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The design, synthesis and characterization of a novel monomer consisting of 

the fusion of an electrochemically polymerizable thiophene (3,4-ethylene 

dioxythiophene, EDOT) and a phospholipid plasma membrane component 

(1,2-dipalmitoyl-sn-glycero-3-phosphate (16:0 phospholipid)) is described. This new 

molecule, EDOT-phospholipid, was electrochemically polymerized into the 

corresponding polymer PEDOT-phospholipid. 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. PEDOT-phospholipid 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 phospholipid-incorporating conductive polymer 

thin films that reduce the impedance of metal electrodes at low frequencies.  

Optical photothermal infrared response (O-PTIR) spectroscopy is an emerging 

technique of particular interest for examining the local chemistry and structure of 

organic molecular and polymer materials.  Here, we used O-PTIR to examine the 3,4-

ethylenedioxythiophene (EDOT) and maleimide-functionalized (EDOT-MA) 

ABSTRACT 



 xvii  

monomers, and also thin films (~100 nm) of their corresponding polymers (PEDOT 

and PEDOT-MA) electrochemically deposited on interdigitated (5 ɛm) gold 

electrodes. The O-PTIR technique provided high resolution (~1 mm) 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, time-resolved 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 acid - catalyzed 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 cm-1 and 2876 cm-1 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 thiophene hydrogens at ŭ = 6.30 ppm while EDOT dimer and 

trimer showed these at ŭ = 6.25 ppm, with all EDOT oligomers showing methylene 

hydrogens between ŭ = 4.35 ppm - ŭ = 4.18 ppm. In formic acid, all thiophene 

hydrogen peaks disappeared and the evolution of the methylene hydrogen peaks at ŭ = 
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4.57 ppm and ŭ = 4.11 ppm for EDOT 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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INTRODUCTION  

1.1 Background 

The implementation of biomedical devices in medical and pharmaceutical 

contexts is ever-present and growing. These cases span internal implants into patients 

to serve a therapeutic purpose (Soares Dos Santos et al. 2022), to pharmaceutical 

sensors (Kesler et al. 2020), and even to external environmental sensors (Kaushal et al 

2023). These devices require the transduction of electrical signals to function 

(Macchia et al. 2020), and thus commonly make use of traditional metallic conductors 

to achieve this goal (Li et 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 (Panjan et al. 2017). These undesired 

side-reactions stem from the environment in which these devices are employed, as 

biological systems require a delicate balance of electrolytes, proteins, lipids, and other 

biologically relevant compounds (Heinrich et 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 (Contreras-Naranjo et al. 2019) and immune responses to perceived 

foreign objects (Luo et al 2015) (Kozai et al 2015). It is for these reasons that the use 

of metallic electrodes is benefitted greatly through the incorporation of electrode 

coatings.  
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 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 (Lin et al. 2013) while opening the possibility to 

tailor the surface chemistry of the electrode (Sun et al. 2021) and still permitting the 

transmission of electrical signals as necessary (Ludwig et al. 2011). A core tactic in 

this pursuit is the creation of a Self-Assembled Monolayer (SAM) that may be 

employed to create a single molecule layer coating on metal electrodes (Chaki et 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 

(Zhang et al. 2013) (Macchia et 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 (Park et al. 2021) (Wang et al. 2013). However, for electronic 

devices it is necessary to examine the electrical properties to ensure that these coatings 

do not hinder the usability of the electrodes (Lu et al. 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 (Poddar et al. 2021). These polymers 
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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 other organic molecular coatings, and due to surface morphology, 

may actually improve electrode performance (Ates 2011). 

This dissertation primarily 

focuses on the analysis of 

chemically modified 3,4-

ethylenedioxythiophene (EDOT) 

and its respective polymer poly-

3,4-ethylenedioxythiophene 

(PEDOT) [Figure 1.1]. PEDOT is a 

conductive polymer with 

heightened chemical stability that 

improves coated electrode 

performance as observed by the 

lowering of the low frequency impedance of coated electrodes (Jona et al. 2020) 

(Frost et al. 2012). PEDOT films have a deep blue to black visual appearance, making 

them both easy to detect visually.  They are also electrochromic, changing color with 

the applied voltage (Levasseur et al. 2019) (Poverenov et 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 applications. Generally, 

alternative EDOT precursors were used to chemically modify the dioxy-ring of EDOT 

 

 

 

 
 

Figure 1.1: Chemical schematics for EDOT 

and PEDOT 
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monomers, with these modified EDOTs serving as the basis for further chemical 

modification [Figure 1.2]. It is through this that EDOT-maleimide has been 

synthesized in our lab (Nagane et al. 2020). Using the thiol-maleimide coupling 

reaction (Northrop et al. 2015), further chemical modification of EDOT-maleimide 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+. The thiol-maleimide 

ñclickò coupling reaction may be performed pre- or post-polymerization, allowing for 

the pre-processing of EDOT-maleimide in the monomer form, or post-processing of 

PEDOT-maleimide in the polymer form. 

The growing interest in developing chemically-modified thiophenes opens the 

possibility of modifying EDOT with bioactive molecules for biologically-relevant 

applications (Mishra et al. 2025). Many of these molecules are intended to serve a 

direct pharmacological purpose (Ismail et al. 2012) (Rashmi et al. 2018). However, 

thiophenes with such modifications could serve as a potential bioelectronic interface, 

should they exhibit synergistic properties of their precursors. The polymerization of 

biologically-modified EDOT could create a polymer with biologically-relevant 

properties that could be explored. 

With the creation of new modified thiophenes and their respective 

polythiophenes, the question of proper chemical characterization is inevitable. The 

large number of potential chemical modifications (Rustamli et al. 2015)  

(Adam et 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 
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the surface properties of these modified films. Modified polymers intended for post-

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 

techniques applicable to EDOT and EDOT+. Electrochemical polymerization is an 

excellent procedure for the deposition of localized polymer films, however, the 

process is fairly rigid in its use due to the inherent need for the presence of electric 

fields and currents. The composition of the films in terms of polymer length and 

polydispersity is generally difficult to discern due to the insolubility of these polymer 

films post-polymerization (Xie et al. 2019). Traditional oxidative polymerization 

comes with its own problems, as the polymer must remain in solution with its 

associated counterion to polymerize. Alternative polymerization techniques could 

broaden the applications of PEDOT into previously unapproachable applications. 

 

 

 
 

 

Figure 1.2: Top: Single step synthesis of EDOT using ethylene glycol and 3,4-

dimethoxythiophene (Von Kieseritzky et al. 2004). Bottom: Two 

step synthesis of EDOT-acid showing dioxy-ring modification 

through EDOT synthesis precursor modification (Mantione et al. 

2019). 
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1.2 Chapter Outline 

 This dissertation will cover the majority of my work concerning the 

characterization of chemically-modified 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 EDOT-phospholipid (EDOT-PL). 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 (O-PTIR) response of the materials. 

 Chapter 4 consists of work concerning the acid-catalyzed polymerization of 

EDOT monomer and oligomers free of oxidants or electrolytes. This section 

capitalized off array-based experimental design as well as in situ 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. 
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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 achieve bi-directional 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) (Carli et al. 2019). This is done with the ever-present 

threat of host-implant immune responses disrupting such endeavors (Kozai et al. 

2014) (Lewis et 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 (Ouyang et al. 2017), but also to achieve biological properties that are 

required for function in a living biological system (Kung et al. 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 

Chapter 2 
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devices, and the wet, dynamic, soft, and complex mixture of carbohydrates, peptides, 

nucleic acids, and electrolytes found in biological tissues (Martin 2015). Conjugated 

polymer-based 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 (Nezakati et al. 2018) ( Jia 

et al. 2020). 
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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 EDOT [Figure 2.1]. 

PEDOT is an electrically conductive conjugated polymer whose monomer may be 

Figure 2.1: Structures of EDOT, PEDOT, and EDOT-phospholipid. 
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electrochemically polymerized to form a polymer coating on the surfaces of electrodes 

through which an electric potential is applied. Such coatings are optically dark [Figure 

2.2], and bestow a considerably lowered electrical impedance to coated electrodes, 

particularly at low frequencies (Mousavi et 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 bio-interfacing properties of these monomers and polymers.  
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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 EDOT-cholesterol, (Nagane et al. 2020) to the small 

hydrophilic phosphorylcholine head group addition to EDOT-PC (Zhu et 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 

Figure 2.2: Typical electrodeposited PEDOT:PSS film on a gold electrode on a 

screen printed electrode. 
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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 (Richardson-Burns et al. 2007). This result was replicated and expanded 

upon through the use of a chemically-modified EDOT monomer in the form of EDOT-

acid [Figure 2.3].  

