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ABSTRACT

The design, synthesis and characterization of a novel monomer consisting of
the fusion of an electrochemically polymerizable thiophened8)lene
dioxythiophene, EDOT) and a phospholipid plasma membrane component
(1,2-dipalmitoytsnglycero3-phosphat€16:0 phospholipid)) is described. This new
molecule, EDO¥phospholipid, was electrochemically polymerized into the
corresponding polymer PEDGGhospholipid. It was found that the monomer
exhibited residual liquid crystalline order when heated above its melting point at
75.8°C, with crystalline properties being recoverable upon cooling to form negatively
aligned spherulites. PEDGFhospholipid was electrochemically polymerized from a
50:50 THF:water mixed solvent system at +1.61V to produce an iridescent thin film
that reduced the impedance of the coated electrode by more than one order of
magnitude at low frequencies (~0.1 Hz). The addition of the hydrophobic EDOT
molecule onto the head of the phospholipid evidently disrupted the amphiphilicity of
the phospholipid, leading to a decreased solubility in many solvents, and preventing
the molecule from being cultured with living cells to a reasonable degree. These
results confirmed the ability to create phospholipicbrporating conductive polymer
thin films that reduce the impedance of metal electrodes at low frequencies.

Optical photothermal infrared responseRDIR) spectroscopis an emerging
technique of particular interest for examining the local chemistry and structure of
organic molecular and polymer materials. Here, we used I to examinghe 3,4

ethylenedioxythiophene (EDOT) and maleimidactionalized (EDOTMA)

XVi



monomersand alsahin films (~100 nm) of their corresponding polymers (PEDOT

and PEDOTMA) el ectrochemically degpldbsi ted on

electrodesThe OPTIR technique provided high resolution (fh) information

about the chemical structure, including the ability to map local variations in the
composition of the MA side groups. Certain limitations were found, particularly in
samples that were strongly optically absorbing. In particular, Raman analysis proved
to be more difficult than IR analysis on these conjugated polymer systems.

The polymerization of PEDOT in aqueous solutions with concentrated organic

acids has been previously documented, but the detailed mechanism and progression of

the reaction over time is still poorly understood. In this work, tieslved UV/Vis
assays, Raman spectroscopy, and NMR measurements were used to provide new
insights into this reaction. EDOT monomer, EDOT dimer, and EDOT trimer were all

subjected to formic acidcatalyzed polymerization, and the spectra were examined as

a function of time at room temperature. The samples showed immediate color changes

in solution, forming vibrant oranges and reds. Raman spectroscopy showed increasing

peak clusters at 1440 chand 2876 cm showing progressive polymerization over the

course of six months. EDOT monomer solutions developed UV/Vis peaks consistent

with EDOT dimer at 430 nm and consistent with EDOT trimer at 503 nm and 536 nm.

All three showed increased absorbances at 640+ nm as the reaction progressed,
consistent with the formation of PEDOT oligomers and polymers. Inert EDOT
monomer NMR showed t F6.80pbrewhiee EDOTdimer gnd n s
tri mer s howe2bpgmhveatlsatl ECO oligomers showing methylene
hydr ogen s=438 ppme& =518 gpm. In formic acid, all thiophene

hydrogen peaks disappeared and the=evol

XVii
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4. 57 p p=M.1llapprd foreDOT dimer and trimer show the creation of EDOT
hexamer. The disappearance of the thiophene hydrogens as well as the reversible
UV/Vis absorbance bands for EDOT dimer and EDOT trimer reveal the formation of

stable activated EDOT oligomers when exposed to high concentrations of formic acid.
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Chapter 1

INTRODUCTION

1.1 Background

The implementation of biomedical devices in medical and pharmaceutical
contexts is evepresent and growing. These cases span internal implants into patients
to serve a therapeutic purpose (Soares Dos San&2022) to pharmaceutical
sensors (Keslegt al.2020), and even to external environmental seng@asghalet al
2023). These devices require the transduction of electrical signals to function
(Macchiaet al 2020), and thus commonly make use of traditional metallic conductors
to achieve this goal (let al.2010). Bare metals, however, run into potential issues
with many of these biomedical applications, as they run the risk of allowing for
undesired reactions and poorly defined stability (Paeja. 2017). These undesired
sidereactions stem from the environment in which these devices are employed, as
biological systems require a delicate balance of electrolytes, proteins, lipids, and other
biologically relevantompounds (Heinrickt al.2012). This expansive chemical
environment can interact with bare metal electrodes in ways that would diminish their
effectiveness over time as would be the case for uncontrolled nonspecific protein
interactions ContrerasNaranjoet al.2019) and immune responses to perceived
foreign objects (Lu@t al2015) (Kozaiet al2015). It is for these reasons that the use
of metallic electrodes is benefitted greatly through the incorporation of electrode

coatings.



Metallic electrode interfaces may be created with a variety of methods that
each serve an even wider variety of purposes. These coatings serve to insulate the
metal from the working environment (L&t al.2013) while opening the possibility to
tailor the surface chemistry of the electrode (8ual.2021) and still permitting the
transmission of electrical signalsmmecessary (Ludwigt al.2011). Acore tactic in
this pursuit is the creation of a Sé&l§sembled Monolayer (SAM) that may be
employed to create a single molecule layer coating on metal elect(itkdd ét al.

2002). This layer can then be further modified through chemical functionalization off
of these chemical linkers to better suit the environment and purpose of the electrode
(Zhanget al.2013) (Macchiaet al.2019) An alternative method is the use of
conjugated polymers to coat the surfaces of electrodes in a way that can further
insulate the metallic electrodes in more ways than just chemically.

Through conjugated polymers, there exists the potential to modify electronic
devices to suit a broader range of applications previously unapproachable. As the bulk
composition of devices is largely irrelevant for interfacial considerations, it is the
surfaces of these electronic devices that serves as the primary target for modification.
Conjugated polymers may be tuned to suit a wide variety of mechanical properties and
surface morphologies (Paek al.2021) (Wanget al.2013). However, for electronic
devices it is necessary to examine the electrical properties to ensuhefiegatoatings
do not hinder the usability of the electrodes @itwal. 2021). It is because of this
additional requirement that conductive polymers are an attractive choice for the
interfacing of electronic devices to biological systems.

Conductive polymers exhibit relatively high electrical and ionic conductivity

when compared to similar organic polymers (Poddad.2021). These polymers



allow for electrode coatings to facilitate the detection and application of electrical
signals more so than other coatings, as they do not impact electrical conductivity as
negatively as with othesrganic moleculacoatings, and due to surface morphology,
may actually improve electrode performance (Ates 2011).

This dissertatiorprimarily

focuses orthe analysis of

chemically modified 3,4 /\
O O
ethylenedioxythiophene (EDOT) o o i S
and its respective polymer pely Z/ \; T
S

3,4-ethylenedioxythiophene o 0

_ _ EDOT - —n
(PEDOT)[Figure 1.]. PEDOT is a PEDOT

conductive polymer with
heightened chemical stability that Figurel.1: Chemical schematics for EDOT
and PEDOT

improves coated electrode
performance as observed by the
lowering of thelow frequencyimpedance of coated electrodes (Jehal. 2020)
(Frostet al.2012). PEDOTilms havea deep blue to black visual appearameaking
themboth easy to detect visuallyThey are alselectrochromicchanging color with
the applied voltagé_evasseuet al.2019) (Poverenoet al.2010). The primary
drawback of PEDOT stems from one of its main strengths, its chemical resilience, as
this also causes it to be difficult to chemically modify.

Chemical modification has been an important, but difficult tactic that allows

PEDOT materials to be used in a wider range of electronic applicaBensgrally,

alternative EDOT precursors were used to chemically modify the dingyof EDOT



monomers, with these modified EDOTSs serving as the basis for further chemical
modification[Figure1.2]. It is through this that EDOmaleimide has been

synthesized in our lab (Nagaeeal.2020). Using the thiemaleimide coupling

reaction (Northroget al. 2015), further chemical modification of ED@ialeimide is

simpler and more streamlined than previous processes. Many EDOT variants have

since been synthesized using this process. We collectively refer to the modified

monomers as EDOT+ and their respective polymers as PEDOT+. Thenddemide
Aclickod coupl i ng r e aarpostmolymeneatipn, dlevingferr f or me c
the preprocessing of EDO-fmaleimide in the monomer form, or pgebcessing of
PEDOTmaleimide in the polymer form.

The growing interest in developimfpemicallymodifiedthiophenes opens the
possibility of modifying EDOT with bioactive molecules for biologicalstevant
applicationgMishraet al.2025) Many of these molecules are intended to serve a
direct pharmacological purpose (Ismeiilal.2012) (Rashmet al.2018).However,
thiophenes with such modifications could serve as a potential bioelectronic interface,
should they exhibit synergistic properties of their precurddrs.polymerization of
biologically-modified EDOT could create a polymer with biologicalglevant
properties that could be explored.

With the creation of newnodified thiophenes and their respective
polythiophenesthe question of proper chemical characterization is inevitable. The
large number of potential chemical modificatigRaistamliet al.2015)

(Adamet al.2014) as well as the ability to process these new monomers and
polymers at various stages of applications, requires a robust and versatile surface

characterization method to both verify the success of modification, but also to probe



the surface properties of these modified filld®dified polymers intended for pest
processing would also bring about the unique conditions of requiring surface
characterization techniques to be sensitive to interfacial layers where the bulk polymer
is not the focus.

Beyond these factors, there is an interest in finding alternative polymerization
techniquesipplicable to EDOT and EDOT+. Electrochemical polymerization is an
excellent procedure for the deposition of localipelymer films however, the
process idairly rigid in its use due to the inherent needtfor presencef electric
fields and currentslhe composition of the films in terms of polymer length and
polydispersity is generally difficult to discern due to the insolubility of these polymer
films postpolymerization(Xie et al.2019) Traditional oxidative polymerization
comes with its own problems, as the polymer must remain in solution with its
associated counterion to polymeri2dternative polymerization techniques could

broaden the applications of PEDOT into previously unapproachable applications.
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Figurel.2: Top: Single step synthesis of EDOT using ethylene glycol and 3,4
dimethoxythiophene (Von Kieseritzlgt al.2004).Bottom: Two
step synthesis of EDOdcid showing dioxyring modification
through EDOT synthesis precursor modification (Mantienal.
2019).



1.2 Chapter Outline

This dissertation will cover the majority of my work concerning the
characterization of chemicatiyodified EDOT monomers and PEDOT polymers, and
is organized into three core projects.

Chapter 2 consists of work concerning the design, synthesis, polymerization,
and characterization of EDGFhospholipid (EDOTPL). In this chapter the biological
applications of conjugated EDOT and PEDOT will be explored leading to the design
and synthesis of a novel bioactive EDOT monomer. This new EDOT monomer was
physically characterized before undergoing polymerization to form the respective
bioactive polymer that was then characterized in turn.

Chapter 3 consists of work concerning the characterization and differentiation
of EDOT+ monomers and PEDOT+ polymers using surface characterization
techniques. (P)EDOT+ was characterized primarily using infrared and Raman
spectroscopy with surface characterization performed by examining the optical
photothermal infrared (®TIR) response of the materials.

Chapter 4 consists of work concerning the awthlyzed polymerization of
EDOT monomer and oligomers free of oxidants or electrolytes. This section
capitalized off arraypased experimental design as welirasitu Nuclear Magnetic
Resonance (NMR) analysis of the polymerization reaction to give insight into the
progress of the reaction over time.

Chapter 5 consists of the final conclusions for the dissertation, as well as

suggestions for possible future work that could build on the results described.



Chapter 2

DESIGN, SYNTHESIS, AND CHARACTERIZATION OF
EDOT-PHOSPHOLIPID AND
PEDOT-PHOSPHOLIPID ELECTRODE COATINGS

2.1 Introduction

The potential for the direct cellular integration of active electronic devices has
motivated the search for new materials that can bridge the interface between living
(biotic) and engineered (abiotic) systems. Of particular note are attempts to integrate
electrodes with neural cells to achievedbectional signal transduction, as this serves
the purpose of both reading the electrical action potentials transmitted through the
neural bodies as well as applying an external electrical signal to incite an artificial
action potential (Grill 2008) (Carét al.2019). This is done with the evpresent
threat of hostmplant immune responses disrupting such endeavors (€baai
2014) (Lewiset al.2024). A wide variety of new materials are being developed and
employed for this purpose, not just to improve the electrical properties desired for
such a device (Ouyargg al.2017), but also to achieve biological properties that are
required for function in a living biological system (Kuegal.2014).

Conjugated polymers are a particularly attractive choice for improving the
interfaces between biomedical devices and living systems. Conjugated polymers serve

as an intermediate between the relatively flat, rigid, inorganic metals in electronic



devices, and the wet, dynamic, soft, and complex mixture of carbohydrates, peptides,
nucleic acids, and electrolytes found in biological tissues (Martin 2015). Conjugated
polymerbased coatings can be tailored to have a wider variety of surface
morphologies and rigidities, and are able to transport both electronic and ionic charge.
A class of conjugated polymers known as functionalized polythiophenes have been of
considerable interest for use at electrically active interfaces (NeealkdtP018) ( Jia

et al.2020).
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Figure2.1: Structures of EDOT, PEDOT, and ED&hospholipid.

The particular functionalized polythiophene that has received the most
attention both in the scientific literature and in commercial applications is poly(3,4
ethylenedioxythiophene) (PEDOT), with its associated monomer HB{@Ure 2.].

