in BFEE requires external energy (i.e. sound, thermal, or
light) to occur due to the low dielectric constant of BFEE. The concentration needs to
be optimized, because the presence of micelles at high concentrations may hinder the
polymerization process. Since SDS and SDBS are heavier than the thiophene, longer

deposition times are necessary to compensate for “late-arriving” surfactant. PTh films
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fabricated in SDS/BFEE electrolyte exhibit higher electrical conductivity than the
films fabricated in SDBS/BFEE because of the steric effect of the benzene ring in
SDBS.

Effect of proton scavenger: The addition of DTBP as an additive to BFEE led to
reduction of defects in the polymer film. DTBP shows inhibiting effects because it
reacts with intermediate radical cations, so its concentration needs to be optimized.
Combined effect of anionic surfactants and DTBP: An optimum concentration of
anionic surfactants and DTBP added to undistilled BFEE produced PTh films with
the highest electrical conductivities and best mechanical properties due to enhanced
molecular order and reduced defects. Presence of water in BFEE improved the

polymerization by increasing the diffusion rate.

7.1 Recommendations

Several studies have shown that the presence of water could improve the properties of

polypyrroe by increasing the rate of polymerization [32, 79, 80]. In this study, water has been

suggested to increase the polymerization rate, but no quantitative data were obtained because

there was a technical limitation on measuring the content of water in BFEE. Coulometric Karl

Fischer titration was performed, but the titrant, Hydernal-1, reacted with BFEE and failed to give

any reading. Alternatively, the water content could be measured qualitatively by performing CV

or CP and recording changes in current density. Using a distillation process, the water content in

the BFEE could be highly controlled and characterized experimentally in order to determine the

optimum conditions. Further work is suggested to study the role of water content in BFEE on the
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electrochemical growth of PTh films. Using a molecular sieve pad can also be useful to control
the water level in the BFEE electrolyte.

Additional studies, employing a wider variety of structural characterization techniques,
are warranted to increase understanding of the mechanisms by which different processing
conditions and electrolyte additives affect molecular ordering in PTh films. Studies that explore
the effects of scaling electrode areas, spacing, and thiophene concentrations to find optimal

conditions for large-scale production of PTh films would be very useful as well.
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