Chemically-modified 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 systems (Ek et al. 

2024). By using an EDOT trimer with a sufficiently low oxidative window, it was 

found that plant-based oxidative immune responses were sufficient to polymerize 

PEDOTs within the stems of living plants (Stravinidou et al. 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 (Feig et al. 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 
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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 (Liu et al. 2020). 

From this basis, it was evident that chemically-modified 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 EDOT-phospholipid was 

proposed [Figure 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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Figure 2.3: Extracellular electrochemical polymerization of PEDOT:PSS and 

PEDOT-acid:PSS around SH-SY5Y cells. Metallic circles are 

exposed gold electrodes with orange being a polymer-based resistor 

substrate. Top: EDOT polymerizes around the cells present on the 

electrodes, encasing them in PEDOT:PSS. Bottom: EDOT-acid 

polymerizes away from the exposed electrodes and out into the 

surrounding cell clusters. 
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Figure 2.4: Cartoon diagram of a cellôs plasma membrane with EDOT-

phospholipid drawn for comparison. 
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2.2 Experimental Methods 

 

  

 

Figure 2.5: Synthesis of EDOT-phospholipid from 3,4-dimethoxythiophene and 

1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (16:0 

phosphatidylglycerol). 



 17 

2.2.1 Materials 

 3,4-dimethoxythiophene, toluene, para-toluenesulfonic acid (p-TsOH), 

deuterated chloroform (CDCl3), and lithium perchlorate were purchased from Sigma-

Aldrich and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 

(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 EDOT-phospholipid 

 3,4-dimethoxythiophene, toluene, and para-toluenesulfonic acid (p-TsOH), 

were purchased from Sigma-Aldrich and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-

rac-glycerol) (phosphatidylglycerol) was purchased from Avanti Polar Lipids, with all 

reagents being used without further purification. 3,4-dimethoxythiophene and 1,2-

dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) along with catalytic amounts of p-

TsOH were heated in refluxing toluene at 110 °C for 48 hours [Figure 2.5] (Von 

Kieeseritzky et al. 2004) (Mantione et 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 (CDCl3) and 

analyzed for its 1H NMR spectrum using a Bruker NEO 400MHz NMR Spectrometer 
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controlled by TopSpin 4.3.0. The spectrum was referenced to the residual solvent peak 

for CDCl3 (ŭ=7.26 ppm) (Fulmer et 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 EDOT-phospholipid was placed in an alumina pan, purged with nitrogen gas, 

and equilibrated at 30 °C, before heating to 500 °C at a ramp rate of 10 °C/min. 

2.2.5 Polarized Optical Microscopy 

EDOT-phospholipid was heated using an Instec mK2000 hot/cold microscope 

stage equipped with a C100W active/passive water cooler. This microscope stage 

setup was viewed using a Nikon Eclipse LV100 POL Microscope with a set of 

integrated crossed-polarizers and full-wave red tint plate. The polarizers were oriented 

such that the fast axis was along the Northwest-Southeast direction, and the slow axis 

was oriented along the Northeast-Southwest direction, standardized through oriented 

fiber imaging (Geday et al. 2000). EDOT-phospholipid was heated at a rate of 

5 °C/min from room temperature to 120 °C 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 D8 X-Ray Diffractometer 

operated using Cu KŬ X-rays with a power of 40 mV and 40 mA. 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 rate of 5 °C/min between 

measurements, and then allowed to equilibrate at the target temperature for 10 minutes 

before data acquisition with a step rate of 0.01 °/sec. 

2.2.7 Photothermal Spectroscopy 

Surface infrared and Raman spectroscopy was performed using a Photothermal 

mIRage sub-micron IR and Raman spectroscope. The optical photothermal infrared 

response was measured over the range of 1924 cm-1 to 790 cm-1 using an IR power of 

80% with a standard detector at 5x gain. The Raman spectrum was obtained over the 

range of 2952 cm-1 to 440 cm-1 at a probe power of 68% with the addition of limiting 

the confocal pinhole to 65 ɛm to 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 0.01 M with added 0.1 M 

lithium perchlorate counterion [Figure 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 Sigma-Aldrich 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 (Zhou et al. 2013). Metrohm 

5ɛm interdigitated gold electrodes (G-IDEAU5) were cleaned using a three 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-RefÊ Ag/AgCl reference electrode introduced to the electrolyte solution. A 

variation of a cyclic voltammetry-based cleaning procedure was then used prior to the 

deposition, cycling between 0 V and 1.1 V at a 200 mV/sec scan rate for 30 cycles in a 

0.1 M lithium perchlorate electrolyte solution [Figure 2.S2] (Fischer et al. 2009). A 

constant voltage of 1.61 V 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 coatings were analyzed using the Frequency Response 

Analyzer (FRA) of an Ametek Solartron Analytical potentiostat from 10-1 Hz to 

105 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 PEDOT-phospholipid coated electrode was prepared, through sputter coating 

using a Denton Vacuum Desk IV Sputter with a thin gold/palladium mix for 45 

seconds before imaging. Electron microscopy imaging was performed on a Zeiss 

Auriga 60 CrossBeam electron microscope at an accelerating voltage of 3 kV at a 

working distance of 5.4 mm. 

2.2.11 Optical Profilometry  

The PEDOT-phospholipid coated interdigitated electrode was analyzed using a 

Keyence VK-X3000 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 structure, properties, and 

synthesis [Figure 2.5] of the EDOT-phospholipid 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 tetrahydrofuran) [Figure 2.S3], 

creating turbid solutions in all cases. The limited solubility in aqueous solvents 

restricted the ability to perform cell-based tests and in-situ polymerization 

experiments. Nevertheless, we 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 PEDOT-phospholipid polymer. 

The relatively non-polar nature of EDOT-phospholipid is different from 

natural phospholipids, which are typically strongly amphiphilic due to their clearly 

defined hydrophilic and hydrophobic domains. Biologically-derived amphiphilic 

phospholipids orient themselves in bilayers such that their hydrophilic heads face 

outward toward the cytosolic interior and aqueous extracellular exterior (Cooper et al. 

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 group (Jala et al. 2022). 

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 aqueous 

solubility, biological tests were difficult to perform, as any solvent capable of 

solubilizing large enough quantities of EDOT-phospholipid 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 EDOT-phospholipid was taken and analyzed with 

reference to the residual CDCl3 solvent peak at ŭ = 7.26 ppm [Figure 2.6] with peak 

assignments being made [Table 2.1]. 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 (Vernooji et al. 1999). 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 (Nagane et al. 2020), this could be due to the deshielding effects 

of the phospholipid head propagating to these hydrogens.  
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Figure 2.6: 1H NMR spectrum of EDOT-phospholipid in CDCl3. 

Chemical Shift (ppm) Assignment 

0.87 terminal fatty acid CH3 

1.26 core fatty acid CH2 

1.54 near-ester bond fatty acid CH2 

2.03 water + phosphate OH 

2.34 first fatty acid CH2 

4.14 glycol CH2 and EDOT methylene ring CH2 

7.19 thiophene peak 

7.26 residual solvent peak 

 

Table 2.1: H1NMR peak assignments for EDOT-phospholipid. 
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2.3.2 TGA/DSC Analysis 

Thermogravimetric analysis (TGA) showed that EDOT-phospholipid 

possessed high thermal stability until its decomposition point at approximately 200 °C, 

with thermal degradation essentially complete by 400 °C. EDOT-phospholipid had a 

phase transition at 75.8 °C with an enthalpy of melting of 98.0 J/g, as found by 

differential scanning calorimetry (DSC) [Figure 2.7]. Further fluctuations in DSC heat 

flow past 300 °C are of limited relevance due to the extensive thermal damage accrued 

beyond 200 °C as seen from TGA. 

 Comparing the physical properties of EDOT-phospholipid 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 209.5 °C (Sharma et al. 2014). 