PEDOT is an electrically conductive conjugated polymer whose monomer may be



electrochemically polymerized to form a polymer coating on the surfaces of electrodes
through which an electric potential is applied. Such coatings are opticallyFiguike

2.2], and bestow a considerably lowered electrical impedance to celatdrbdes
particularly at low frequencies (Mousaeti al.2023) However unmodified PEDOT is

also extremely chemically stable, preventing it from being easily modified after solid
polymer films are prepared. To remedy this, EDOT monomers have been modified
with a variety of side groups to produce correspondingly modified PEDOT polymers.
Many of these monomers have had biologically relevant moieties attached to assist

with the bicinterfacing properties of these monomers and polymers.
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PEDOT Substrate

Coating

Figure2.2 Typical electrodeposited PEDOT:PSS film on a gold electrode on &
screen printed electrode.

These biologically relevant modifications to EDOT have come in a variety of
different chemical forms, from the large hydrophobic addition of a cholesterol
molecule in the form of EDOTholesterol, (Naganet al.2020) to the small
hydrophilic phosphorylcholine head group addition to EBRT (Zhuet al.2014). In
both of these instances, cell membrane molecular components were added onto the

EDOT monomer in such a way as to not prevent polymerization, with explicitly
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hydrophobic lipid and hydrophilic head groups being used. Here, we examine the
modification of the EDOT monomer with an entire amphipathic phospholipid.

PEDOT has been previously polymerized onto electrodes with adhered cells
with the result being that PEDOT polymerizes solely around cells, with the cells
serving as a physical barrier to further polymerization as opposed to a site for
integration (RichardseBurnset al.2007). This result was replicated and expanded
upon through the use of a chemicaiipdified EDOT monomer in the form of EDOT
acid[Figure 2.3.

Chemicallymodified EDOT monomers like these have been used to interface
PEDOT with a variety of living materials. One interesting tactic is the use of specially
designed PEDOT trimers with a chemically modified thiophenes. For these molecules,
specially designed thiophenes are trimerized with two neighboring EDOT molecules,
providing a method of tailoring the oxidative properties of EDOT even further, and in
such cases, even allowing for the alternative oxidative pathways to be taken in order to
further polymerize such thiophenes in a variety of abiotic and biotic systenes 8Ek
2024). By using an EDOT trimer with a sufficiently low oxidative window, it was
found that planbased oxidative immune responses were sufficient to polymerize
PEDOTSs within the stems of living plants (Stravinidzial. 2015). It has also been
shown that PEDOT/PSS hydrogels can serve as scaffolds for cell adhesion that mimic
the mechanical properties of host tissue (fe¢igl.2021). Genetic engineering of cells
is also an alternative tool employed to allow for the specific polymerization of

conductive polymers at the cell interface through the specialized expression of

12



oxidative enzymes. Should a monomer have a low enough oxidative potential at which
polymerization can occur, biological enzymes may provide an approprietly oxidative
environment to induce polymerization, and through altered genetic expression of such
enzymes, control over polymer deposition may be observed(laL2020).

From this basis, it was evident that chemicatigdified PEDOT might exhibit
a variety of cellular interations, and thus it is from these concepts that the design of a
conductive polymerizeable bioactive molecule in the form of EEp@dspholipid was
proposedFigure 2.4. The rationale was that the phospholipid side group would make
it possible for the EDOT monomers to more directly mimic the structure and function

of natural cell membranes.
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Before

Before

Figure2.3. Extracellular electrochemical polymerization of PEDOT:PSS and
PEDOT-acid:PSS around SBYS5Y cells. Metallic circles are
exposed gold electrodes with orange being a polbased resistor
substrateTop: EDOT polymerizes around the cells present on the
electrodes, encasing them in PEDOT:PB&&tom: EDOT-acid
polymerizes away from the exposed electrodes and out into the
surrounding cell clusters.
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2.2 Experimental Methods

p-TsOH, Toluene o)

> O
reflux, 110°C, 48h

Figure2.5: Synthesis of EDOPhospholipid from 3,4imethoxythiophene and
1,2-dipalmitoytsn-glycero3-phosphe(1-racglycerol) (16:0

phosphatidylglycerol).
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2.2.1 Materials

3,4-dimethoxythiophene, toluene, pauenesulfonic acid FsOH),
deuterated chloroforfCDCls), and lithium perchloraterere purchased from Sigma
Aldrich and1,2-dipalmitoytsnglycero3-phosphe(1-racglycerol)
(phosphatidylglycerol) was purchased from Avanti Polar Lipids, with all reagents
being used without further purification. DI water was provided by a MilliporeSigma

Milli -Q Reference Ultrapure Water Purification System without further purification.

2.2.2 Synthesis of EDOFphospholipid

3,4-dimethoxythiophene, toluene, and p&whuenesulfonic acid GFsOH),
were purchased from Sigrasddrich and1,2-dipalmitoytsnglycero3-phosphe(1*-
rac-glycerol) (phosphatidylglycerol) was purchased from Avanti Polar Lipids, with all
reagents being used without further purification-@ethoxythiophene antl 2-
dipalmitoylsnglycero3-phosphe(1-racglycerol)along with catalytic amounts of p
TsOH were heated in refluxing toluene at 200for 48 hourskigure2.5] (Von
Kieeseritzkyet al.2004) (Mantioneet al.2019). The crude product was then purified
through column chromatography before drying into a white powder with a moderate

yield (55%).

2.2.3 Nuclear Magnetic Resonance (NMR)
EDOT-phospholipid was solubilized in deuterated chloroform (Gpb&id

analyzed for itsH NMR spectrum using a Bruker NEO 400MHz NMR Spectrometer

17



controlled by TopSpin 4.3.0. The spectrum was referenced to the residual solvent peak
for CDCk ( U = 7pnd (Gulmeret al.2010).Data was analyzed using MestReNova

software package.

2.2.4 Differential Scanning Calorimetry (DSC) and Thermogravimetric

Analysis (TGA)

EDOT-phospholipid was heated and analyzed using a TA Instruments SDT
Q600 combined thermogravimetric analyzer and differential scanning calorimeter. 4.5
mg of EDOTFphospholipid was placed in an alumina pan, purged with nitrogen gas,

and equilibrated at 3TC, before heating to 50 at a ramp rate of 1W/min.

2.2.5 Polarized Optical Microscopy

EDOT-phospholipid was heated using lastec mK200Ghot/cold microscope
stageequipped with &£100Wactive/passivewatercooler. This microscope stage
setup was viewed usingNikon Eclipse LV100 POL Microscopsith a set of
integrated crossepolarizers and fullvave red tint plate. The polarizers were oriented
such that the fast axis was along the Northv&sitheast direction, and the slow axis
was oriented along the Northe&tuthwest direction, standardized through oriented
fiber imaging (Gedagt al.2000). EDOFphospholipid was heated at a rate of
5 °C/min from room temperature to 120 before being allowed to cool to room

temperature, assisted through active air pumping.
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2.2.6 Wide Angle X-Ray Scattering Diffractometry

EDOT-phospholipid was examined using a Bruker D&y Diffractometer
oper at ed u-sayswigh aPawer kfdth\KXand 40mA. Samples were
placed and flattened in an inset Anton Paar BTS 500 heated stage using a standard
0.8mm depth sample holder. The sample was heated at a r&t€/afif between
measurements, and then allowed to equilibrate at the target temperature for 10 minutes

before data acquisition with a step rate of C/8&c.

2.2.7 Photothermal Spectroscopy

Surface infrared and Raman spectroscopy was performed using a Photothermal
mIRage submicron IR and Raman spectroscope. The optical photothermal infrared
response was measured over the range of #9240 790cm™ using an IR power of
80% with a standard detector at 5x gain. The Raman spectrum was obtained over the
range of 2952m* to 440cm! at a probe power of 68% with the addition of limiting
the mnfocal pinholdo 65¢ nto prevent the signal from overwhelming the detector

while maintaining sample integrity

2.2.8 Electrochemical Polymerization
PEDOT-phospholipid was electrochemically polymerized in a 50:50

THF:water mixed solvent system at a concentration of BL@lith added 0.M
lithium perchlorate counteriorFigure 2.S1. DI water was provided by a

MilliporeSigma Milli-Q Reference Ultrapure Water Purification System with all other
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reagents and solvents purchased from Sigidaich without further purification.

Lithium perchlorate was chosen as an alternative to more common PEDOT counterion
choices as it is more soluble in this mixed solvent system (2hali2013). Metrohm
5em interdigit a&tiRDEAUSYyweie dlearel esing arthoee electrode
setup, where one set of gold electrodes served as the working electrode, the other set
served as the counter electrode, and the reference electrode used was an external WPI
Dri-RefE  Ag/AgCl reference electrode introduced to the electrolyte solution. A
variation of a cyclic voltammetrpased cleaning procedure was then used prior to the
deposition, cycling between\Wand 1.1V at a 200mV/sec scan rate for 30 cycles in a
0.1 M lithium perchlorate electrolyte solutiofigure 2.SP (Fischeret al.2009). A

constant voltage of 1.6 was applied using an Ametek Solartron Analytical

potentiostat for 15 minutes using the same electrode configuration as was used for the
cleaning procedure. The electrode was rinsed with deionized water and allowed to dry

before being further characterized.

2.2.9 Electrochemical Impedance Spectroscopy (EIS)

PEDOT-phospholipid coatingwereanalyzed using the Frequency Response
Analyzer (FRA) of an Ametek Solartron Analytical potentiostat fam Hz to
10° Hz. The electrode configuration and electrolyte solution used for these EIS

readings was identical to that used for the cleaning procedure.
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2.2.10 Scanning Electron Microscopy (SEM)

The PEDOTphospholipid coated electrode was prepared, through sputter coating
using aDenton Vacuum Desk IV Sputteiith a thin gold/palladium mix for 45
seconds before imaging. Electron microscopy imaging was performedeissa
Auriga 60 CrossBeam electron microscope at an accelerating volta¢®/ afta

working distance of 5.dhm.

2.2.11 Optical Profilometry

The PEDOTFphospholipid coated interdigitated electrode was analyzed using a
Keyence VKX3000 optical profilometer. Independent focusing was performed on
each objective lens before a final film thickness scan was performed at 50x

magnification.

2.3 Results

Here we present results of our analysis of the strugtooeerties and
synthesisffigure 2.% of the EDOFphospholipid monomer and the PEDOT
phospholipid polymer=EDOT-phospholipid was tested for solubility and the ability to
be electrochemically polymerized in several solvents (water, ethanol, propylene
carbonate, dimethyl sulfoxide, acetonitrile, and tetrahydrofufdglfe 2.SR
creating turbid solutions in all cases. The limited solubility in aqueous solvents
restricted the ability to perform cdilased tests and-Bitu polymerization

experiments. Neverthelesgse obtained extensive details about the chemical and
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physical properties of the monomer, and demonstrated its ability to be
electrochemically synthesized into the corresponding PEPEpholipid polymer.
The relatively norpolar nature of EDOphospholipid is different from
natural phospholipids, which are typically strongly amphiphilic due to their clearly
defined hydrophilic and hydrophobic domains. Biologicalerived amphiphilic
phospholipids orient themselves in bilayers such that their hydrophilic heads face
outward toward the cytosolic interior and aqueous extracellular exterior (Cetogder
2000). To maintain the amphiphilic character it is preferred that any phosphate head
modifications be hydrophilic in nature, such as glycolipids, a phospholipid with a
modified head group consisting of a sugar or polysaccharide groue{hla022).
In EDOT-phospholipid the phosphate head is hydrophilic while the both the EDOT
and fatty acid tails are hydrophobic. Evidently, putting a hydrophobic group on both
sides of the phosphate overwhelmed its hydrophilic character. The EDOT
phospholipid thus exhibits relatively poor solubility in most solvents, with a notable
exception made for tetrahydrofuran (Dervichian 1964). Due to its poor agueous
solubility, biological tests were difficult to perform, as any solvent capable of
solubilizing large enough quantities of EDRospholipid to use for testing was also

toxic to any cell type examined.
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2.3.1 NMR Analysis

The proton NMR of EDO9phospholipid was taken and analyzed with
reference to the residual CGl o | ve nt p ep@pk[Figure 26] with peak. 2 6
assignments being madeable 2.]. The phospholipid peaks were reasonably
comparable to unmodified phosphatidylglycerol, showing that the EDOT modification
did not influence the fatty acid hydrogens to a large degree (Veetajil999). The
thiophene hydrogens were minimally present next to the residual solvent peak, and
while the thiophene hydrogen peak was more downfield of what is generally seen in
conjugated PEDOT (Nagam al.2020), this could be due to the deshielding effects

of the phospholipid head propagating to these hydrogens.
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Figure2.6: *H NMR spectrum of EDOPhospholipid in CDGL

Chemical Shif{(ppm) Assignment
0.87 terminal fatty acid Chl
1.26 core fatty acid CH
1.54 nearester bond fatty acid GH
2.03 water + phosphate OH
2.34 first fatty acid CH
4.14 glycol CH; and EDOT methylene ring GH
7.19 thiophene peak
7.26 residual solvent peak

Table2.1: HNMR peak assignments for ED@hospholipid
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2.3.2 TGA/DSC Analysis

Thermogravimetric analysis (TGA) showed that EDghiospholipid
possessed high thermal stability until its decomposition point at approximatet 200
with thermal degradation essentially complete by 4DOEDOT-phospholipid had a
phase transition at 75°&€ with an enthalpy of melting of 98Jg, as found by
differential scanning calorimetry (DSQFigure2.7]. Further fluctuations in DSC heat
flow past 300°C are of limited relevance due to the extensive thermal damage accrued
beyond 200C as seen from TGA.