Phosphatidylglycerol, a precursor for EDOT-phospholipid synthesis, has a melting 

point at 130.9 °C [Figure 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 EDOT-phospholipid. However, the TGA of soy lecithin and 

phosphatidylglycerol both show thermal degradation beginning at around 200 °C and 

finalizing at around 400 °C (Merino et 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. 
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Figure 2.7: Black: Thermogravimetric analysis of EDOT-phospholipid. Red: 

Differential Scanning Calorimetry of EDOT-phospholipid. 
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2.3.3 Optical Microscopy Thermal Profiling  

The thermal profile of EDOT-phospholipid was examined using polarized light 

microscopy sweeping over the melting phase transition found from DSC [Figure 2.8]. 

The initially polycrystalline powder form of EDOT-phospholipid seen at 22.3 °C 

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 2.8a]. 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, leading to a visual ñsofteningò appearance as the EDOT-

phospholipid powder was rendered into more of a two-phase slush. At 76.9 °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 2.8c]. 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 birefringence [Figure 2.8d].  

Upon re-cooling down to room temperature, and with a cover slip placed over 

the isotropic liquid, the EDOT-phospholipid readily recrystallized into large 

spherulites (100s of microns) with few nucleation points [Figure 2.8e]. The crystalline 

structure seen in these polarized microscopy images is similar to spherulites seen 

when cooling hydrogenated oils and similar fats (Simões et al. 2000). It is also in stark 

contrast to the behavior seen in previous studies of other lipid-modified EDOT 
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monomers. In the case of EDOT-cholesterol, the isotropic liquid recrystallized with a 

multitude of nucleation points bound by the droplet edges (Wu et al. 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.  
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Figure 2.8: Polarized Light Microscopy Heating Overview of EDOT-phospholipid 

across its melting phase transition. Bottom: Recrystallized EDOT-

phospholipid pressed under a glass coverslip at room temperature. 
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2.3.4 Powder Diffraction Pattern Analysis 

The powder X-ray diffraction pattern for EDOT-phospholipid [Figure 2.9] 

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 a d-spacing of 4.82 nm with the next reflection at 3.69° corresponded 

to a d-spacing of 2.39 nm. With energy minimization simulations, it was found that the 

length of EDOT-phospholipid is about 3.18 nm. To account for this reflection at 

higher length scales than the molecule should reasonably be able to extend to, it is 

likely that EDOT-phospholipid exhibited a herringbone-stacking pattern [Figure 2.10] 

typical of many organic surfactants (Weissbuch et al. 2003) (Startek et al. 2019). 

When approaching the disordering phase transition, nearly all of the scattering 

peaks were lost except for a residual end-to-end layering peak present at 5° (d~1.75 

nm), and an amorphous halo (side-to-side) centered around 20° (d~0.44 nm). 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. Upon re-cooling, 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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Figure 2.9: Wide Angle X-Ray Scattering data for EDOT-phospholipid at multiple 

temperatures. The disordering phase transition occurs near 75.6 °C, with the 

ordering phase transition occurring on cooling from 120 °C to room 

temperature. 
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Figure 2.10: Proposed possible EDOT-PL packing structure. 
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2.3.5 Optical Photothermal Infrared  Analysis 

The O-PTIR spectrum of EDOT-phospholipid [Figure 2.11] showed a cluster 

of carbonyl peaks at 1730 cm-1 from the ester bonds present in the glycol core of the 

phospholipid (Abramson et al. 1965), as well as a strong aromatic carbon peak present 

at 1473cm-1 coming from the thiophene present in the EDOT (Garreau et al. 1999). 
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Figure 2.11: Optical Photothermal Infrared Response (O-PTIR) for EDOT-

phospholipid. 
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2.3.6 Raman Spectrum Analysis 

The Raman spectrum of EDOT-phospholipid [Figure 2.12] had a strong peak 

at 2880 cm-1 from the CH2 stretching widely present in the fatty phospholipid tails ( 

Gaber et al. 1977), with a weaker peak present at 1447 cm-1 seen from the aromatic 

thiophene carbons present in the EDOT (Garreau et al. 1999). This difference in 

relative intensity was consistent with the fact that EDOT thiophene moiety composes 

far less of the overall EDOT-phospholipid molecule than the phospholipid component. 
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Figure 2.12: Raman Spectrum of EDOT-phospholipid 



 37 

2.3.7 PEDOT-phospholipid Microscopy Imaging 

The optical microscopy of PEDOT-phospholipid [Figure 2.13] showed an 

iridescent coating caused by thin-film interference. Minor differences in coating 

thickness along the length of the electrodes caused different colors to be apparent 

(Cong et al. 2004). Only one set of electrodes was coated with PEDOT-phospholipid, 

namely, the set of electrodes to which the electric potential was applied. This 

confirmed that the PEDOT-phospholipid 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 2.13, 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 PEDOT-phospholipid coating was estimated through SEM stage tilting and 

through optical profilometry [Figure 2.S4] to have a nominal thickness on the order of 

10 nm. 
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Figure 2.13: PEDOT-phospholipid deposited on one set of 5 ɛm interdigitated 

electrodes, viewed with both reflected light optical microscopy 

(background) and scanning electron microscopy (inset, bottom left 

corner). In the optical micrograph, PEDOT-phospholipid appears as 

an iridescent coating while the bare gold appears bright yellow. Dark 

gray lines between the PEDOT-phospholipid coated electrodes and 

bare electrodes are the transparent glass substrate. In the electron 

micrograph, lightest digits are uncoated gold electrodes, darkest lines 

are the glass substrate, and the lumpy intermediate grey digits are the 

PEDOT-phospholipid coated electrodes. 



 39 

2.3.8 PEDOT-phospholipid Electrochemical Impedance Spectroscopy 

The electrochemical impedance spectrum of PEDOT-phospholipid  

[Figure 2.14] showed a greater than one order of magnitude drop in impedance at low 

frequencies (~0.1 Hz), with a lower magnitude drop present across intermediate 

frequencies (~10 Hz to 104 Hz). This electrical conductivity stems from the travel of 

electrons through the conjugated ˊ-backbone present in the extended PEDOT 

thiophenes [Figure 2.15] (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 (Koutsouras et al. 2017) (Castagnola et al. 

2014), with increasing film thicknesses usually leading to increasing drops in 

impedance (Dijk et al. 2020). For heavily hydrophobically-modified 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 (Wu et al. 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 (Rauf et al. 2022). 
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Figure 2.14: Electrochemical impedance spectrum for a PEDOT-phospholipid 

coated electrode. Stock electrodes were taken directly from the 

manufacturerôs packaging whereas cleaned electrodes were subject to 

a cyclic voltammetry-based cleaning procedure. 
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Figure 2.15: Idealized 2D representation of the conductive model of PEDOT-

phospholipid::ClO4. Highlighted in red are perchlorate ions present as 

counterions to the positive charges present on the thiophene core. 
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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, PEDOT-phospholipid behaves similarly to a class II phospholipid, as it is 

swelling in an aqueous environment without fully solubilizing. This is in contrast to 

the completely insoluble nature of EDOT-phospholipid, which exhibits more waxy 

characteristics akin to class I phospholipids (Pichot et al. 2013). 

2.4 Conclusions 

EDOT-phospholipid was successfully electrochemically polymerized along the 

thiophenes present, to form PEDOT-phospholipid, 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 variants that may be applied to other problems. 

The process of chemically characterizing EDOT-PL 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 it, highlight the considerations 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 PEDOT-PL was outlined previously 

[Figure 2.S1], however, many alternative methods were tried both in terms of solvent 

choice as well as applied voltage [Figure 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, 
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1.5 V for dimethyl sulfoxide, 1.5 V for propylene carbonate, 1.5 V for acetonitrile, and 

1.1 V for tetrahydrofuran. Curiously, 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 reaction occurs at the listed voltages, 

and yet upon further examination, no trace of polymer could be found deposited on the 

surface of the electrodes used. This is most likely due to PEDOT-PL electrochemically 

polymerizing as intended, but the solvents used are too good of solvents to allow for 

the formation of a PEDOT-PL layer on the surface of the electrode. It is 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. 

 



 45 

 

 

 

 

  

Figure 2.S1: Linear voltage sweep for the successful mixed solvent system, 50:50 

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

subsequent PEDOT-phospholipid polymerizations using constant 

voltage applications. 
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Figure 2.S3: Linear voltage sweep for six pure solvents tested for PEDOT-

phospholipid deposition compatibility. While oxidation peaks were 

detected for most solvents, no traces of polymer formation were 

detectable on the electrode surface. 
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2.5.2 Optical Profilometry  

The Surface profile of the PEDOT-PL film was analyzed through optical 

profilometry using a KEYENCE profilometer [Figure 2.S4]. Optical 

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. 

 

 

 

 

Figure 2.S5: Optical Profilometry data for PEDOT-PL coated 5ɛm interdigitated 

electrode. 
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2.5.3 Phosphatidylglycerol DSC/TGA 

To verify the synthesis of EDOT-PL, 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-PLôs 75.8 ÁC phase transition. 

 

 

 

Figure 2.S2: Thermal analysis of 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-

glycerol), one of EDOT-phospholipidôs precursors. Black: 

Thermogravimetric analysis showing decomposition beginning at 200 °C 

and completing at ~400 °C. 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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OPTICAL PHOTOTHERMAL INFRARED RESPONSE (O -PTIR) OF 

FUNCTIONALIZED THIOPHENE MONOMERS AND POLYMERS  

This work has been published in Methods Letters (https://doi.org/10.1557/s43579-

025-00783-0). The full work is available at: Baugh, Q.; Lee, J.; Wu, Y.; Cocuk, N.; 

Martin, D. C. Optical Photothermal Infrared Response (O-PTIR) 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 than ~103 Hz). Its optical 

absorbance and electrical conductivity stem from its conjugated ˊ-bond network along 

the carbon backbone.  It has been used for a variety of applications from 

electrochromic windows (Marks et al. 2016) to bioelectronic coatings (Slaughter et al. 

2024). PEDOT is chemically resilient, owing to the lack of reactive hydrogens along 

the conjugated backbone due to the presence of the dioxy-ring on 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 (Guselnikova et al. 2017). 

EDOT-MA is a chemically-modified variant of the EDOT monomer that contains a 

maleimide subgroup covalently bonded to the dioxy-ring of the EDOT. When 

polymerized, PEDOT-MA retains these maleimide subgroups, which may then be 

Chapter 3 
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used for post-processing 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 PEDOT-MA, 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 PEDOT-MA films in applications, it is 

important to characterize their surfaces in a non-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 for post-processing, 

such as azide-modified PEDOT films analyzed with XPS (Lind et 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 optical-photothermal infrared 

response with complementary Raman spectroscopy to detect chemical changes at the 

surface of these films. 

Optical Photothermal Infrared (O-PTIR) 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 (Spadea et al. 2021) (Razumtcez et al 2022). 

A visible laser of 532 nm 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 [Figure 1] (Olson et 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 

(Paolone et al. 2024). The O-PTIR response for a given sample can be described with 

the following expression: 
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where Ppr is the probe power, ʎ is the absorption cross section, N is the number 

density, ʆ is the heat conductivity, Cp is the heat capacity, n is the refractive index, T 

is the temperature, and PIR is the infrared power (Zhang et al. 2016). Due to the nature 

IR and visible beams used, the depth that O-PTIR 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 

the order of 10 ɛm (Paulus et al. 2022) (Prater et al. 2023). However, 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 nm (Yu et al. 2021). Due to 

the highly absorptive optical properties and surface roughness of electrochemically-

deposited PEDOT films (Xiao et al. 2004), it is reasonable to assert that it would 

exhibit the same limit to the depth resolution of O-PTIR measurements as these other 

polymer films. To understand the value that O-PTIR provides, it is important to 

consider the fundamental differences between O-PTIR and other methods of obtaining 

IR spectra to understand its potential uses. 
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Figure 3.1: Cartoon diagram of the operation of O-PTIR microscopy involving 

simultaneous visible and infrared irradiation of a set point to produce 

elastically and inelastically scattered photons. 
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 When comparing O-PTIR 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. 4000 - 650 cm-1).  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 (Sánchez-Machado et 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 

characterized. Attenuated 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 depth dp of 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.  It is defined as follows: 
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where ɚ is the wavelength of light, ɗ is the angle of incident light, nr is the refractive 

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 ATR-FTIR sharing 

similar spatial resolutions on the order of 10 ɛm (Kansiz et al. 2020). Atomic force 

microscopy with photothermal infrared spectroscopy (AFM-PTIR) 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, AFM-PTIR shares the same 

profiling depth and limited IR range of O-PTIR (e.g. 1800 ï 800 cm-1), 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 AFM-PTIR is cantilever 

dependent and on the order of 1 ɛm, it can be used for microscale applications, 

contrasting with O-PTIR which boasts a spatial resolution on the order of 0.5 ɛm 

(Molina et al. 2025).  

Several standard polymers have been analyzed with O-PTIR 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 ATR-FTIR for IR spectral comparisons over the 1800 ï 800 cm-1 range, and 

with O-PTIR coupled Raman and regular Raman spectroscopy for Raman spectral 

comparisons over the 1800 ï 250 cm-1 range (Böke et 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 872 cm-1, 1018 cm-1, 1097 cm-1, and 1409 cm-1, but showed slight 

shifts in the 1246 cm-1 and 1716 cm-1 peaks, with the 872 cm-1 and 1716 cm-1 peaks 

being at similar intensities, 1097 cm-1 and 1409 cm-1 peaks having higher O-PTIR 

intensities compared to ATR-FTIR, and the 1018 cm-1 and 1246 cm-1 peaks having 

lower O-PTIR intensities compared to ATR-FTIR. As for Raman spectroscopy, all 

polymers showed nearly overlapping peak positions in all cases, but with O-PTIR 

having higher intensities in nearly all cases. For PET, O-PTIR and ATR-FTIR were in 

close agreement in terms of peak position and peak intensity for the 632 cm-1, 857 cm-

1, 1287 cm-1, 1614 cm-1, and 1725 cm-1 peaks presented (Böke et 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 PEDOT-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 PEDOT-MA being 

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 on a Metrohm Autolab 

PGSTAT128N potentiostat using a three-electrode setup where the working electrode 

was one side of a Metrohm 5 ɛm interdigitated gold electrode (G-IDEAU5), the 

counter electrode was a platinum wire (Surepure Chemetals), and the reference 

electrode was a Ag/AgCl pellet (Warner Instruments) [Figure 2] (Lee et al. 2022). 

Monomer solutions consisted of 10 mM of either EDOT (Sigma-Aldrich) or EDOT-

MA (Nagane et al. 2020) respective to their designated electrode, and 20 mM LiClO4 

(Sigma-Aldrich) in DI water provided by a MilliporeSigma Milli-Q Reference 

Ultrapure Water Purification System for EDOT, and acetonitrile (Sigma-Aldrich) for 

EDOT-MA. Polymerization was handled using a galvanostatic (constant current) 

method at 75 ɛA with a target charge density of 0.01 C/cm2 applied to the total 

working electrode area of 8.45x10-6 cm2 for the electrode geometry used. 

Electrochemical Impedance Spectroscopy (EIS) over a frequency range of 10-1 Hz to 

105 Hz was performed before and after this procedure using the same electrode setup 

with a 0.1 M NaCl 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 1924-790 cm-1 and Raman spectra taken 

between 500-3700 cm-1 due to the configuration of the instrument (Kansiz et al. 2020). 

All measurements were taken using a standard detector with same-day background 

calibration and a 5X gain.   
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Figure 3.2: Left:  Schematic of PEDOT and PEDOT-MA deposition on an 

interdigitated gold electrode highlighting the complete separation of 

both PEDOT variants. Right:  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 Electrode 
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3.2.3 Monomer Examination 

 EDOT and EDOT-MA 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 ɛm confocal pinhole. EDOT-MA powder was then placed on a glass slide and 

similarly had IR and Raman spectra taken using the same settings as for the EDOT 

droplet.  