Comparing the physical properties of ED@Rospholipid to other surfactants
of similar composition and molecular weight, we can infer the effects of the EDOT
monomer functionalization. Soy lecithin, a crude collection of phospholipids extracted
from soy plants has a melting point at 209C5(Sharmaet al.2014).
Phosphatidylglycerol, a precursor for ED@mospholipid synthesis, has a melting
point at 130.9 °CHigure 2.S4 Both exhibit melting points much higher than EDOT
phospholipid, showing that the hydrophobic modification of phospholipids as seen in
this case, disrupts the crystalline phase in such a way as to dramatically reduce the
melting point of EDO¥phospholipid. However, the TGA of soy lecithin and
phosphatidylglycerol both show thermal degradation beginning at arourfeC20i
finalizing at around 400C (Merinoet al.2000). This shows that the overall thermal
integrity of the molecules is consistent, and a product of standard organic

decomposition unperturbed by chemical modification.

25



100
-2
80
40
X 60 -
<=
D
(0]
- -2
=
40 +
- —4
20
0 T T T T —6
0 200 400

Temperature (°C)

Figure2.7: Black: Thermogravimetric analysis of EDGIhospholipid Red:
Differential Scanning Calorimetry of EDGFhospholipid.
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2.3.3 Optical Microscopy Thermal Profiling

The thermal profile of EDOphospholipid was examined using polarized light
microscopy sweeping over the melting phase transition found from Bigar¢ 28].
The initially polycrystalline powder form of EDGphospholipid seen at 22°8€
strongly scattered light, so they appeared white even using a full wave red plate. This
was further evidenced by the surrounding individual crystals exhibiting a blue or
orange coloration owing to the birefringence present in single crystals or oriented
domains Figure 28a]. At 71.8°C, approaching the melting phase transition, initial
melting of the powder lead to liquid being drawn through the rest of the powder pile
through capillary action, | eading to a
phospholipid powder was rendered into more of aase slush. At 76.C, past
the melting phase transition, the powder melted into an isotropic liquid with minimal
order present, though there did exist some residual birefringence present in the liquid
[Figure 28c]. At 80.3°C, far past the melting phase transition, the EDOT
phospholipid was almost entirely an isotropic liquid with nearly no ordered structures
present and with minimal residual birefringenEegre 28d].

Upon recooling down to room temperature, and with a cover slip placed over
the isotropic liquid, the EDOphospholipid readily recrystallized into large
spherulites (100s of microns) with few nucleation poiktgure 28¢]. The crystalline
structure seen in these polarized microscopy images is similar to spherulites seen
when cooling hydrogenated oils and similar f&sr{0eset al.2000). It is also in stark

contrast to the behavior seen in previous studies of othemipiified EDOT
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monomers. In the case of ED&@Folesterol, the isotropic liquid recrystallized with a
multitude of nucleation points bound by the droplet edgesdil 2023). The
spherulites exhibited orange coloration along the slow axis, and blue coloration along
the fast axis, designating these as negative crystals and showing that the molecules
orient their high refractive index backbones nominally perpendicular to the direction

of growth from the spherulite nucleation point.

28



-

4 100 pm

100 ym 100 pm

Figure2.8: Polarized Light Microscopy Heating Overview of ED@Mmospholipid
across its melting phase transiti@attom: Recrystallized EDOT
phospholipid pressed under a glass coverslip at room temperatur
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2.3.4 Powder Diffraction Pattern Analysis

The powder Xray diffraction pattern for EDOphospholipid Figure 29]
showed several distinct crystalline peaks at temperatures below the melting point that
help to construct a possible layering pattern. The smallest angle peak’at 1.83
corresponded to aspacing of 4.82 nm with the next reflection at 3.69° corresponded
to a dspacing of 2.39 nm. With energy minimization simulations, it was found that the
length of EDOFphospholipid is about 3.1@m. To account for this reflection at
higher length scales than the molecule should reasonably be able to extend to, it is
likely that EDOFphospholipid exhibited a herringbostacking patterfiFigure 210
typical of many organic surfactants (Weissbetlal.2003) (Startelet al.2019).

When approachinthe disordering phase transition, nearly all of the scattering
peaks were lost except for a residual-emend layering peak present at 5° (d~1.75
nm), and an amorphous halo (sieside) centered around 20° (d~0m#). This did
not change even when elevating the temperature past the melting point, but not so far
as to incur excessive thermal degradation. The presence of this layering peak at 5°
evidently corresponded to the residual birefringence seen in the polarized optical
microscopy taken at these same temperature points. Ujpmoliag, many crystalline
peaks were recovered, showing that that this crystalline phase is reversibly recoverable

from heating just above the melting point.
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Figure2.9: Wide Angle XRay Scattering data for EDGFhospholipid at multiple
temperatures. The disordering phase transition occurs near 75.6 °C, witt

ordering phase transition occurring on cooling from 120 °C to room
temperature.
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2.3.5 Optical Photothermal Infrared Analysis

The OPTIR spectrum of EDOphospholipidFigure 2.1] showed a cluster
of carbonyl peaks at 1730n! from the ester bonds present in the glycol core of the
phospholipid (Abramsoat al. 1965), as well as a strong aromatic carbon peak present

at 1473crrt coming from the thiophene present in the EDOT (Garetal. 1999).
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Figure2.11: Optical Photothermal Infrared ResponseROIR) for EDOT
phospholipid.
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2.3.6 Raman Spectrum Analysis

The Raman spectrum of ED@hospholipidFigure 2.2] had a strong peak
at 2880cm? from the CH stretching widely present in the fatty phospholipid tails (
Gaberet al.1977), with a weaker peak present at 1d4i# seen from the aromatic
thiophene carbons present in the EDOT (Garegal. 1999). This difference in
relative intensity was consistent with the fact that EDOT thiophene moiety composes

far less of the overall EDOphospholipid molecule than the phospholipid component.
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2.3.7 PEDOT-phospholipid Microscopy Imaging

The optical microscopy of PEDGdhospholipidFigure 2.B] showed an
iridescent coating caused by tHilm interference. Minor differences in coating
thickness along the length of the electrodes caused different colors to be apparent
(Conget al.2004). Only one set of electrodes was coated with PEpi@BEpholipid,
namely, the set of electrodes to which the electric potential was applied. This
confirmed that the PEDQphospholipid was electrochemically deposited onto the
surface of the electrodes. Scanning electron microscopy images taken of the same
PEDOT-phospholipid coating were also consistent with the optical microscopy
[Figure 2.8, inset. Again only the working electrodes were coated, but with the
added information that the films are irregular, with large lumpy formations (1~5
microns in size) being common along the lengths of each electrode. The extremely
thin PEDOFphospholipid coating was estimated through SEM stage tilting and
through optical profilometryFigure 2.9] to have a nominal thickness on the order of

10 nm.
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Figure2.13: PEDOT-phospholipid deposited ononesetaf® i nt er di
electrodes, viewed with both reflected light optical microscopy
(background) and scanning electron microscopy (inset, bottom le
corner). In the optical micrograph, PED@hospholipid appears as
an iridescent coating while the bare gold appears bright yellow. D
gray lines between the PED&phospholipid coated electrodes and
bare electrodes are the transparent glass substrate. In the electrc
micrograph, lightest digits are uncoated gold electrodes, darkest |
are the glass substrate, and the lumpy intermediate grey digits ar
PEDOT-phospholipid coated electrodes.
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2.3.8 PEDOT-phospholipid Electrochemical Impedance Spectroscopy

The electrochemical impedance spectrum of PEpGadspholipid
[Figure 2.4] showed a greater than one order of magnitude drop in impedance at low
frequencies (~0.Hz), with a lower magnitude drop present across intermediate
frequencies{10Hz to 10* Hz). This electrical conductivity stems from the travel of
el ectrons t hr o-ackbone presentirothe extegded PEOOT’
thiophenegFigure2.15] (De Kok, et al.2004) PEDOT.PSS films electrochemically
deposited on the surfaces of electrodes traditionally exhibit this same drop in
impedance over this range of frequencies (Koutsaetrak2017) (Castagnolet al.
2014), with increasing film thicknesses usually leading to increasing drops in
impedance (Dijket al.2020). For heavily hydrophobicatiypodified PEDOT, it is
sometimes seen that increasing film thicknesses may lead to an increase in impedance
across the relevant frequencies, as the hydrophobic groups increasingly form a
physical barrier to the solvent interface (\&tual.2023) Of note is the bump seen in
the EIS curve at intermediate frequencies. This bump is usually only seen in highly
hydrophobic films, and has been correlated with electrolyte interactions with the

conductive carbon backbone (Ratfal.2022).
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It is likely due to the phosphate heads present in EDOT phospholipid that
allow aqueous solvent access and electrolyte interactions near the thiophene backbone,
facilitating electrical conductivity not seen in hydrophobically hindered films. In this
way, PEDOTFphospholipid behaves similarly to a class Il phospholipid, as it is
swelling in an aqueous environment without fully solubilizing. This is in contrast to
the completely insoluble nature of ED@hospholipid, which exhibits more waxy

characteristics akin to class | phospholipids (Pietatl. 2013).

2.4 Conclusions

EDOT-phospholipid was successfully electrochemically polymerized along the
thiophenes present, to form PED@Mmospholipid, a thin polymer film that lowered
the impedance of coated electrodes by over an order of magnitude at low frequencies.
The ability to electrochemically form a polymer film with electrical properties that
enhance the performance of electrodes while containing such an extensive lipid
component shows the advancement of lipid containing electrochemically active
polymer films in bioelectronics.

The addition of a hydrophobic group onto the phosphate head of the-EDOT
phospholipid disrupted the amphiphilicity of the molecule, leading to reduced
solubility in polar solvents. The thermal stability of the phospholipid was also
impacted, leading to a markedly lower melting point, and the liquid crystalline

behavior at these elevated temperatures was disrupted accordingly.
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This chapter examined the chemical addition of an amphipathic,
biologically-relevant molecule to EDOT to serve a biological application. This process
allowed for exploration into alternative ways of chemically modifying EDOT that
could be applied to create other EDOT varidng& may be applied to other problems
The process of chemically characterizing EDPIT provided a deeper understanding
of the consequences of EDOT modification, showing distinct alterations in chemical
properties that offered unique conditions for its use. The polymerization of PEDOT
PL, and trials that surrounded ltighlight theconsiderations that must be taken when
polymerizing EDOT variants, as the chemical modifications made can easily shift the

conditions required to successfully form a polymerized film.

2.5 Appendix

2.5.1 PEDOT-PL Electrochemical Polymerization Trials

The successful method to polymerize PEBRIT was outlined previously
[Figure 2.S1] however, many alternative methods were tried both in terms of solvent
choice as well as applied voltaffegure 2.S3] Multiple pure solvents were tested,
including water, ethanol, propylene carbonate, acetonitrile, dimethyl sulfoxide, and
tetrahydrofuran. Water, ethanol and dimethyl sulfoxide were chosen as they are
common biological solvents that could have solubilized the phospholipid region of
EDOT-PL, propylene carbonate and acetonitrile were chosen as they are both able to
be used for other EDOT+ electrochemical polymerizations, and tetrahydrofuran was
chosen due to its ability to solubilize the monomer. Voltage sweep bounds were

chosen based off of the solvent used, ranging up to 1.1 V for water, 1.5 V for ethanol,

43



1.5V for dimethyl sulfoxide, 1.5 V for propylene carbonate, 1.5 V for acetonitrile, and
1.1V for tetrahydrofurarCuriously, oxidative peaks were observed in water at 0.95

V, dimethyl sulfoxide at 1.3 V, propylene carbonate at 1.3 V, and acetonitrile strongly
at 1.3 V. These all suggest an electrochemical reagctioursat the listed voltages,

and yet upon further examination, no trace of polymer could be found deposited on the
surface of the electrodes us@this is most likely due to PEDGPL electrochemically
polymerizing as intended, but the solvents used are too good of solvents to allow for
the formation of a PEDOPL layer on the surface of the electroltiés for this reason

that a mixed solvent system was used for the successful polymerization, as the 50:50
THF:Water solvent balanced the amount of monomer that could be solubilized with

the amount of polymer that could be deposited.
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Figure2.S1:Linear voltage sweep for the successful mixed solvent system, 50

THF Water. Oxidation peak present at 1.61V was used for all

subsequent PEDQGphospholipid polymerizations using constant
voltage applications.
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Figure2.S3:Linear voltagesweep for six pure solvents tested for PEDOT
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detected for most solvents, no traces of polymer formation were
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2.5.2 Optical Profilometry
The Surface profile of the PEDGHL film was analyzed through optical
profilometry using a KEYENCE profilometer [Figure 2.S@ptical
profilometry is a powerful tool for the analysis of surface profiles and
roughness across a film, but while the limited geometry of the IDEs used were
ideal for electrochemical polymerization, they limited the ability for the
profilometer to analyze the film surface. Due to this and the thin nature of the

PEDOT-PL film, only an estimate of film thickness could be ascertained.
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Figure2.S5:0ptical Profilometry data for PEDGP L coat ed 5¢&em
electrode.
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2.5.3 Phosphatidylglycerol DSC/TGA

To verify the synthesis of EDOGFL, the phosphatidylglycerol precursor was
analyzed through DSC and TGA [Figure 2.S2]. Here it was found that the precursor
showed a phase transition temperature of 130.9 °C, a large difference from

EDOT-PL6s 75.8 AC phase transition.
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Figure2.S2:Thermal analysis df,2-dipalmitoylsn-glycero3-phosphe(1-rac
glycerol) one of EDOTp hosphol i pi Blacls precur sor s.
Thermogravimetric analysshowing decomposition beginning at 200 °C
and completing at ~400 °®Red: Differential scanning calorimetry
showing a phase transition at 130.9 °C and an enthalpy of melting of
76.9 J/g.
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Chapter 3

OPTICAL PHOTOTHERMAL INFRARED RESPONSE (O -PTIR) OF
FUNCTIONALIZED THIOPHENE MONOMERS AND POLYMERS

This work has been publishedMethods Lettershttps://doi.orgl0.1557/s43579
025007830). The full work is available aBaugh, Q.; Lee, J.; Wu, Y.; Cocuk, N.;
Martin, D. C. Optical Photothermal Infrared Responsé{lOR) of Functionalized

Thiophene Monomers and Polymers. MRS Commun. 2025.