3.2.4 Polymer Examination 

 PEDOT and PEDOT-MA coated IDE as prepared previously was examined 

with both PEDOT and PEDOT-MA having Raman spectra taken at 50% IR power and 

7% probe power with a 65 ɛm confocal pinhole respectively. An IR surface map was 

then taken over a 60 ɛm x 10 ɛm area across 6 digits of the IDE at 1718 cm-1. 
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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 and non-destructive 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 EDOT-MA, several key 

similarities and differences may be seen [Figure 3.3]. First and foremost, EDOT-MA 

shows a large peak at 1718 cm-1 from the carbonyl groups present in the maleimide 

(Aguiar et al. 2011) that is completely absent from the EDOT. Also, the moderate 

peak present at 1492 cm-1 shows the presence of thiophene aromatic carbons in both 

EDOT and EDOT-MA, with the base EDOT spectrum being similar to what has 

previously been reported (Kvarnström et al. 1999) (Damlin et al. 2004) [Table 3.1]. 

The similarities between EDOT and EDOT-MA are consistent with their molecular 

structures, and with polymers with similar chemical groups analyzed previously, 

namely the aromatic carbons and C=O present in PET (Böke et 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 double-polymer coated 

interdigitated electrode, in which a clear difference could be seen in the optical 

photothermal infrared response of the two polymers scanned at 1718 cm-1 

[Figure 3.4a]. 
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Figure 3.3: Infrared comparison of EDOT and EDOT-MA 

Wavenumber (cm-1) Assignment 
1718 Maleimide Carbonyl C=O 

1492 Thiophene Aromatic Carbons 

1391 Maleimide Linker CH2 

1065 EDOT Ether C-O-C 

841 Maleimide Alkene C=C 

Table 3.1: Key peak assignments for EDOT and EDOT-MA IR comparison 
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This image clearly shows the ability of the O-PTIR technique to map out local 

chemical compositions of the PEDOT and PEDOT-MA 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 O-PTIR signal with the bounds of the electrode, we estimate the effective 

resolution of the technique as approximately 1 mm. 
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Figure 3.4: A Center: Reflected optical microscopy image of the coated 

interdigitated electrode. Lightest bands are PEDOT-MA coated 

electrodes, brown bands are PEDOT coated electrodes, and darkest 

bands are uncoated glass substrate. A Right:  O-PTIR mapping of 

area depicted in the center image. B: Electrochemical Impedance 

Spectroscopy of PEDOT and PEDOT-MA coated IDE. C: Raman 

comparison of (P)EDOT and (P)EDOT-MA C: IR Mapping for 

PEDOT and PEDOT-MA at 1718 cm-1. 
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The electrodeposition of PEDOT and PEDOT-MA led to a drop in the low 

frequency impedance of approximately 2 orders of magnitude for both coated 

electrodes [Figure 3.4b]. This drop in impedance is consistent with previous 

observations of similar coatings (Nagane et al. 2020). These coatings were thin, with 

an estimated thickness of 24 nm for PEDOT and 120 nm for PEDOT-MA 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)EDOT-MA [Figure 3.4c].  The monomers showed clear differences 

related to the presence of the maleimide on the EDOT-MA and absent on the EDOT, 

as shown mostly through the peaks at 1773 cm-1 present in EDOT-MA but completely 

absent in EDOT. This peak is directly related to the presence of the carbonyl groups in 

the maleimide present in EDOT-MA (Woldbæk et al. 1975) (Aramendia et al. 2021). 

Wavenumber (cm-1) Assignment 
1428 PEDOT CŬ=Cɓ(-O)  

1773 Maleimide Carbonyl C-C=O 

2864 PEDOT CH2 

Table 3.2: Raman key peak assignments for (P)EDOT and (P)EDOT-MA 

comparison. 
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PEDOT and PEDOT-MA also showed key differences to their monomers in the form 

of peak clusters at 1428 cm-1 and 2864 cm-1 [Table 3.2], which are peaks strongly 

associated with the presence of PEDOT (Nguyen et al. 2004) (Garreau et al. 1999). 

However, the 1773 cm-1 peak associated with the maleimide present in EDOT-MA 

was not present in the Raman spectrum of PEDOT-MA, indicating that Raman 

spectral analysis by O-PTIR is insufficient to detect these kinds of chemical changes 

on the surfaces of the polymer. This is reasonable considering the dual-beam nature of 

the O-PTIR 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 PEDOT-MA here and the 

findings with other non-conjugated polymers in the literature. For PET, both carbonyl 

and aromatic carbons are present in the IR and Raman spectra collected using O-PTIR 

(Böke et al. 2022), however, PET does not have any extended pi-bond conjugation 

and thus would have limited visible light interaction as opposed to the conjugated 

nature of PEDOT and PEDOT-MA. 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 PEDOT-MA 

films were characterized through O-PTIR microscopy to compare surface IR and 

Raman spectra between PEDOT variants and their respective monomers. Both 

polymers showed considerable increases in their Raman spectra at 1428 cm-1 and 2864 

cm-1 compared to their monomer counterparts due to the extended ˊ-bond conjugation 

present. The IR spectrum of EDOT-MA also showed the addition of a large peak at 

1718 cm-1 compared to EDOT due to the chemical addition of the maleimide carbonyl 

groups. When the PEDOT and PEDOT-MA polymers were scanned to create a surface 

IR map at this wavelength, polymer-wide 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 the O-PTIR 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 the O-PTIR instrument, limiting its surveying 

depth to the order of a nanometer. This allows the PEDOT to produce a strong Raman 

signal while the maleimide signal is suppressed. The IR beam of the O-PTIR 

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 

PEDOT to produce the signal that is seen. The absorption coefficient of PEDOT at this 

wavenumber is reported to be approximately 50000 cm-1 (Hwang et al. 2003), 

corresponding to a penetration depth of ~200 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 PEDOT-MA 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 through O-PTIR characterization, as 

shown through the detection of carbonyl bonds present in maleimide subgroups being 

found in PEDOT-MA 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 of O-PTIR 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 use O-PTIR to 

analyze the surface of not only PEDOT films, but polymer films in general. While the 

need to detect changes in IR and Raman signals for polymer-based applications is not 

new, the ability to handle both of these simultaneously while also being limited to the 

surfaces of films is an exciting development in polymer characterization. The success 

of this method in differentiating PEDOT and PEDOT-MA proves that this method is 
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approachable for chemically modified films, and potentially post-processed films 

when used for future applications. 

3.5 Appendix 

3.5.1 O-PTIR Material Sensitivity  

Organic films offer certain concerns when using O-PTIR microscopy, where a 

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 the sample. PEDOT as well as other organic polymers show high 

resilience to the infrared beam intensity, but are extremely sensitive to the visible 

probeôs intensity. For this reason, the probe power was limited to 25% for PEDOT 

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 O-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, with deviations of even 1 ɛm leading to highly 

variable signals being seen both in point measurements and image mapping [Figure 

3.S2]. For this reason, interdigitated electrodes were chosen for this study due to their 

flat geometry that would limit the irregularity of the PEDOT and PEDOT-MA 

surfaces. 
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Figure 3.S1: Characteristic IR spectrum of PEDOT-MA (Red) and PEDOT (Black) 

electrochemically polymerized on gold electrodes. 
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Figure 3.S2 O-PTIR mapping of EDOT-urea crystals at 1480 cm-1. Image focusing 

was performed at the center of the crystal, where the signal is the most 

consistent. Outer spindles of the crystal trail away from this central 

focusing plane leading to the shimmering signal seen in the IR map. 
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TIME -RESOLVED CHARACTERIZATION OF THE  

FORMIC ACID -CATALYZED POLYMERIZATION OF PEDOT  

4.1 Introduction  

Conjugated polymers have extended ˊ-bonds (composed of alternating single 

and double bonds) along their carbon backbones (Inal et al. 2018). These polymers 

can be tuned to display a wide variety of surface chemistries (He et al. 2022), 

morphologies (Cui et al. 2001), and mechanical properties (ElMahmoudy et al. 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(3,4-ethylenedioxythiophene) (PEDOT) (Donahue et al. 2020).  

PEDOT and its derivatives can be electrochemically deposited onto metal electrodes 

(Boehler et al. 2019), significantly reducing their low frequency impedance (Liang et 

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(III)Cl3, to make PEDOT solutions / suspensions in water (Zheng et al. 2019). 

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 (Castagnola et al. 2014). Typically, a polymeric counterion such as 

poly(styrene sulfonate) (PSS) is used to improve water solubility and electrical 

Chapter 4 
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conductivity (Culebras et al. 2014). Other small molecule counterions also can be 

used, such as lithium perchlorate and p-toluenesulfonic acid (King et al. 2011).  

It has recently been found that EDOT can be polymerized without adding any 

counterion or other additives in the presence of a concentrated organic acid (Tomġ²k et 

al. 2020). Several different organic acids were examined, including formic acid, acetic 

acid, and ortho-phosphoric 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 para-phenylenediamine(PPD) were also shown 

to polymerize under these conditions. However, neither thiophene nor aniline were 

reactive. Time-resolved NMR measurements initially showed a monomer C-H peak at 

ŭ = 6.3235 ppm while later time points saw the increasing intensity of a peak at ŭ = 

6.3185 ppm from an oligomer C-H 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. UV-vis 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 nm, 540 nm, 595 nm, 725 nm, 

and 900 nm increased over time. Formic acid-diluted PEDOT oligomer solutions 

showed peaks at 380 nm, 480 nm, 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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peaks at 1375 cm-1 and 1430 cm-1 respectively due to the extending ˊ-bond backbone 

of the oligomers (Tomġ²k et al. 2020). 

 Spicer et al. synthesized a variety of chemically end-capped short chained 

PEDOT oligomers and examined their light absorption behavior. UV/Vis spectra of 

these di-piperidine-capped 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 (Spicer et al. 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 from 300 ï 750 nm 

and stronger absorbance above 750 nm. Basified PEDOT:PSS solutions had low 

absorbance from 250 ï 275 nm and very low absorbance from 275 ï 800 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 to ˊ* transition along the PEDOT carbon 

backbone, and the absorbances above 800 nm arise from the bipolaron subgap states 

(Gangopadhyay et al. 2014). 

 Here we have examined the organic-acid catalyzed polymerization of EDOT 

with time-resolved in-situ measurements of the NMR and UV-vis spectra EDOT 

monomer, EDOT dimer, EDOT trimer, and several functionalized EDOT derivatives 

[Figure 4.1]. 
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4.2 Experimental Methods 

 

 

Figure 4.1: Chemical schematics for relevant compounds: A:  EDOT monomer, B: 

EDOT dimer, C: EDOT trimer, D: EDOT-maleimide (EDOT-MA), E: 

EDOT-acid, F: EDOT-urea, G: formic acid, and H:  acetonitrile. 

4.2.1 Acid-Catalyzed Polymerization 

PEDOT polymerizations were performed using 3,4-ethylenedioxythiophene 

(EDOT) monomer and dimer, both purchased from Sigma-Aldrich.  EDOT trimer 

(Chhatre 2022), EDOT-maleimide, EDOT-urea, and EDOT-acid were synthesized in 

our laboratory as previously described (Nagane et al. 2020). Formic acid (98%) was 

acquired from Sigma-Aldrich and used with no further purification. Solutions prepared 

for NMR analysis were prepared using d2-formic acid and d2-water, both purchased 

from Sigma-aldrich and used without any further purification. Dilutions, where 

applicable, were performed with acetonitrile purchased from Sigma-Aldrich or DI 

water provided by a 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+ variants. Reaction 

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 between 500-3700 cm-1 set to 25% probe power with a 65 ɛm confocal 

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 acid-catalyzed polymerizations for EDOT monomer, EDOT dimer, 

EDOT trimer, and EDOT-maleimide was performed using a BMGLabtech FLUOstar 

OMEGA plate reader. A fused quartz 96-well 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 220 - 850 nm at two-hour 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 using d2-formic 

acid (Sigma-Aldrich), 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 EDOT-urea are all readily 

soluble in formic acid in the amounts used, however, the EDOT-acid 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 4.2]. EDOT dimer starts out as an orange-red 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 EDOT-maleimide, EDOT-urea, 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. EDOT-maleimide, EDOT-urea, and EDOT-acid show no 

obvious coloration in dried films, however, EDOT-maleimide films dried after months 

of storage do darken [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 time [Figure 4.2B]. EDOT monomer and 

EDOT dimer showed minimal intensity at 1440 cm-1 from the symmetric CŬ = Cɓ ï O 

stretching at day 0, evolving into a cluster of peaks over days 1, 2, 3, and developing 

the peaks at 2876 cm-1 from the CH2 stretching (Garreau et al. 1999). These peaks 

then reached their maximum intensity through days 72 and 148. EDOT trimer 

followed a similar trend, however, these clusters of peaks reached their maximum on 

day 3, having reduced through days 72 and 142. EDOT-maleimide and EDOT-urea 

exhibited much slower spectral development, only showing the slightest trace of the 

peak at 1440 cm-1 development 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 EDOT-urea showed significantly slower polymerization and EDOT-

acid showed no traces of polymerization. 
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Wavenumber (cm-1) Assignment 

2876 CH2 stretching 

1440 symmetric CŬ = Cɓ ï O stretching 

Table 4.1: Key peak assignments for EDOT+ Raman spectra. 

 

Figure 4.2: Left: Dried droplets of EDOT+ in formic acid pictured with small 

quantities of undried liquid for days 0-3. Right: Raman spectra for 

pictured samples. 
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Figure 4.3: UV/Vis spectra for EDOT monomer polymerized in 70% formic acid 

with 30% water over 24 hours (upper left), with EDOT dimer (upper 

right), EDOT trimer (lower left), and EDOT-maleimide (lower right) 

polymerized in 90% formic acid with 10% acetonitrile over 24 hours. 

Wavelength (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 

Table 4.2: Key peak assignments for EDOT+ UV/Vis spectra from time-resolved 

polymerization. 
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EDOT monomer, EDOT dimer, EDOT trimer, EDOT-maleimide were 

subjected to a time-resolved formic acid polymerization assay [Figure 4.3]. EDOT 

monomer was polymerized at 10x the normal concentration and a lower formic acid 

concentration to slow the reaction [Figure 4.S1]. Initially, several peaks at 335 nm, 

361 nm, 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 360 - 460 nm, and a small peak at 537 nm. At 

the 24-hour mark,  the 360 - 460 nm absorbance remained, with a new small peak 

appearing at 310 nm and a much larger peak appearing at 720 nm [Figure 4.S2]. 

EDOT trimer initially showed high absorbance from 480 - 580 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.S3]. 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 nm [Figure 4.S4]. The reaction profiles for EDOT dimer and EDOT trimer 

inform the reaction profile of EDOT monomer and to a lesser extent EDOT-

maleimide. EDOT dimerôs broad absorbance from 360 - 460 nm corresponded to the 

developing peak at 430 nm in EDOT monomerôs spectra, while EDOT trimerôs broad 

absorbance from 480 - 580 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 

(Gangopadhyay et al. 2014). EDOT-maleimideôs polymerization is too slow over the 
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first day to see any significant evidence for large-scale 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 highlighted [Figure 4.S5]. 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 seen [Figure 4.4]. EDOT-monomer, EDOT-trimer, and EDOT-MA all 

exhibit slow but progressive polymerization over time, yet EDOT-dimer progresses 

much faster than the others. This may be due to a unique trait held by EDOT-dimer, 

potentially seen in other even-numbered EDOT-oligomers not yet tested, as the other 

odd-numbered EDOT-monomer and EDOT-trimer 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, 

2nd order polynomial, and 3rd order polynomial, however, while a linear fit provided a 

slightly better fit for the EDOT-monomer and EDOT MA curves, it provided a far 

worse fit for EDOT-dimer and EDOT-trimer. 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, EDOT-monomer and EDOT-MA 

exhibited approximately half-order (0.51 & 0.47) kinetics, EDOT-trimer exhibited 

third-order (0.36) kinetics, and EDOT-dimer exhibited first-order (1.09) kinetics.  
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For EDOT-trimer as well as EDOT-monomer and EDOT-MA, these fractional-order 

reaction rates suggest a multi-step polymerization reaction or a heterogeneous system. 

This is commonly seen in radical polymerization reactions, especially those that 

involve catalysts as seen with copper (I) in the atom transfer radical polymerization of 

styrene (Matyjaszewski et 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 radicals (Kirchmeyer et al. 