3.1 Introduction

PEDOT is an optically dark conjugated polymer that substantially improves
the electrical capabilities of electrodes that are coated with it, particularly the charge
transport properties (impedance) at low frequencies (less thdmz)Lats optical
absorbance and el ectrical chond detwork along t y st €
the carbon backbone. It has been used for a variety of applications from
electrochromic windows (Market al.2016) to bioelectronic coatings (Slaughteal.
2024). PEDOT is chemically resilient, owing to the lack of reactive hydrogens along
the conjugated backbone due to the presence of the-diaxpn the thiophene,
allowing PEDOT coatings to be employed in a wide variety of chemical conditions
with limited degradation. However, this chemical stability has a downside in that
PEDOT is not easily chemically modified after deposition (Guselnikbdweh 2017).
EDOT-MA is a chemicallymodified variant of the EDOT monomer that contains a
maleimide subgroup covalently bonded to the diorg of the EDOT. When

polymerized, PEDOIMA retains these maleimide subgroups, which may then be
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used for posprocessing by way of the maleimide coupling click reactions (Northrop
et al.2015) to reliably modify PEDOT coatings. These reactions likely predominantly
involve the exposed surfaces of the PEBKAA, since the bulk maleimide groups
would not be exposed to reaction medium, leading to a need to characterize these films
through the changes in surface chemistry.

To fully exploit the PEDOT and PEDGWA films in applications, it is
important to characterize their surfaces in a-destructive manner such that we are
able to differentiate reacted and unreacted species, and to confirm the success of any
subsequent coupling reactions. This is not just a concern for maleimide modified
PEDOT-MA, but to any modified PEDOT that serves as a basis forgrosessing,
such as azidenodified PEDOT films analyzed with XPS (Lired al.2011). It is also a
concern for any other polymer systems where local surface chemical modifications
and control are desired. To this end, we make use of cpticaibthermal infrared
response with complementary Raman spectroscopy to detect chemical changes at the
surface of these films.

Optical Photothermdhfrared (OPTIR) spectroscopy is an emerging
technology used to measure the infrared and Raman spectra of materials. This method
does not require an IR translucent substrate and serves as an excellent way to examine
thick or otherwise cumbersome samples (Spatleh 2021) (Razumtceet al2022).
A visible laser of 5321m is shone in tandem with a variable IR laser onto a sample.
When the IR wavelength matches a vibrational mode of the bonds present within this
sample is absorbed, the resulting photothermal expansion of the sample causes the
elastic scattering of the coupled visible beam [Fidii@lsonet al.2020). This

visible beam may also be used to generate the Raman spectrum of the same sample
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simultaneously to the IR spectrum collection through inelastic photon scattering
(Paolonest al.2024). The GPTIR response for a given sample can be described with

the following expression:
5 AU -Fé oS4

a0 B ™ 0

where By is the probe powel is the absorption cross section, N is the number
density,{ is the heatonductivity, G is the heat capacity,is the refractive index, T
is the temperature, angkRs the infrared power (Zhargg al.2016). Due to the nature
IR and visible beams used, the depth thd®TOR is able to survey is dependent on the
absorptive properties of the material in question. For instance, cellular and biological
tissue samples are composed primarily of water and organic compounds, and while the
visible beam is able to transmit through the water, large portions of the IR spectrum
will be readily absorbed, limiting the surveyable depth of biological tissues to be on
t he or der o étalR@2)¢{Pratedt &.2023). iHawever, it has been
found that the depth resolution of polymer films, while variable based on the surface
roughness and chemical bonds present, can be as low as 1 mina{¥2021). Due to
the highly absorptive optical properties and surface roughness of electrochemically
deposited PEDOT films (Xiaet al.2004), it is reasonable to assert that it would
exhibit the same limit to the depth resolution ePOIR measurements as these other
polymer films. To understand the value thaPDIR provides, it is important to
consider the fundamental differences betwedPTIR and other methods of obtaining

IR spectra to understand its potential uses.
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Visible Beam

Figure3.1: Cartoon diagram of the operation ofRTIR microscopy involving
simultaneous visible and infrared irradiation of a set point to prod
elastically and inelastically scattered photons.
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When comparing @TIR to other methods of obtaining IR spectra, several
differences are observed due to both physical and instrumental limitations.
Transmission FTIR is the standard way of obtaining IR spectra from samples and
involves passing infrared light through a sample to analyze the amount of light that the
sample absorbs. This technique is relatively simple, and the IR spectra may be
obtained over large ranges (e.g. 40830 cm'). However, there are limitations in
the kinds of samples that can be analyzed, as they must be either suspended in a
solvent that is transparent over the window of IR wavelengths of interest, or be thin
enough to remain translucent when placed in the beam path (Séviableadoet al.

2024). It is for these reasons that this method is unsuitable for opaque, thick, and/or
layered films with heterogeneous compositions where individual layers must be
characterizedAttenuated Total Reflection Fourier Transform Infrared Spectroscopy
(ATR-FTIR) is a method that makes use of a single crystal to which the sample is
brought into contact. Infrared light is then totally internally reflected within this crystal
and an evanescent wave interacts with the sample interface, producing the IR spectrum
of the sample from the light that is reflected back over ranges similar to transmission
FTIR. The penetration depthh df ATR-FTIR is generally on the order of a few
micrometers, and is a function of the evanescent wave interaction with the incident

light and the sample. Itis defined as follows:
0 —

c“t OEL 5—

where & is the wavel engt h ofistheirefadttive d i s t
index of the crystal, and n is the refractive index of the sample (Grdadolnik 2002).

Due to the limited penetration depth, this method lends itself to examining thin films
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and coatings, with the limitation that such films and coatings must be directly applied
to the crystal used in the instrument, with layered films being equally unapproachable
to transmission FTIR, and with both transmission FTIR and ATHR sharing
similar spatial resol ut etal.20R0).Atomicflree or der
microscopy with photothermal infrared spectroscopy (AFMR) is a method similar

to O-PTIR that makes use of the same photothermal properties, but analyzes the
physical deflection of a mechanical probe instead of the scattering of an optical probe.
As it observes the same physical properties of a sample;RHR shares the same
profiling depth and limited IR range of-PTIR (e.g. 1800 800 cm?), with the added
limitations that the mechanical probe cannot as easily monitor rough, highly
heterogeneous, or liquid surfaces, while also adding the risk of mechanically
damaging the sample. While the spatial resolution of AFNIR is cantilever

dependent and on the order of 1 em, it ¢

ar

contrastingwith@ T1 R whi ch boasts a spatial resolu

(Molina et al.2025).

Several standard polymers have been analyzed wkRi'I® and coupled
Raman spectroscopy to compare the results with more traditional acquisition methods.
Polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polyethylene
terephthalate (PET), polycarbonate (PC), polystyrene (PS), polylactic acid (PLA),
polymethylmethacrylate (PMMA), and silicone were comparatively analyzed using O
PTIR and ATRFTIR for IR spectral comparisons over the 18@D0cm™? range, and
with O-PTIR coupled Raman and regular Raman spectroscopy for Raman spectral
comparisons over the 180®50cm™ range (Bokeet al.2022). All polymers showed

nearly overlapping IR peak positions between methods, but with moderately variable
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intensities being observed. As PET contains similar chemical groups to EDOT and
EDOT-MA, its results will be specifically described here. PET showed overlapping
peak positions at 87@n?, 1018cmt, 1097cm?, and 140%&m?, but showed slight
shifts in the 124@m™ and 1716&m? peaks, with the 878m™* and 1716&m™* peaks
being at similar intensities, 1087 and 140&m™ peaks having higher-®TIR
intensities compared to ATRTIR, and the 1018m* and 124&m™* peaks having
lower OPTIR intensities compared to ATRTIR. As for Raman spectroscopy, all
polymersshowed nearly overlapping peak positions in all cases, but wRilQ
having higher intensities in nearly all cases. For PEP,TOR and ATRFTIR were in
close agreement in terms of peak position and peak intensity for tree83857cnm

1 1287cm?, 1614cm?, and 172%m? peaks presented (Boke al. 2022).

In this study, we expand on the work of polymer characterization and make use
of O-PTIR microscopy to characterize and differentiate electrochemically deposited
PEDOT and PEDO-MA coatings on a microelectronic device. Both EDOT and
EDOT-MA monomers are characterized using IR and Raman spectroscopy, before
then depositing polymer forms of both onto two separated sets of electrodes. The
presence of both films are independently verified through electrochemical impedance
spectroscopy, with the chemical differences between PEDOT and PE?(3eing

determined using surface IR and Raman spectroscopy.
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3.2 Experimental Methods

3.2.1 Electrochemical Polymerization

All electrochemical polymerizations were performed dviedrohm Autolab
PGSTAT128N potentiostatsing a threeelectrode setup where the working electrode
wasonesideoflet rohm 5 em i nt er dilDEAUStheed gol d el
counter electrode was a platinum wire (Surepure Chemetals), and the reference
electrode was a Ag/AgCI pellet (Warner Instruments) [Figl@eeet al.2022)
Monomer solutions consisted of &M of either EDOT (Sigm&ldrich) or EDOT-
MA (Naganeet al.2020)respective to their designated electrode, and 20 mM LICIO
(SigmaAldrich) in DI water provided by MilliporeSigma Milli-Q Reference
Ultrapure Water Purification Systefor EDOT, and acetonitrile (Sigmaldrich) for
EDOT-MA. Polymerization was handled using a galvanostatic (constant current)
met hod at 75 €A with a t2applpetothectdiahr ge densi
working electrode area of 8.45x40n? for the electrode geometry used.
Electrochemicalmpedancé&pectroscopyEIS) over a frequency rangd 10! Hz to
10° Hz was performed before and after this procedure using the same electrode setup

with a 0.1M NacCl electrolyte solution.

3.2.2 Photothermal Infrared Imaging

All IR and Raman spectra were taken using a Photothermal Infrared mIRage
instrument with IR spectra taken between 928 cm! and Raman spectra taken
between 508700 cm'® due to the configuration of the instrument (Karedial. 2020).
All measurements were taken using a standard detector withdanackground

calibration and aX% gain.
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Glass Substrate

Glass Substrate

Figure3.2: Left: Schematic of PEDOT and PEDEMA deposition on an
interdigitated gold electrode highlighting the complete separation
both PEDOT variantRight: Schematic representation of the
electrodeposition setup used to polymerize PEDOT (blue) and
PEDOT-MA (orange) on both sets of interdigitated electrodes. WE
Working Electrode, CE: Counter Electrode, RE: Reference Electr
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3.2.3 Monomer Examination

EDOT and EDOTMA monomers were examined for their IR and Raman
spectra. A droplet of EDOT was placed on a glass slide, and had an IR spectrum taken
using 22% IR power and a Raman spectrum taken using 25% probe power with a
65¢ m c onf oc BOOT-MA powder was then placed on a glass slide and
similarly had IR and Ramaspectra taken using the same settings as for the EDOT

droplet.

3.2.4 Polymer Examination
PEDOT and PEDO'MA coated IDE as prepared previously was examined
with both PEDOT and PEDOMA having Raman spectra taken at 50% IR power and

7% probe power witha6 m ¢ o nf o crespectipely.”Ah IR Isueface map was

then taken over a 60 e€m x 10 emt. area acr 0Ss
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3.3 Results

Due to the interfacial surface modification of these polymer films, it was
necessary to explore surface characterization methods to differentiate chemical
modifications. Bulk characterization methods as well as destructive characterization
methods would be unusable in these cases, as the modified surface of a film would
compose far less of the total material than the internal bulk material would. Likewise,
destructive characterization methods would destroy the surface intended to be
characterized and only provide characterization of the underlying surface. It is for
these reasons that surface infrared and Raman spectroscopy are so attractive for this
application, as it is a minimally penetrative and4t@structive characterization
method for differentiating chemical components of film surfaces.

By first examining the monomers, spectral properties and differences between
the two may be found that would show the properties expected in polymerized
samples. By comparing the IR spectra of EDOT and EIMAT several key
similarities and differences may be seEmg{ire 3.3. First and foremost, EDGWMA
shows a large peak at 17&8 from the carbonyl groups present in the maleimide
(Aguiaret al 2011) that is completely absent from the EDOT. Also, the moderate
peak present at 1492 cdrshows the presence of thiophene aromatic carbons in both
EDOT and EDOTMA, with the base EDOT spectrum being similar to what has
previouslybeenreported (Kvarnstromat al. 1999) (Damlinet al 2004) [Table 3.1.