2005). The rate determining step is the formation of radical cations with a rate 

constant of 0.16 l3 mol-3 h-1 corresponding to a fourth order reaction. This is followed 

by the radical polymerization with a rate constant of 109 l mol-1 h-1 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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Figure 4.4: Comparison between EDOT oligomers and EDOT-MA 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 nominally first-order 

kinetics whereas bithiophene- and trithiophene-seeded monomer solutions showed 

half-order kinetics (Wei et 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 them [Figure 4.5]. 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 270 - 340 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 360 - 460 nm. For EDOT trimer in solutions where formic acid was 

absent, there was a broad band of absorbance from 340 - 410 nm along with three 

intermediate peaks at 282 nm, 292 nm, and 305 nm. 
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Wavelength (nm) Assignment 

270 Neutral Monomer 

495 Activated Monomer 

270-340 Neutral Dimer 

360-460 Activated Dimer 

340-410 Neutral Trimer 

480-580 Activated Trimer 

Table 4.3: Key peak assignments for EDOT+ UV/Vis spectra from solvent 

switching. 

 

Figure 4.5: UV/Vis spectra for EDOT monomer, EDOT dimer, and EDOT trimer 

solubilized in varying amounts of formic acid and water with minimal 

time allowed for polymerization. Arrows show the evolution of peaks 

as the concentration of formic acid increases 



 86 

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 480 - 580 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 present [Figure 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 CDCl3. All EDOT variants tested were stable 

in CDCl3 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 singlet thiophene hydrogen peak at ŭ = 3.40 ppm and a singlet methylene 

hydrogen peak at ŭ = 4.18 ppm [Figure 4.6A]. EDOT dimer had a singlet thiophene 

hydrogen peak at ŭ = 6.25 ppm and two triplet methylene hydrogen peaks at ŭ = 4.31 

ppm and ŭ = 4.22 ppm [Figure 4.6B]. EDOT trimer had the same thiophene hydrogen 
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peak at ŭ = 6.25 ppm, but three methylene hydrogen peaks in a singlet at ŭ = 4.35 ppm 

and two triplets at ŭ =4.33 ppm and ŭ = 4.22 ppm [Figure 4.6C]. After the neutral 

states were found, EDOT monomer, EDOT dimer, and EDOT trimer were reacted in 

d2-formic acid and monitored over the course of a day. EDOT monomer initially had a 

large singlet methylene hydrogen peak at ŭ = 4.00 ppm that fell considerably by the 

next time point, in turn the singlet at ŭ = 4.23 ppm rises, suggesting the conversion 

between the neutral state of EDOT and the activated state of EDOT over this time 

interval [Figure 4.7A]. As time progresses, the peaks at ŭ = 4.31 ppm and ŭ = 4.24 

ppm increased in intensity, corresponding to the increasing concentration of EDOT 

dimer. Similarly, a peak at ŭ = 4.45 ppm increased, corresponding to an increase in 

EDOT trimer. EDOT dimer initially showed strong triplet peaks at ŭ = 4.50 ppm, ŭ = 

4.45 ppm, ŭ = 4.31 ppm, and ŭ = 4.18 ppm that all gradually decreased in intensity as 

time progresses [Figure 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 

solution. Four peaks increased in intensity over time, ŭ = 4.53 ppm, ŭ = 4.43 ppm, ŭ = 

4.35 ppm, and ŭ = 4.11 ppm, which are evidently the result of the increasing levels of 

EDOT tetramer and EDOT hexamer present from the reaction. EDOT trimer initially 

showed six peaks, ŭ = 4.53 ppm, ŭ = 4.43 ppm, ŭ = 4.39 ppm, ŭ =4.36 ppm, ŭ = 4.33 

ppm, and ŭ = 4.14 ppm which all decreased in intensity as the reaction progressed 

[Figure 4.6C]. 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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Figure 4.6: 1H NMR spectra and assignments of A:  EDOT monomer, B: EDOT 

dimer, C: EDOT trimer in CDCl3 
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Two weak peaks increased in intensity at ŭ = 4.57 ppm and ŭ = 4.10 ppm. Since these 

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 hexamer. The decreasing 

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 occupies [Figure 

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 

found that EDOT monomerôs thiophene hydrogen peak was at ŭ = 6.3235 ppm that 

decreases in intensity over time, with EDOT oligomers all sharing the same thiophene 

hydrogen peak at ŭ = 6.3185 ppm that increased in intensity over time (Tomġ²k et al. 

2020).  
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Chemical Shift (ppm) Assignment 

4.45 Higher-Order Oligomer Methylene CH2 

4.31 & 4.14 Outer Methylene CH2 

4.23 Odd-Numbered Oligomer Inner Methylene CH2 

4.11 Extended Dimer Methylene CH2 

4.00 Neutral Monomer Methylene CH2 

Table 4.4: Key peak assignments for EDOT+ 1H NMR spectra polymerized in d2-

formic acid 

 

Figure 4.7: Top: Time resolved 1H NMR spectra for: A:  EDOT monomer, B: 

EDOT dimer, and C: EDOT trimer in d2-formic acid zoomed to show 

the evolution of the methylene hydrogen peaks, with arrows below 

highlighting peak change over time. Each spectral line was taken in 

intervals of two hours. Bottom: Complementary view of EDOT 

monomer, EDOT dimer, and EDOT trimer in CDCl3. 



 91 

 

Figure 4.8: H1 NMR of EDOT monomer solubilized in formic acid and then 

immediately diluted with; A: 50% D2O and B: 90% D2O. The recovered 

thiophene hydrogen peak is absent in the 50% D2O solution, but present 

in the 90% D2O solution at ŭ = 6.26 ppm. 
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Figure 4.9: Proposed formic acid mediated activation of stable EDOT radicals and 

subsequent polymerization. 
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Figure 4.10: 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 et 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(III) oxidative polymerization mechanism for PEDOT through the charging of 

the sulfur present in the thiophene (Zheng et al. 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 oligomerized [Figure 4.9]. The fractional nature of some 

oligomerôs polymerization reaction rates could be explained by an incomplete 

initiation whereby not all EDOT molecules are radicalized equivalently, or this 

initiating step is not as instantaneous as optical data would suggest. This contrasts 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 [Figure 4.10] (Turbiez et al. 2015), or with another 

mechanism that involves the creation of terminal end-capped thiophenes that limit the 

rate and extent of polymerization (Zhang et al. 2018). 

 The polymerization of EDOT via radiation-initiated radical formation has been 

previously examined, with similarities to what has been seen with formic acid-initiated 

radical formation. When exposed to ɔ-irradiation, it is seen that EDOT polymerizes 

progressively with increasing dosages leading to darker visual solution coloration up 

until approximately 36 kGy (Bahry et al. 2018) (Cui et al. 2016). UV-vis spectroscopy 

revealed that the samples exposed to higher dosages also exhibited progressively 

higher absorbances around 300 nm - 500 nm wavelength region (Lattach et al. 2013). 

Proposed mechanisms involve OH radical-induced oxidation via the production of a 

transient EDOT+ cation radical which then deprotonates and dimerizes into EDOT 

dimer (Cui et al. 2015). The differences in UV-vis spectra between radiation-

polymerized EDOT solutions and formic-acid-polymerized EDOT solutions stems 

from the solvent used. The ɔ-irradiation experiments all used neutral and inert 

solvents, i.e. water and dichloromethane, whereas the formic acid experiments used 

formic acid, which has been previously shown to dramatically alter the UV-vis 

profiles of EDOT monomer and oligomers. Since the ɔ-irradiation is not a constant 
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source of radicals post-irradiation, 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 formic acid. The proposed mechanism for ɔ-

irradiation-induced EDOT polymerization is also complementary to the proposed 

formic acid-induced EDOT polymerization mechanism due to the nature of radical 

formation differing only by the activating molecule (OH- vs. COOH-) and subsequent 

radical reaction to form EDOT oligomers. 