The similarities between EDOT and ED®A are consistent with their molecular
structures, and with polymers with similar chemical groups analyzed previously,
namely the aromatic carbons and C=0 present in(BEKeet al.2022) EDOT-MA

is a modified EDOT monomer, and shows similar traits to EDOT while also showing

the traits of the maleimide addition. The conclusions found from the monomer IR
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spectral comparison extended to the IR mapping of the dpabener coated
interdigitated electrode, in which a clear difference could be seen in the optical
photothermal infrared response of the two polymers scanned atai*18

[Figure 3.4&
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Figure3.3:Infrared comparison of EDOT and EDOTA

Wavenumber (cmr?) Assignment
1718 Maleimide Carbonyl C=0
1492 Thiophene Aromatic Carbons
1391 Maleimide Linker CH
1065 EDOT Ether CO-C
841 Maleimide Alkene C=C

Table3.1:Key peak assignments for EDOT and ED®IA IR comparison
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This image clearly shows the ability of theRJIR technique to map out local

chemical compositions of the PEDOT and PEDKAA film deposited on the

interdigitated gold electrodes. The broadening signal near the edges of the electrode is
due to PEDOT growing out and away from the electrodes, but due to the overlap of
the stronger &PTIR signal with the bounds of the electrode, we estimate the effective

resolution of the technique as approximatetyni.
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Figure3.4: A Center: Reflected optical microscopy image of the coated
interdigitated electrode. Lightest bands are PEEMDA coated
electrodes, brown bands are PEDOT coated electrodes, and dark
bands are uncoated glass substratRight: O-PTIR mapping of
area depicted in the center imaBe Electrochemical Impedance
Spectroscopy of PEDOT and PEDIA coated IDE.C: Raman
comparison of (P)EDOT and (P)EDEMA C: IR Mapping for
PEDOT and PEDOMA at 1718 cnt.
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Wavenumber (cnr) Assignment

1428 \ PEDOTC=Cx(-O)
1773 ‘ Maleimide Carbonyl €C=0
2864 \ PEDOT CH

Table3.2: Raman key peak assignments for (P)EDOT and (P)EMAT
comparison

The electrodeposition of PEDOT and PED®IA led to a drop in the low
frequency impedance of approximately 2 orders of magnitude for both coated
electrodesHigure 3.4h. This drop in impedance is consistent with previous
observations of similar coatings (Nagatel.2020). These coatings were thin, with
an estimated thickness of 8 for PEDOT and 12nm for PEDOTMA based on the
total charge density and other studies from our laboratory (Lee 2024), and as seen by
the trace electrode color changes observed optically throughout the polymerization
process.

The Raman spectra taken from both the monomers and polymers can be
compared to complement the IR spectra and show a greater level of detail between the
(P)EDOT and (P)EDO-MA [Figure 3.4¢ The monomers showed clear differences
related to the presence of the maleimide on the EIMATand absent on the EDOT,
as shown mostly through the peaks at 1773 present in EDOIMA but completely
absent in EDOT. This peak is directly related to the presence of the carbonyl groups in

the maleimide present in EDGWA (Woldbaeket al. 1975) (Aramendi&t al.2021).
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PEDOT and PEDOMA also showed key differences to their monomers in the form
of peak clusters at 1428 ¢nand 2864 cm [Table 3.2, which are peaks strongly
associated with the presence of PEDOT (Nguwtesd. 2004) (Garreaet al. 1999).
However, the 1778m! peak associated with the maleimide present in EIMAT

was not present in the Raman spectrum of PEIMAT indicating that Raman

spectral analysis by-®TIR is insufficient to detect these kinds of chemical changes
on the surfaces of the polymer. This is reasonable considering thleedumlnature of

the OPTIR method. The infrared beam was likely able to pierce below the surface of
the PEDOT film and be absorbed by maleimide present there, causing at least some
thermal expansion and elastic photon scattering that was unimpeded by the PEDOT
chains themselves. However, the visible beam from the Raman laser was likely
overwhelmingly absorbed by the PEDOT chains at these same depths, preventing the
visible light from hitting much of the maleimide present. Those photons that did
inelastically scatter from the maleimide would then have to go back through any
overlaying PEDOT, diminishing the maleimide Raman signal overall. This explains
the discrepancy between the findings of PEDOT and PED®@There and the

findings with other nortonjugated polymers in the literature. For PET, both carbonyl
and aromatic carbons are present in the IR and Raman spectra collected-B3ii) O
(Bokeet al.2022), however, PET does not have any extendédmi conjugation

and thus would have limited visible light interaction as opposed to the conjugated
nature of PEDOT and PEDGWIA. It is for this reason that depth resolution is largely
insignificant when investigating pure materials that do not absorb visible light to a

large degree.
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3.4 Conclusions

The construction of electrochemically deposited thin PEDOT and PERAT
films were characterized throughRX IR microscopy to compare surface IR and
Raman spectra between PEDOT variants and their respective monomers. Both
polymers showed considerable increases in their Raman spectra ani4agd 2864
cmicompared to their monomer -bonoconjugationpar t s
present. The IR spectrum of EDEMA also showed the addition of a large peak at
1718cm compared to EDOT due to the chemical addition of the maleimide carbonyl
groups. When the PEDOT and PED®TA polymers were scanned to create a surface
IR map at this wavelength, polymeide contrast was able to be detected. The ability
for the IR scan to detect the maleimide while the Raman spectra could not is likely due
to the relationship between theRT IR method itself and the surface properties of the
PEDOT polymers. The surface roughness of the PEDOT polymer coatings along with
the highly optically absorptive nature of PEDOT likely reduces the penetrative
capabilities of the visible beam probe of thd*DIR instrument, limiting its surveying
depth to the order of a nanometEéhnis allows the PEDOT to produce a strong Raman
signal while the maleimide signal is suppressed. The IR beam of IR
instrument would not be limited in this way, and would only need to heat up
maleimide groups enough to cause enough thermal expansion in the surrounding
PEDOTto produce the signal that is seen. The absorption coefficient of PEDOT at this
wavenumber is reported to be approximatel@d@Dcm! (Hwanget al.2003),
corresponding to a penetration depth-00 nm. This is reasonably consistent with
both previous work concerning PEDOT thickness control relating to optical darkness

and the results from this study. PEDOT and PEENDY have highly complex surface
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morphologies, and it is reasonable to assert that the penetration depth of the IR beam
would allow it to cross multiple surface interfaces present through the film.

The ability to detect surface chemistry alterations of PEDOT coated electrodes
has thus been found to be sufficiently possible througtT@R characterization, as
shown through the detection of carbonyl bonds present in maleimide subgroups being
found in PEDOTMA coated electrodes, but not PEDOT coated ones. This is
reinforced by the IR analysis of the respective monomers, which show a similar
difference in features. However, Raman spectroscopy was insufficient in determining
differences in surface chemistry, for while the monomers did indeed show a difference
in spectra, this was not observed in the polymer film characterization.

Further work in the chemical characterization of thin film interfaces like these
could take the form of chemically reactive assays to verify the presence-of post
processing products, or QCM / SPR studies to determine surface mass accumulation in
the presence of analytes. Alternatively prepared PEDOT films could also be tested to
investigate the role of surface morphology on the ability -fTOR to probe for
surface IR and Raman spectra. Such methods would preserve the integrity of the
surface conditions while also giving insight into the chemical properties of the
surfaces.

This chapter highlighted the desirability for and capability to u$€TOR to
analyze the surface of not only PEDOT films, but polymer films in ger&fale the
needto detect changes in IR and Raman sigfa@lpolymerbased applications not
new,the ability to handle both of these simultaneously while laésoglimited to the
surfaces of films is an exciting development in polymer characterizat@nsuccess

of this method in differentiating PEDOT and PED®IRA proves that this method is
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approachable for chemically modified films, and potentially {postessed films

when used for future applications.

3.5 Appendix

3.5.1 O-PTIR Material Sensitivity
Organic films offer certain concerns when usinggOR microscopywherea
careful balance must be held between the power of the laser used and the degradation
of the film. Higher beam intensities offer faster acquisition and higher signals, but risk
the destruction of theample. PEDOT as well as other organic polymers show high
resilience to the infrared beam intensity, but are extremely sensitive to the visible
probedbds intensity. For thi 5%ferEDOT, t he pr
film analysis, which was the highest power that could be used without destroying the
film [Figure 3.S1] Higher power probe values were tested, though in all cases the

signal would degrade over multiple integrations, and visible burning could be seen.

3.5.2 O-PTIR Surface Geometry

When performing @PTIR microscopy, it is very important to consider the
surface geometry of the sample in question. This technique is highly sensitive to
changes in height across the surface, witeht
variable signals being seen both in point measurements and image ni&ning
3.22]. For this reason, interdigitated electrodes were chosen for this study due to their
flat geometry that would limit the irregularity of the PEDOT and PEENDX

surfaces.
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Figure3.& O-PTIR mapping of EDO4urea crystals at 1480 efin Image focusing
was performed at the center of the crystal, where the signal is the most
consistent. Outer spindles of the crystal trail away fromcgral
focusing plane leading to the shimmering signal seen in the IR map.

70



Chapter 4

TIME -RESOLVED CHARACTERIZATION OF THE
FORMIC ACID -CATALYZED POLYMERIZATION OF PEDOT

4.1 Introduction

Conjugated pol y mmnmds(composed of alterhating sireld
and double bonds) along their carbon backbones étradl 2018). These polymers
can be tuned to display a wide variety of surface chemistriest(Bdle2022),
morphologies (Cuét al.2001), and mechanical properties (EIMahmoatgl.2017)
to better suit the environment in which they are employed, including biomedical
devices. One conjugated polymer that has been of particular scientific and commercial
interest is poly(3,4thylenedioxythiophene) (PEDOT) (Donahaeteal. 2020).

PEDOT and its derivatives can be electrochemically deposited onto metal electrodes
(Boehleret al.2019), significantly reducing their low frequency impedance (Letng

al. 2021), and thus substantially improving device performance in detecting or
transmitting electrical signals.

PEDOT may be polymerized in a variety of different ways. In aqueous
solutions, EDOT may be oxidatively polymerized through the use of a Lewis acid, e.g.
Fe(llI)CIz, to make PEDOT solutions / suspensions in water (Zeeag2019).
Electrochemical polymerization may also be used to form films of PEDOT directly
onto the surfaces of metallic electrodes, providing precise control over thickness and
deposition location (Castagnataal.2014). Typically, a polymeric counterion such as

poly(styrene sulfonate) (PSS) is used to improve water solubility and electrical
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conductivity (Culebrast al.2014). Other small molecule counterions also can be
used, such as lithium perchlorate antblnenesulfonic acid (Kingt al.2011).

It has recently been found that EDOT can be polymerized without adding any
counterion or other additives in tbhte presete
al. 2020). Several different organic acids were examined, including formic acid, acetic
acid, and orthgohosphoric acid. All of these were able to promote the polymerization
of PEDOT, although formic acid was the most effective. Other conjugated monomers
including pyrrole, benzothiophene and pplrenylenediamine(PPD) were also shown
to polymerize under these conditions. However, neither thiophene nor aniline were
reactive. Timeresolved NMR measurements initially showed a monomErgeak at
i= 6.3235 ppm while | ater time poENts saw
6.3185 ppm from an oligomer-B as the polymerization reaction progressed. The
mapping of this shift in peak intensity was used to estimate the length of the PEDOT
oligomer chains present in the solution at each time point. Polymerized PEDOT
oligomer solutions typically appeared blue, however, when diluted with formic acid,
these solutions became green. Solutions diluted with water retained their blue color,
but the PEDOT chains precipitated out of solution-W¥analysis showed several
peaks that developed as the reaction progressed. A peak initially present at 480 nm
diminished as the reaction progressed and peaks at 430 nmn5%95 nm, 725 nm,
and 900 nm increased over time. Formic atildted PEDOT oligomer solutions
showed peaks at 380 nm, 48®, 610 nm, and 720 nm, whereas water diluted
PEDOT oligomer solutions instead showed a strong, broad peak from 650 nm to 1000

nm. FTIR and Raman spectra of the dried PEDOT oligomer solutions showed key
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Spicer et al. synthesized a variety of chemically-espbed short chained
PEDOT oligomers and examined their light absorption behavior. UV/Vis spectra of
these dipiperidinecapped PEDOT oligomers showed primary peaks at 430 nm for
dimer, 495 nm for trimer, 540 nm for tetramer, 530 nm for pentamer, 525 nm for
hexamer, and 490 nm for heptamer. Fluorescence peaks were also observed at 480 nm
for dimer, 520 nm for trimer, 580 nm for tetramer, 620 nm for pentamer and hexamer,
and 560 nm for heptamer (Spiadral 2017).

Oxidatively prepared PEDOT:PSS has been previously analyzed at varying
concentrations and acidities by UV/vis spectroscopy. Neutral PEDOT:PSS solutions
exhibited strong absorbance below 300 nm with broad absorbance fran¥300hm
and stronger absorbance above 750 nm. Basified PEDOT:PSS solutions had low
absorbance from 250275 nm and very low absorbance from 27800 nm,
however, acidified PEDOT:PSS solutions showed far higher absorbance at all
wavelengths with features similar to, but higher than, neutral PEDOT:PSS solutions.
The peak at ~340 nm corresponds to the n t
backbone, and the absorbances aboven@®@rise from the bipolaron subgap states
(Gangopadhyagt al.2014).

Here we have examined the orgaaad catalyzed polymerization of EDOT
with time-resolvedn-situ measurements of the NMR and W6 spectra EDOT
monomer, EDOT dimer, EDOT trimer, and several functionalized EDOT derivatives

[Figure 4.1].
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4.2 Experimental Methods
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Figure4.1: Chemical schematics for relevant compoudsEDOT monomerB:
EDOT dimer,C: EDOT trimer,D: EDOT-maleimide (EDOTMA), E:
EDOT-acid,F: EDOT-urea,G: formic acid, andH: acetonitrile.

4.2.1 Acid-Catalyzed Polymerization

PEDOT polymerizations were performed using-&Hylenedioxythiophene
(EDOT) monomer and dimer, both purchased from Sigwdaich. EDOT trimer
(Chhatre 2022), EDO'maleimide, EDOTurea, and EDO"Rcid were synthesized in
our laboratory as previously described (Nageinal. 2020). Formic acid (98%) was
acquired from Sigmaldrich and used with no further purification. Solutions prepared
for NMR analysis were prepared usingfdrmic acid and gtwater, both purchased
from Sigmaaldrich and used without any further purification. Dilutions, where
applicable, were performed with acetonitrile purchased from Siglaréch or DI

water provided by MilliporeSigma Milli-Q Reference Ultrapure Water Purification
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System. Polymerizations were performed at 0.01M (0.1 wt%) monomer
concentrations unless otherwise specified using EDOT and EDOT+ vaRaatgion
vessels were stored at room temperature and protected from light unless otherwise

specified.

4.2.2 Raman Spectroscopy

All Raman spectra were taken using a Photothermal Infrared mIRage
instrument betwee®00-3700 cm' set to 25% probe power with a 5nconfocal
pinhole.At the desired time point during sample preparation, reactions were quenched

through drying on a glass microscope slide.

4.2.3 UV/Vis Polymerization Array

An array of acidcatalyzed polymerizations for EDOT monomer, EDOT dimer,
EDOT trimer, and EDOmaleimide was performed using a BMGLabtech FLUOstar
OMEGA plate reader. A fused quartz-@@ll plate was used with wells filled such
that formic acid concentration was altered in each column, with the remaining volume
filled with respective dilutant. The plate reader was set to take full spectrum UV/Vis
absorbance readings from 22850 nm at twehour intervals for 24 hours. The plate
was kept at 24.2 °C and protected from light throughout the entire polymerization
process. Spectra were analyzed and visualized using the Omega MARS software. Line
fitting was performed using the Origin 2024 software package using an allometric

power law function.
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4.2.4 NMR Polymerization Array

NMR analysis of the EDOT oligomers throughout the polymerization process
was performed using a Neo 400 MHz NMR spectrophotometer with spectra imaging
done using MestReNova. Reactions were performed in NMR tubes usiogric

acid (SigmaAldrich), with repeat measurements taken every two hours for 24 hours.

4.3 Results

The rate at which the various EDOT variants polymerize in formic acid is
highly variable. EDOT monomer, dimer, trimer, and ED@€a are all readily
soluble in formic acid in the amounts used, however, the ERGI and EDOT
maleimide were less soluble, requiring longer amounts of time and sonication. When
solubilized,EDOT monomer instantly turns orange and then shifts to brown and then
blue over several days [Figure 4.EDOT dimer starts out as an orangel that shifts
to a green and then blue over several days. EDOT trimer begins as a vivid crimson
that shifts to blue over several days. The EB®dleimide, EDOTurea, and EDOT
acid take several days to show any sort of obvious coloration, and then it is in the form
of a pale blue. After several months, all solutions turn opaque and were completely
black in color, however, there was no trace of any kind of settling or precipitation
present. When dried, the EDOT monomer initially forms the faintest of blue films with
subsequent films becoming darker over the course of days. EDOT dimer similarly
starts with a faint blue film but subsequent films darken much faster with time. EDOT
trimer begins with a dark blue film, and subsequent films do not change significantly
over the first few days. EDOmaleimide, EDO7Turea, and EDO%cid show no
obvious coloration in dried films, however, ED@faleimide films dried after months

of storage dalarken [Figure 4.2A].
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These films were each analyzed with surface Raman spectroscopy, with peaks present
in each spectra becoming more intense over tfgufe 4.28. EDOT monomer and
EDOT dimer showed minimal intensity at 1440tfrom the symmetric €= Cyi O
stretching at day O, evolving into a cluster of peaks over days 1, 2, 3, and developing
the peaks at 2876 chirom the CH stretching (Garreaet al. 1999). These peaks

then reached their maximum intensity through days 72 andEDRIBT trimer

followed a similar trend, however, these clusters of peaks reached their maximum on
day 3, having reduced through days 72 and 142. EB@lEimide and EDOTirea
exhibited much slower spectral development, only showing the slightest trace of the
peak at 1440 crhdevelopment of both clusters of peaks at day 142. These findings
are consistent with EDOT monomer, EDOT dimer, and EDOT trimer showing
immediate and progressive polymerization over the course of the trial, but-EDOT
maleimide and EDOTirea showed significantly slower polymerization and EBOT

acid showed no traces of polymerization.
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Figure4.2: Left: Dried droplets of EDOT+ in formic acid pictured with small
guantities of undried liquid for days® Right: Raman spectra for

pictured samples.

Wavenumber(cm'?) Assignment

2876 CH: stretching

1440 symmetric G= Cy 1 O stretching

Table4.1:Key peak assignments for EDOT+ Raman spectra.
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Figure4.3: UV/Vis spectra for EDOT monomer polymerized in 70% formic acic
with 30% water over 24 hours (upper left), with EDOT dimer (upp
right), EDOT trimer (lower left), and EDQOmaleimide (lower right)
polymerized in 90% formic acid with 10% acetonitrile over 24 hou

Wavdength(nm) Assignment
270 Monomer
335 Oligomer
361 Dimer (Primary) / Trimer (Secondary)
430 Trimer (Primary) / Dimer (Secondary)
524 Trimer
644 Monomer Polymerization
690 Trimer Polymerization
720 Dimer Polymerization

Table4.2: Key peak assignments for EDOT+ UV/Vis spectra from tnesolved

polymerization.
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EDOT monomer, EDOT dimer, EDOT trimer, ED®faleimide were
subjected to a timeesolved formic acid polymerization ass&ygure 4.3. EDOT
monomer was polymerized at 10x the normal concentration and a lower formic acid
concentration to slow the reactidfiqure 4.S1 Initially, several peaks at 335 nm,
361nm, 430 nm, 524 nm, 600 nm, and 644 nm intensify over the first several hours.
After 10 hours, the peak at 524 nm split into two peaks at 503 nm and 536 nm, and the
600 nm and 644 nm peak combined into one broad peak at 644 nm. EDOT dimer
initially showed high absorbance from 36860 nm, and a small peak at 537 nm. At
the 24hour mark, the 360460 nm absorbance remained, with a new small peak
appearing at 310 nm and a much larger peak appearing at 7 Zigume [4.S?
EDOT trimer initially showed high absorbance from 4&80 nm and peaks at 270
nm, 306 nm, 337 nm, 352 nm, and 433 nm. Over the course of the reaction, the entire
spectrum shifted to higher absorbances, however, a broad peak centered at 690 nm
formed Figure 4.SB EDOT-maleimide initially showed only a peak at 290 nm from
the maleimide subgroup, but as the reaction progressed, weak peaks formed at 490 nm
and 620 nmHigure 4.S4 The reaction profiles for EDOT dimer and EDOT trimer
inform the reaction profile of EDOT monomer and to a lesser extent EDOT
mal ei mi de. EDOT di mer 06 s46@maarrespandedtothéo anc e f
devel oping peak at 430 nm in EDOT monomer C
absorbance from 480680 nm corresponded to the developing peak at 524 nm. The
broad absorbances for EDOT monomer at 644 nm, EDOT dimer at 720 nm, and
EDOT trimer at 690 nm clearly showed extended polymerization and are related to
the bipolaron subgap states in the increasingly long PEDOT oligomers

(Gangopadhyagt al.2014). EDOFmal ei mi deds pol ymeri zati on
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first day to see any significant evidence for lasgale polymerization, however the
developing peaks at 490 nm and 620 nm are likely due to the initial formation of
EDOT-maleimide dimer and trimer.

When examining the absorbance at the peak attributed to extended
polymerization, the relationship between formic acid concentration and
polymerization can be better highlightgdgure 4.S%. Low concentrations of formic
acid consistently show insignificant development of polymerization peaks, with higher
concentrations progressively leading to higher absorbances over the 24 hour period.
When the maximum formic acid concentration curves are extracted and compared to
each other, the differences in the ability for these EDOT oligomers to polymerize can
be clearly seeffFigure 4.4. EDOT-monomer, EDO{trimer, and EDOTMA all
exhibit slow but progressive polymerization over time, yet ERlDfier progresses
much faster than the others. This may be due to a unique trait held by-&BP@i
potentially seen in other evarumbered EDOTligomers not yet tested, as the other
odd-numbered EDOImonomer and EDOrimer have curves that look far more
similar. An allometric power law fit was used for all of the lines, providing a
consistently good fit across all data sets. Other fits were attempted, including linear,
2" order polynomial, and8order polynomial, however, while a linear fit provided a
slightly better fit for the EDOImonomer and EDOT MA curves, it provided a far
worse fit for EDOFdimer and EDOtrimer. Subsequently, the polynomial function
fits also did not perform as well consistently across all data sets. This analysis revealed
that at the highest formic acid concentration tested, Eld©momer and EDOMA
exhibited approximately hatirder (0.51 & 0.47) kinetics, EDGffimer exhibited
third-order (0.36) kinetics, and EDGdimer exhibited firsorder (1.09) kinetics.
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For EDOT-trimer as well as EDO‘monomer and EDO'MA, these fractionabrder
reaction rates suggest a mgtep polymerization reaction or a heterogeneous system
This is commonly seen in radical polymerization reactions, especially those that
involve catalysts as seen with copper (1) in the atom transfer radical polymerization of
styrene Matyjaszewsket al. 1997).When looking at previously reported kinetics for

the oxidative polymerization of PEDOT, there is a separation between the formation
of radical cations and dimerization of these newly created radiGath(neyeret al.

2005). The rate determining step is the formation of radical cations with a rate
constant of 0.16 Imol h' corresponding to a fourth order reaction. This is followed

by the radical polymerization with a rate constant fl1ol* h'! corresponding to a
second order reaction. It is suggested that acids catalyze this reaction to terminal dimer
and trimer compounds without further polymerization, however, this is not observed

with formic acid.
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Figure4.4: Comparisometween EDOT oligomers and ED&A for the UV/Vis
kinetic curves taken at 90% formic acid concentration over 24 hours.
Lines within each scatter plot are lines of best fit found through an
allometric model with formulae displayed to the right of each curve.
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In previous studies of the electrochemical polymerization of unsubstituted
thiophene it was observed that the thiophene monomer showed nominallydest
kinetics whereas bithiophenand trithiopheneseeded monomer solutions showed
half-order kinetics (Weet al.1991). The order of the reaction is clearly dependent on
the presence of whether or not such seeds are added, and what is the initial molecular
weight of the thiophene monomer utilized.

Sequential dilution of formic acid solutions revealed details about the nature of
the EDOT and EDOT oligomers solubilized in theffigure 4.%. EDOT monomer
solubilized in solutions below 80% formic acid showed no significant absorbance,
however, above 90% formic acid, a large peak emerged at 495 nm with smaller peaks
at 376 nm and 588 nm. EDOT dimer and EDOT trimer showed far more complexity in
their profiles. For EDOT dimer in solutions where formic acid was absent, there was a
large band of absorbance from 27840 nm with smaller peaks at 375 nm and 400
nm. At intermediate formic acid concentrations, the wide band of absorbance
gradually decreased in intensity and became three distinct peaks at 304 nm, 318 nm,
and 332 nm, with the previous small peak at 375 nm increasing in intensity and the
previous small peak at 400 nm raising in intensity and shifting to 429 nm. There was
also an entirely new peak that formed at 534 nm. At high formic acid concentrations,
the three distinct peaks in the broad band of absorbance had almost completely faded
while the two distinct peaks at 375 nm and 429 nm now formed a broad band of high
absorbance from 360460 nm. For EDOT trimer in solutions where formic acid was
absent, there was a broad band of absorbance from4340nm along with three

intermediate peaks at 282 nm, 292 nm, andr865
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Figure4.5: UV/Vis spectra for EDOT monomer, EDOT dimer, and EDOT trime
solubilized in varying amounts of formic acid and water with minin
time allowed for polymerization. Arrows show the evolution of pee
as the concentration of formic acid increases

Wavdength(nm) Assignment
270 Neutral Monomer
495 Activated Monomer
270-340 Neutral Dimer
360-460 Activated Dimer
340-410 Neutral Trimer
480-580 Activated Trimer

Table4.3 Key peak assignments for EDOT+ UV/Vis spectra from solvent
switching.
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At intermediate formic acid concentrations, the broad band of absorbance
dropped in intensity and formed four distinct peaks at 337 nm, 355 nm, 376 nm, and
400 nm with the previous intermediate peaks dropping in intensity and shifting into
two distinct peaks at 272 nm and 305 nm. A new peak began to form at 434 nm and a
new large band of high absorption from 4880 nm formed from a peak centered at
533 nm. These peak shifts indicate the concentration of the activated states of the
EDOT oligomers present. The increasingly oxidative environment caused by the
increasing concentration of formic acid is evidently activating a certain proportion of
the EDOT oligomers present in solution, causing a reduction in intensity of peaks
from the neutral state of these molecules, and simultaneously causing an increase in
intensity of peaks caused by the activated state of these molecules. It is possible to
monitor this change in oxidation state by switching the composition of the formic acid
back and forth from high to low. When such solvent switching is performed, the peaks
seen in the UV/Vis spectra completely reverse, switching between the neutral and
activated states depending on the solvent preGenirg 4.S6