 

 

 

 

 

Figure 4.11: 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 post-NMR 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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Figure 4.12: Thin Layer Chromatography (TLC) using: A:  a chloroform mobile phase, 

visualized with short-wave 254 nm UV Light, B: a formic acid mobile 

phase. Control was performed on unreacted oligomers solubilized in 

chloroform. All others performed on reaction solutions composed of 

100% formic acid and 0.01 M of each indicated reactant.  
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 The selective dilution of reaction solutions also supports these findings  

[Figure 4.11]. 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 tan-yellow 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 [Figure 4.12]. With 

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 higher-order oligomers. With 

formic acid as the mobile phase, it can be seen that in early stages of the reaction, 

unreacted EDOT dimer and EDOT trimer are carried far with the mobile phase, 

leaving behind blue streaks of polymerized PEDOT that are especially apparent in 

EDOT trimerôs case. EDOT dimer also shows a characteristic yellow band at the front 

of the mobile phase, this showing that shorter-chained oligomers travel farther with 

the mobile phase than longer-chained 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, suggesting that the 

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 higher-order 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 time-resolved UV/Vis, Raman, 

and NMR spectroscopy of the spontaneous formation of longer-chained PEDOT 

oligomers when functionalized EDOT monomers were diluted in concentrated formic 

acid at room temperature. We also found evidence that the formic acid-catalyzed 

polymerization of involves the formation of activated EDOT oligomers, with the 

NMR data providing evidence for oligomers having no residual thiophene-bonded 

hydrogens remaining, suggesting either a single radical that alters the shielding of the 

remaining thiophene hydrogen or potentially a double radical. Raman 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. EDOT-monomer, EDOT-

dimer, EDOT-trimer, and EDOT-MA 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 long-chained 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 EDOTs at 

495 nm, 360-460 nm, and 480-580 nm respectively. When analyzing the data sets at 

the highest concentration of formic acid, it was found that EDOT-monomer and 
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EDOT-MA exhibited half-order, EDOT-trimer third-order, and EDOT-dimer first-

order polymerization reaction kinetics.  

As for NMR, the neutral states of EDOT-monomer, EDOT-dimer, and EDOT-

trimer show a thiophene peak at ŭ = 3.40 ppm, ŭ = 6.25 ppm, and ŭ = 6.25 ppm 

respectively, with methylene hydrogen peaks at ŭ = 4.18 ppm, ŭ = 4.31 + 4.22 ppm, 

and ŭ = 4.35 + 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. 

Higher-order oligomer methylene hydrogens appear at ŭ = 4.45 ppm and extended 

dimer oligomers appear at ŭ = 4.11 ppm with the odd-numbered oligomers showing 

outer methylene hydrogen peaks at ŭ = 4.31 + 4.14 ppm and inner methylene 

hydrogen peaks at ŭ = 4.23 ppm. 

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 

higher-ordered PEDOT oligomers such as EDOT-tetramer. Even-numbered oligomers 

are of particular interest to see if they follow the same trend as EDOT-dimer. 

This chapter examined the formic acid catalyzed polymerization of EDOT 

using several methods including IR/Raman spectroscopy, UV/Vis spectroscopy, and 

H1 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 Spectroscopy Analysis 

Several mass spectrum techniques were utilized to better 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 EDOT-oligomer concentration was at 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 Ionization Mass Spectroscopy (ESI-MS), OrbitrapÊ Liquid 

Chromatography Mass Spectroscopy (LC-MS), Liquid Injection Field 

Desorption/Ionization Mass Spectroscopy (LIFDI-MS), and Matrix-Assisted Laser 

Desorption/Ionization Time of Flight Mass Spectroscopy (MALDI-ToF-MS). In all 

cases, no signal from any of the unreacted EDOT standards, nor from the polymerized 

EDOT-oligomers was able to be observed. This 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 acid-catalyzed 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 EDOT-MA [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 polymerization. Using these assays, a set 

of kinetic curves was constructed to show the progress of the reaction [Figure 4.S5].  

 

 

 

 

 

 

Figure 4.S1: UV/Vis timed assay for EDOT monomer in water and formic acid over 

24 hours.  
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Figure 4.S2: UV/Vis timed assay for EDOT dimer in acetonitrile and formic acid over 

24 hours. 
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Figure 4.S3: UV/Vis timed assay for EDOT trimer in acetonitrile and formic acid over 

24 hours. 
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Figure 4.S4: UV/Vis timed assay for EDOT-maleimide in acetonitrile and formic acid 

over 24 hours. 
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Figure 4.S5: UV/Vis kinetic curves for formic acid polymerization over 24 hours for, 

A:  EDOT-monomer at 615 nm, B: EDOT-dimer at 722 nm, C: EDOT-

trimer at 689 nm, and D: EDOT-MA at 615 nm. 
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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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Figure 4.S6: UV/Vis for EDOT monomer, EDOT dimer, and EDOT trimer switching 

between acetonitrile and formic acid through 90% dilutions. 
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4.5.4 H1 NMR Reaction Profiling 

To investigate the profile of the formic acid-catalyzed polymerization of 

EDOT oligomers, a standard was constructed for formic acid and water at varying 

concentrations [Figure 4.S7]. This confirmed that the hydrogen peak associated with 

hydroxyl groups shifted through the spectrum dependent of water concentration, 

initially appearing at ŭ = 11 ppm at 100% formic acid, and shifting to below 5 ppm at 

100% water concentration. From this, in situ reactions were performed for EDOT 

monomer [Figure 4.S8], EDOT dimer [Figure 4.S9], and EDOT trimer [Figure 4.S10]. 

 

 

Figure 4.S7: 1H NMR of varying water and formic acid concentrations with all spectra 

referenced to formic acid (ŭ = 8.02 ppm) except for the pure water peak 

which was instead referenced to water (ŭ = 4.79 ppm). 
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Figure 4.S8: Full time resolved 1H NMR spectra for EDOT monomer in d2-formic 

acid compared to EDOT monomer in CDCl3. 
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Figure 4.S9: Full time resolved 1H NMR spectra for EDOT dimer in d2-formic acid 

compared to EDOT monomer in CDCl3. 
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Figure 4.S10: Full time resolved 1H NMR spectra for EDOT trimer in d2-formic acid 

compared to EDOT monomer in CDCl3. 
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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 chemically bound to a phospholipidôs head to 

form EDOT-phospholipid, resulting in the coupling of an electroactive thiophene with 

a biological amphipathic membrane lipid. An emerging technique, Optical 

Photothermal Infrared Response (O-PTIR) microscopy, was used to analyze the 

surface chemistry of EDOT+ monomer and PEDOT+ polymer variants. Finally, the 

formic acid-catalyzed polymerization of PEDOT and PEDOT+ was monitored with 

time-resolved in-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 EDOT-phospholipid, showed the versatility of 

chemically-modified 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 (75.8 °C) to well below that 

Chapter 5 
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of the phospholipid without EDOT modification (130.9 °C). PEDOT-phospholipid 

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 biologically-derived cell membrane components in electrically 

conductive functionalized poly(thiophene) coatings. This 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 PEDOT-MA thin films with 

Optical Photothermal Infrared Response (O-PTIR) Microscopy allowed for the 

examination of changes in surface chemistry between the two polymers. Due to its 

limited penetration depth and sub-micron resolution, O-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 use of O-PTIR to verify the post-

processing of PEDOT-MA films outside of electrochemical (EIS) or mass 

accumulation (QCM-D) monitoring methods. This 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, the in-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 

through in-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-resolved 1H 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 and 1H 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 understanding of the PEDOT polymerization 

reaction and further explored an new avenue for PEDOT solution polymerization. 
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5.2 Future Work  

5.2.1 ToF-SIMS 

 Time of Flight ï Secondary Ion Mass Spectroscopy (ToF-SIMS) is a surface 

characterization technique that involves the use of a primary ion beam to selectively 

fragment a sample (Shen et al. 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 (Wainstein et al. 

2023), some limited efficacy has been demonstrated on polymer films (Mei et al. 

2022) (Chan et al. 2016) (Médard et al. 2001). This technique may also be used for 

depth profiling of multilayer or multi-component polymer films (Wang et al. 2023) 

(Bailey et al. 2015). Repeated attempts at analyzing PEDOT-MA 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 monomers [Figure 5.1]. Addressing this requires possible 

instrument modifications to provide a lower-intensity primary ion beam that does not 

as aggressively fragment the polymer. 
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Figure 5.1: ToF-SIMS spectrum for electrochemically deposited PEDOT-MA on a 

gold electrode. The dashed vertical line shows the mass position for an 

EDOT-MA monomer. 
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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 liquid-solid 

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 

assessed [Figure 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 (Ebrahimi et 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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Figure 5.2: Electrochemical Impedance Spectroscopy for a droplet of formic acid 

polymerized PEDOT dried on an interdigitated electrode. 
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Figure 5.3: Left:  Side profile and Right:  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 points: A:  0 minutes, B: 20 minutes, C: 

40 minutes, D: 1 hour. 


