These EDOT solutions were examined using NMR spectroscopy to monitor
the progression of polymerization. First, the neutral states of EDOT monomer, EDOT
dimer, and EDOT trimer were taken in CRQCAIl EDOT variants tested were stable
in CDCl at least for the duration of the experiment, showing no obvious change in
color or exhibiting any other evidence for a reaction taking place. EDOT monomer
showed a singl et t h#340ppenaedabkingeétmetigyeme peak &
hydr ogen=4%18 ppkn Figute 4.64. EDOT dimer had a singlet thiophene
hydrogen=peaX5appm and two tripl=e4t31 met hyl e
ppm am@2ppmlFigure 4.68. EDOT trimer had the same thiophene hydrogen
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peak=aé6. 25 ppm, but three met hyWh&mpEn hydr og
and two tdi 3I13e tpp m22tapmdfigude 4.6. After the neutral

states were found, EDOT monomer, EDOT dimer, and EDOT trimer were reacted in
d>-formic acid and monitored over the course of a day. EDOT monomer initially had a
largesi ngl et met hyl e md.00pgndthatfall eonsidprably ky theat 0
next time poi nt 6 =423pprh usespsuggdstang teicongetsient at U
between the neutral state of EDOT and the activated state of EDOT over this time
interval[Figure 4.7A].As ti me progress4&s3ltpmgdiperadksid at
ppm increased in intensity, corresponding to the increasing concentration of EDOT

di mer . Si mi |=34rd% ppm incieaseck @kespartdinglto an increase in

EDOT trimer. EDOT dimer init3 ad4.l5%0=sphpme dl s
4. 45 pptm, 30 p=pih8 ppratha all gradually decreased in intensity as

time progresseld-igure 4.7B].The latter peaks correspond to the neutral state of

EDOT dimer, whereas the previous two likely correspond to the activated state of

EDOT dimer, suggesting an incomplete activation of EDOT dimer in the formic acid
solutonFour peaks i ncrease=d 4i.n5 3i=nptpem SHIitpyp mq v air
4.35p p m, =adnld ppin, which are evidently the result of the increasing levels of

EDOT tetramer and EDOT hexamer present from the reaction. EDOT trimer initially
showed si=Ex 4dp&8B8kpdp M3 3LipHp M3 9=UpHpI6 483, U

p p m, =adnld ppin which all decreased in intensity as the reaction progressed

[Figure 4.6@Q. The latter three peaks correspond to the neutral state of EDOT trimer

and the previous three peaks correspond to the activated state of EDOT trimer, again
suggesting an incomplete activation of the EDOT trimer in the same manner as the

EDOT dimer.
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Figure4.6:1H NMR spectra and assignmentsfofEDOT monomerB: EDOT

dimer,C: EDOT trimer in CDC4
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Two weak peaks i ncer edasberd pignhd ppmt8mogithéese y a't
peaks are so close to the ones increasing in intensity from EDOT dimer, and since
EDOT dimer polymerizations should only form even numbered PEDOT oligomer
chains, it is highly likely that these peaks are due to EDOT hexdimedecreasing

overall intensity of the methylene hydrogen peaks in EDOT dimer and EDOT trimer
are due to the precipitation of long chain oligomers that were suspended in solution
through the spinning of the NMR instrument, which can be observed as a blackened
layer on the inside of the NMR tube where the formic acid solution occupgs¢

4.10. No thiophene hydrogen peaks were present in any of the samples at any time
point, which may be explained by the activated states of EDOT and PEDOT oligomers
readily shedding their thiophene hydrogens in the highly oxidative environment
present in the high concentration of formic acid. This requires that even incomplete
activation, as appears to be the case with EDOT dimer and EDOT trimer, would cause
the loss of the thiophene hydrogens, as otherwise there should be some trace of their
presence in the 1H NMR even with a reduced intensity. This thiophene hydrogen peak
may be recovered through dilution of the EDOT formic acid solution with water

[Figure 4.8, proving the reversibility of the thiophene hydrogen stripping at least in

the early stages of solubilizing the EDOT before any significant polymerization has

taken place. This is in contrast to a previous NMR study of this reaction, where it was

c

found that EDOT monomer 6s 6323 pgmahate hy dr o

decreases in intensity over time, with EDOT oligomers all sharing the same thiophene
hydrogen=pea&1&5 ppm that increastad i n
2020).
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Figure4.7: Top: Time resolvedH NMR spectra forA: EDOT monomerB:
EDOT dimer, andC: EDOT trimer in d-formic acid zoomed to show
the evolution of the methylene hydrogen peaks, with arrows belov
highlighting peak change over time. Each spectral line was taken
intervals of two hoursBottom: Complementary view of EDOT
monomer, EDOT dimer, and EDOT trimer in CRCI

Chemical Shift (ppm)

Assignment

4.45
4.31 & 4.14
4.23
411
4.00

HigherOrder Oligomer Methylene CH
Outer Methylene CH
Odd-Numbered Oligomer Inner Methylene €H
Extended Dimer Methylene GH
Neutral Monomer Methylene GH

Table4.4:Key peak assignments for EDOT+ 1H NMR spectra polymerizeghin ¢

formic acid
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Figure4.8:H! NMR of EDOT monomer solubilized in formic acid and then
immediately diluted withA: 50% DO andB: 90% DO. The recovered
thiophene hydrogen peak is absent in the 50% $&blution, but present
inthe90% DO s ol utEb26mPpmat U
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Figure4.9: Proposed formic acid mediated activation of stable EDOT radicals and
subsequent polymerization.
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Figure4.10: One alternative previously reported mechanism for PEDOT oxidative
polymerization. The thiophene hydrogens are present throughout the
addition reaction, stabilized through the presence of a positive charge on
the methylene oxygen. (Turbiez al.2015).

This loss of thiophene hydrogens is consistent with previously proposed
mechanisms, as the evolution of hydrogen gas through the loss of these hydrogens at
some point during polymerization is seen in all proposed mechanisms, as is seen with
the Fe(lll) oxidative polymerization mechanism for PEDOT through the charging of
the sulfur present in the thiophene (Zhen@l.2019). The findings from this NMR
study simply suggest that the loss of these hydrogens and the formation of radicals
take place at an earlier point of the reaction, as this is more stable for EDOT in a

highly oxidative environment, allowing them to exist in this state for extended periods
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of time, persisting even when oligomerizé&tigure4.9]. The fractional nature of some
oligomer6s polymerization reaction rates ¢
initiation whereby not all EDOT molecules are radicalized equivalentlhis

initiating step is not as instantaneous as optical data would suglgsstontrasts with

some mechanisms that also involve a delocalization of bonds to create a positively

charged oxygen in order to keep the thiophene hydrogen present all throughout the

reaction until the final step-[gure4.10] (Turbiezet al.2015), or with another

mechanism that involves the creation of terminalesypped thiophenes that limit the

rate and extent gdfolymerization (Zhangt al.2018).

The polymerization of EDOT via radiationitiated radical formation has been
previously examined, with similarities to what has been seen with formigraitaded
radi cal f or mat i arradiatiovhté seeretkapED©Tepdlynterzeso
progressively with increasing dosages leading to darker visual solution coloration up
until approximately 36 kGy (Bahmt al.2018) (Cuiet al.2016). U\tvis spectroscopy
revealed that the samples exposed to higher dosages also exhibited progressively
higher absorbances around 300 0500 nm wavelength region (Lattaehal.2013).
Proposed mechanisms involve OH radicaluced oxidation via the production of a
transient EDOT+ cation radical which then deprotonates and dimerizes into EDOT
dimer (Cuiet al.2015). The differences in UVis spectra between radiation
polymerized EDOT solutions and formacid-polymerized EDOT solutions stems
from t he s ol-iwagiatibn expsriendnis allflubed neatral and inert
solvents, i.e. water and dichloromethane, whereas the formic acid experiments used
formic acid, which has been previously shown to dramatically alter thei&)V

profiles of EDOT mono merradiatom$ nobd congtanmer s. Si
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source of radicals pesgtadiation, the EDOT oligomers returned to their neutral states,

whereas the formic acid solubilized EDOT oligomers are constantly in a state of
activation due to the constant presence of
irradiationinduced EDOT polymerization is also complementary to the proposed

formic acidinduced EDOT polymerization mechanism due to the nature of radical

formation differing only by the activating molecule (©¥$. COOH) and subsequent

radical reaction to form EDOT oligomers.

Monomer in FA Stock » i Trimer in FA Stock
v . —‘ g ;

— : O

Diluted with FA  Diluted with Water

Diluted with FA  Diluted with Water

—_—

Trimer 100% FA

Dimer 100% FA
Monomer 100% F

Monomer 70% FA

Figure4.11: Top: EDOT monomer (left), EDOT dimer (middle), and EDOT trimer
(right) solubilized in 98% formic acid and allowed to react for one hour
before being diluted by both water and more formic acid at 10% by
volume.Bottom: Tilted NMR tubes posNMR experiment showing dark
layer forming at the bottom of the tubes where the solution previously
occupied. The solution present in the tube containing reacted EDOT
trimer is speckled, whereas the others are not.
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Figure4.12: Thin Layer Chromatography (TLC) usifg achloroformmobile phasg
visualized with shortvave 254 nm UV LightB: a formic acid mobile
phase. Control was performed on unreacted oligomers solubilized in
chloroform. All othersperformed on reaction solutions composed of
100% formic acid and 0.0d of each indicated reactant.
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The selective dilution of reaction solutions also supports these findings
[Figure4.11]. When high concentrations of EDOT monomer are allowed to react in
formic acid solutions for an hour, they appear a deep green color. If these solutions are
diluted with more formic acid, the result is a lighter green color, but if they are diluted
with water, the result is a lightly speckled blue solution. This implies that the addition
of the formic acid is not causing any significant chemical changes, and is merely
diluting the color, whereas when water is added, the activated state of the EDOT
oligomers present shifts to the neutral state, causing them to crash out of solution and
form the blue precipitate. When this same test is performed on EDOT dimer, a more
vivid green color is initially seen. When diluted with formic acid, this green color now
shifts to more of a tagellow color, while the water dilution forms the same blue
speckled solution. This color shift may be explained through the shift in activation of
the EDOT dimer when more formic acid is added, as the NMR strongly suggests the
incomplete activation of EDOT dimer at the concentration used. The water dilution
causes similar neutralization as with the EDOT monomer solution, and causes the
PEDOT oligomers to crash out of solution and for the blue PEDOT precipitate. EDOT
trimer follows a similar trend to EDOT dimer, as it initially forms a vivid red solution.
When diluted with formic acid, it forms a softer red, whereas the water dilution creates
a large blue speckled solution. This follows the same reasoning as for EDOT dimer,
the EDOT trimer is pushed more towards complete activation with the addition of
more formic acid, and the water dilution causes the PEDOT oligomers to precipitate

out of solution.
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When separated through thin layer chromatography (TLC), limited separation
of polymer and oligomers can be seen in the reaction solutions [FigureWiil?].
chloroform as the mobile phase, distinct bands related to EDOT monomer, EDOT
dimer, and EDOT trimer can be seen in all reaction time points tested, with later time
points having an increasingly visible band related to highager oligomerswith
formic acid as the mobile phase, it can be seen that in early stages of the reaction,
unreacted EDO®@imer and EDOTrimer are carried far with the mobile phase,
leaving behind blue streaks of polymerized PEDOT that are especially apparent in
EDOTt r i me r EDOT dingeisatso shows a characteristic yellow band at the front
of the mobile phase, this showing that shectegiined oligomers travel farther with
the mobile phase than longenained oligomers. This is reinforced with EDOT trimer
showing a characteristic crimson band almost as far as the yellow band was for EDOT
dimer.EDOT monomer does not display any lasting coloration, suggestinghthat
monomer does not as quickly polymerize over this time period. In later stages of the
reaction, all starting oligomers show blue circles of PEDOT adsorbed to the stationary
phase, with EDOT monomer now showing a band carried far above with the mobile
phase as the higherder oligomers showed previously. EDOT dimer again shows a
streak of PEDOT, but now it is not carried as far by the mobile phase, thus indicating
the extent of polymerization has progressed since the initial timepoint. This
observation is shared by EDOT trimer, whose PEDOT streak is lessened greatly from
the initial time point, again indicating further PEDOT polymerization has occurred.
The characteristic colored bands for both EDOT dimer and EDOT trimer are both not

as visually apparent as they were previously, and do not travel as far as they did at the
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earlier time point, again showing that the polymerization in these two reaction

solutions has progressed.

4.4 Conclusions

In this work we have found evidence through tirasolved UV/Vis, Raman,
and NMR spectroscopy of the spontaneous formation of lectigggned PEDOT
oligomers when functionalized EDOT monomers were diluted in concentrated formic
acid at room temperature. We also found evidence that the formicateigzed
polymerization of involves the formation of activated EDOT oligomers, with the
NMR data providing evidence for oligomers having no residual thiophended
hydrogens remaininguggesting either a single radical that alters the shielding of the
remaining thiophene hydrogen or potentially a double radRainan spectroscopy of
the EDOT oligomers and EDOT+ variants support the formation of PEDOT over time,
with the reaction progressing, albeit at a gradually slower rate, over approximately six
months. The differences seen in the UV/Vis spectra for EDOT monomer, dimer, and
trimer at different concentrations of formic acid coupled with the reversibility of these
spectral changes shows that they cannot be due to immediate polymerization and must
be due to the alteration of the activated state of the EDOT. ED@Tomer, EDOT
dimer, EDOFtrimer, and EDOTMA develop peaks in UV/Vis at 615 nm, 722 nm,
689 nm, and 615 nm respectively as the polymerization progresses due to the
formation of longchained EDOT oligomers. Not only this, but the act of solubilizing
these compounds in formic acid cause spectral shifts due to the activation of the
thiophenes, leading to a complex development of peaks in the unmodified EDOTSs at
495 nm, 36460 nm, and 48680 nm respectively. When analyzing the data sets at

the highest concentration of formic acid, it was found that EId@nhomer and
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EDOT-MA exhibited haltorder, EDOFtrimer thirdorder, and EDOAimer first
order polymerization reaction kinetics.

As for NMR, the neutral states of ED@itonomer, EDOTdimer, and EDOT
tri mer show a % h3 .09 bh=ememPpse app@tpprain d U
respectively, with met Ayl 8np3pmy22gpmgen peak
a n d=485+4.33 +4.22 ppm. The activated states of these compounds do not
possess a thiophene hydrogen peak due to the complete loss of thiophene hydrogens,
however, these hydrogens may be recovered through dilution of the formic acid
solutions with water. The methylene hydrogen peaks develop as the polymerization
reaction progresses, differing as odd and even numbered oligomer chains are formed.
Higheror der ol i gomer met hy34elbmmbng exterdgde ns ap p e
di mer ol i go nmetillsppmawith theaoddurabieredibligomers showing
outer met hyl ene=4a31d4blgpmmmandinea kethyleneé U
hydr ogen =g.B3gppns at U

The visual evidence for polymerization is seen as a gradual peak increasing in
intensity over time in the red portion of the visible spectrum, consistent with the blue
coloration of PEDOT seen otherwise. The neutral NMR spectra of EDOT monomer,
dimer and trimer show the presence of both thiophene hydrogens and methylene
hydrogens, yet in formic acid only the methylene hydrogens remain. Since these time
points and concentrations are consistent with what was tested in the UV/Vis
experiments, it is reasonable to assume that these analytical measurements are
examining the same solutions. Thus, it is unreasonable that the initial stages of the
NMR study would be showing extensive polymerization, as that was not seen

previously. The only explanation for the discrepancy between the neutral state NMR
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of these compounds and the formic acid solubilized ones is the activation of the EDOT
oligomers and stripping of the thiophene hydrogens. The methylene hydrogen peaks
increasing in the EDOT dimer and trimer solutions must be from EDOT oligomers
made from multiples of their originating reactant, suggesting that the overlapping
peaks seen between the two are due to EDOT hexamer, with the others seen only in
EDOT dimer resulting from EDOT tetramer. The reason that higher order chains are
not reflected in these spectra is that EDOT hexamer is the longest chain of EDOT
oligomer that is able to remain suspended in solution before precipitating out on the
side of the NMR tubes, as can be clearly seen upon the conclusion of the trial. The
activation of EDOT and EDOT oligomers and formation of radicals is compatible with
previously proposed mechanisms for oxidative polymerization of PEDOT, and
complements these findings. Further studies could examine similar analysis of isolated
higherordered PEDOT oligomers such as ED@Tramer. Eveimumbered oligomers
are of particular interest to see if they follow the same trend as EQ4r.

This chapter examined the formic acid catalyzed polymerization of EDOT
using several methods including IR/Raman spectroscopy, UV/Vis spectroscopy, and
H! NMR spectroscopy, all in the pursuit of better understanding the polymerization
reaction for PEDOT. The results from these tests suggest the creation of EDOT
radicals as the initiating mechanism for further polymerization, providing an

alternative explanation to current published polymerization mechanisms.
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4.5 Appendix

4.5.1 Mass SpectoscopyAnalysis

Several mass spectrum techniques were utilizéeti@r construct a profile of
the polymerization reaction dynamics. Concentrated formic acid was not a suitable
solvent for any of these techniques, so reactions were diluted with water until formic
acid concentrations were acceptably low. To compensate for this dilution, the initial
EDOT concentration was higher than the 0.01 M concentration used elsewhere in this
study such that the final EDGdligomer concentratiowasat acceptable levels.
These reaction samples were allowed to polymerize for over an hour and then diluted
and prepared as previously described. These samples were then analyzed using
Electrospray lonization Mass Spectroscopy (E&), Orbitraf Liquid
Chromatography Mass Spectroscopy {MS), Liquid Injection Field
Desorption/lonization Mass Spectroscopy (LIFD@E), and MatrixAssisted Laser
Desorption/lonization Time of Flight Mass Spectroscopy (MAIDFMS). In all
cases, no signal from any of thereacted EDOT standards, rimm the polymerized
EDOT-oligomerswasable to be observedhis could be due to the difficulty in

ionizing EDOT and EDOT+ monomers, as well as their resulting oligomers.

4.5.2 Polymerization Reaction Assays

To profile the formic acigtatalyzed polymerization of PEDOT, reaction
assays were created for EDOT monomer [Figure 4.S1], EDOT dimer [Figure 4.S2],
EDOT trimer [Figure 4.S3], as well as EDOVA [Figure 4.S4], varying the
concentration of formic acid and taking a full UV/Vis spectrum reading every 15

minutes for 24 hours. When examined, it could be seen that the reaction does not seem
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to progress in any capacity below approximately 50% formic acid concentration, with
higher concentrations increasing the speed of polymerizéiging these assays, a set

of kinetic curves was constructemshow the progress of the reaction [Figure 4.S5].
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Figure4.S1 UV/Vis timed assay for EDOT monomer in water and formic acid over
24 hours.
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Figure4.S2:UV/Vis timed assay for EDOT dimer in acetonitrile and formic acid over
24 hours.
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Figure4.S3:UV/Vis timed assay for EDOT trimer in acetonitrile and formic acid over
24 hours.
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Figure4.S5 UV/Vis kinetic curves for formic acid polymerization over 24 hours for,
A: EDOT-monomer at 615 nnB: EDOT-dimer at 722 nmC: EDOT-
trimer at 689 nm, anBd: EDOT-MA at 615 nm.



4.5.3 EDOT Activation UV/Vis Spectral Switching

By selectively diluting reaction solutions with either formic acid or water, a
reversible UV/Vis pattern can be seen for the EDOT oligomers [Figure 4.S6]. The
reversibility of this phenomenon confirms that initial spectral changes are not due to
instantaneous polymerization, but instead activation of the EDOT oligomers to then

vary out polymerization.
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Figure4.S6: UMVis for EDOT monomer, EDOT dimer, and EDOT trimer switching
between acetonitrile and formic acid through 90% dilutions.
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4.5.4 H!NMR Reaction Profiling

To investigate the profile of the formic aatdtalyzed polymerization of
EDOT oligomers, a standard was constructed for formic acid and water at varying
concentrations [Figure 4.S7his confirmed that the hydrogen peak associated with
hydroxyl groups shifted through the spectrum dependent of water concentration,
initially appearing at 0 = 11 ppm at 100%
100% water concentratioRrom this,in situreactions were performed for EDOT

monomer [Figure 4.S8], EDOT dimer [Figure 4.S9], and EDOT trimer [Figure 4.S10].
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10:90 | FA:Water J\
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L
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90:10 | FA:Water J' |

100:0 | FA:Water A l
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Figure4.S7:'H NMR of varying water and formic acid concentrations with all spectra
referenced to formic acid (U0 = 8.02
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Chapter 5
CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

In this work, the physical and electrochemical structure of chemically
modified thiophenes and polythiophenes were characterized, polymerized, and
thoroughly investigated. EDOT was chemical
form EDOT-phospholipid, resulting in the coupling of an electroactive thiophene with
a biological amphipathic membrane lipid. An emerging technique, Optical
Photothermal Infrared ResponseRDIR) microscopy, was used to analyze the
surface chemistry of EDOT+ monomer and PEDOT+ polymer variants. Finally, the
formic acidcatalyzed polymerization of PEDOT and PEDOT+ was monitored with
time-resolvedn-situ UV/Vis and NMR measurements to better understand the
mechanisms of polymerization. Our work demonstrates the utility of these advanced
materials characterization methods for characterizing functionalized thiophenes and
polythiophenes.

In the second chapter, the fusion of EDOT to a biological membrane
phospholipid, in the form of EDGphospholipid, showed the versatility of
chemicallymodified thiophene polymers. It was found that through binding the EDOT
monomer to the head of the phospholipid the amphiphilicity of the phospholipid was
disrupted, reducing its water solubility and impacting its ability to interact with living
cells in the monomer form. This also influenced the thermal stability of the

phospholipid, reducing the melting point of the monomer (76)&o well below that
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of the phospholipid without EDOT modification (130.9 °C). PED@hospholipid
was able to be electrochemically polymerized using a mixed solvent system (50:50
tetrahydrafuran:water) to control the solubility of the monomer and polymer, creating
a thin film that significantly lowered the low frequency electrochemical impedance of
the electrode it was coated on by ~30x at 0.1 Hz. The resulting film confirmed the
ability to incorporate biologicalkgerived cell membrane components in electrically
conductive functionalized poly(thiophene) coatinfisis chapter highlighted the
desire and progressed in efforts to modify EDOT and other thiophenes with
biologically relevant molecules to develop their uses in pharmaceutical applications.
In the third chapter, analyzing PEDOT and PEDBKJA thin films with
Optical Photothermal Infrared ResponseRDIR) Microscopy allowed for the
examination of changes in surface chemistry between the two polymers. Due to its
limited penetration depth and sualicron resolution, @PTIR was able to detect and
map out the signal obtained from the carbonyl groups present on the surface of
PEDOT-MA, but absent in PEDOT, allowing for the differentiation of the two
polymer films across the interdigitated electrodes on which they were
electrochemically deposited. Raman analysis was able to confirm the presence of
PEDOT, but evidently due to the roughness and optical properties of PEDOT films,
Raman spectroscopy was not able to distinguish between the two PEDOT variants.
This opens the door for studies investigating the useTR to verify the post
processing of PEDOMA films outside of electrochemical (EIS) or mass
accumulation (QCMD) monitoring methodsThis chapter advanced a surface
characterization technique that may be applied to other polymer systems in the pursuit

of higher quality surface characterization for chemical differentiation.
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In the fourth chapter, thie-situ monitoring of the formic acid catalyzed
polymerization of EDOT gave detailed insight about the progression and mechanism
of the reaction that had not been previously seen. A mixed solvent array analyzed
throughin-situ UV/Vis gave a comprehensive overview of the progression of the
polymerization reaction over a spread of formic acid concentrations from 0 to 90%,
allowing for the tailoring of reaction rate through solvent alteration. Complementary
time-resolvedH NMR analysis also provided insight into the reaction progression, as
well as the molecular mechanisms behind the polymerization reaction. Through a
combination of UV/Vis andH NMR, it was found that the formic acid charges the
EDOT thiophene, stripping off the thiophene hydrogens and priming the monomer and
oligomers for polymerization. PEDOT oligomers above approximately nine units were
undetectable, suggesting the termination of the polymerization at this point, likely
from precipitation in the formic acid suspension as the polymer becomes increasingly
insoluble.This chapter advanced the understandindp@PEDOT polymerization

reactionandfurther explored an new avenue for PEDOT solution polymerization.
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5.2 Future Work

5.2.1 ToF-SIMS

Time of Flighti Secondary lon Mass Spectroscopy (FRIMS) is a surface
characterization technique that involves the use of a primary ion beam to selectively
fragment a sample (Shenhal.2024). These fragments are then passed through to a
mass spectrometer to construct the mass spectrum of a material in the solid state.
While primarily used for hard materials like metals and ceramics (Wairedtain
2023), some limited efficacy has been demonstrated on polymerMpist al.
2022)(Chanet al.2016) (Médarcet al.2001). This technique may also be used for
depth profiling of multilayer or mukkcomponent polymer films (Wareg al.2023)
(Bailey et al.2015).Repeated attempts at analyzing PEDKA films with ToF-
SIMS resulted in spectra that were unable to reliably show higher order oligomers, and
only showed a monomer peak hidden away in numerous peaks resulting from the
fragmentation of individual monomerSifure 5.]. Addressing this requires possible
instrument modifications to provide a lowietensity primary ion beam that does not

as aggressively fragment the polymer.
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5.2.2 Droplet Drying

Droplet drying is an excellent way to characterize the liquid to solid transition for
suspensions, and can be used to look into formic acid catalyzed PEDOT
polymerization. PEDOT:PSS suspensions have been previously analyzed in this same
vein, providing a valuable look into the changes in conductivity during the {gplid

phase transition (Sitarik, 2023). When a droplet of formic acid polymerized PEDOT is
dried onto an interdigitated electrode, the impedance of the resulting coating can be
assessedjgure 5.2. It can be seen that the impedance across the electrode was found
to decrease dramatically as the droplet dried, the suspended PEDOT eventually
forming a polymer coating across both sets of electrodes, effectively shorting them
[Figure 5.3. The impedance drop was far greater in the low and intermediate
frequency ranges than in the high frequency range, showing that the fresh droplet was
primarily characterized by its capacitive properties, and the dried droplet was

primarily a resistive film. This is similar to what is seen with droplets of DNA
evaporating (Ebrahimat al.2013) and with increasing concentrations of PBS (Zhang

et al.2022). This study could be expanded to look at varying concentrations of
PEDOT in formic acid, alternative PEDOT+ variants, and even examining the effects

of additives to the film suspension on the resulting films.
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Figure5.2: Electrochemical Impedance Spectroscopy for a droplet of formic acid
polymerized PEDOT dried on an interdigitated electrode.
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Figure5.3: Left: Side profile andRight: Top view images of a droplet of PEDOT
polymerized in formic acid dried over the course of one hour on an
interdigitated electrode at time poings: 0 minutesB: 20 minutesC:
40 minutespD: 1 hour.
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