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Abstract 

Due to the adjustable conductivity, cost-effective synthesis, and easy device fabrication, 

conducting polymers have wide-ranging applications in numerous areas, including sensors, 

solar cells, supercapacitors, and electrodes. Among conducting polymers, polypyrrole (PPy) 

has attracted lots of attention because of its high conductivity, biocompatibility, and mass 

producibility. However, PPy is insoluble in most solvents, which lowers its processability and 

limits its application. In the past few decades, many works by researchers around the world 

have been done to improve the solubility of PPy. Unfortunately, the two major strategies, 

including doping with large contour ions and introducing an alkyl sidechain to the PPy 

backbone, were found to significantly decrease the conductivity of PPy by several orders of 

magnitude. For the doping method, the restricted dopant options limit the conductivity of 

PPy, whereas the alkyl sidechains twist the polymer structure thus influencing the 

conductivity. As a result, new methods need to be explored to improve the solubility of PPy 

without sacrificing its electrical properties. 

 

In this work, two strategies were applied to address this problem. The first is to introduce an 

alkyl carbamate sidechain to the PPy backbone; the carbamate sidechain can solubilize the 

polymer, while allowing thermal removal at mild temperatures. Thus, after solution 

processing, the obtained polymer film can be thermally annealed to remove the sidechain, 

thereby recovering the PPy structure and conductivity. The second one is to introduce an 

alkoxy sidechain at the N position of the PPy backbone. This sidechain has less steric 

hindrance than the alkyl sidechain. Therefore, the PPy with the alkoxy sidechain was 

expected to have a more planar backbone compared to the alkyl chain-substituted counterpart 

and as such was expected to have higher conductivity. 

 

We first designed, synthesized, and characterized poly(2-ethylhexyl 1H-pyrrole-1-

carboxylate) (PEPC), with a 2-ethylhexyl carbamate chain substituted at the N position of 

PPy. Different synthetic routes were explored and optimized, including organometallic 

polymerization and oxidative polymerization. The desired polymer was successfully 
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synthesized and was soluble in various organic solvents, including acetone, dichloromethane, 

and chloroform. Polymer films in a thickness of 50-60 nm could be deposited from the PEPC 

chloroform solution on a SiO2/Si substrate, which satisfies requirements for sensor 

applications. 1 However, the 2-ethylhexyl carbamate sidechain could not be completely 

removed by thermal annealing and acid cleavage due to the primary structure of ethylhexyl 

aliphatic chain of the carbamate being reluctant to undergo decomposition. This led to a low 

conductivity of the PEPC thin films. In the future, a carbamate sidechain with a different 

secondary or tertiary structure may be applied, allowing easy removal of the sidechain and 

restoration of the PPy structure. 

 

Poly[1-((2-ethylhexyl)oxy)-1H-pyrrole] (PEOP) with a 2-(ethylhexyl)oxy sidechain at the N 

position of PPy was designed, and its synthesis was explored. Due to the difficulties in the 

synthesizing and purifying the monomer, 1-((2-ethylhexyl)oxy)-1H-pyrrole, the desired 

PEOP was not obtained. However, it was found that the 2-(ethylhexyl)oxy sidechain can 

undergo a thermolysis process under milder temperatures than the alkyl carbamate sidechain, 

as evidenced by FTIR and TGA results. Therefore, the thermal instability of 2-

(ethylhexyl)oxy and other alkoxy sidechains on nitrogen may allow the development of other 

polymers that require the sidechains to be thermally removable at mild temperatures. In 

addition, new synthetic approaches can be explored in the future to obtain a more structurally 

defined PEOP. 
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Chapter 1. Introduction 

 

1.1. Overview of Conducting Polymers 

1.1.1. Structures of Conducting Polymers  

The concept of conducting polymers (CP) originated in the mid-1970s when polyacetylene, 

the first polymer with the property of high electrical conductivity, was synthesized by 

Shirakawa 2. Conducting polymers are polymers that can generate and propagate charge 

carriers along their backbone 3. CP have attracted much interest in the past few decades due to 

their advantageous nature: adjustable conductivity via oxidation and/or reduction, clearly 

defined majority carrier types, easy cycling between conductive and insulating states, cost-

effective synthesis, and good production scalability. 

Conducting polymers are insulators in the pure state, and they become conductive when 

treated with an oxidizing or reducing agent 3. They usually have polyconjugated structures, 

repeatedly alternating single and multiple bonds. Several examples of conducting polymer 

structures are shown in Figure 1.1. 

 

Figure 1.1. Examples of Conducting Polymers 3. 

The quasi-infinite π system that extends through a significant number of repeating monomer 

units is the fundamental structure characteristic of all conjugated conducting polymers 
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(Figure 1.1) 4. This structure provides directional conductivity to the material. In addition, the 

extended π system allows the conjugated polymer to be easily oxidized or reduced, making it 

possible to achieve adjustable electrical properties with high precision.  

 

1.1.2. Conducting Mechanism 

The electronic structure of a material determines its electrical conductivity 5. Based on the 

energy band theory, the valence electrons are contained within the valence band of a material,  

defining their lowest energy states 4. A valance band electron must obtain enough energy to 

be excited to the conduction band to achieve conductivity. The energy difference between the 

valance band and the conduction band is the band gap of a material. For an intrinsic 

conductor, the valence band and the conduction band are overlapped; thus, the electrons can 

move and travel freely within the conduction band. In contrast, semiconductors and insulators 

have an energy gap between the valence and conduction bands. A semiconductor has a small 

band gap, thus, the electrons can be excited to the conduction band by gaining energy to 

achieve conductivity, whereas the energy gap for an insulator is too large for an electron to 

cross- therefore, it is non-conductive. 

From a chemistry perspective, molecular orbital theory is used to explain the conductivity of 

conducting polymer. It is necessary for a polymer to have a set of overlapped molecular 

orbitals to provide carrier mobility along the polymer chain 4. Conjugated polymers have an 

extended p-orbital system along the polymer backbone, formed from the overlapping p-

orbitals of each repeating unit, allowing electrons to cross the whole backbone. Each carbon 

atom in the conjugated bond of the conducting polymer has one unpaired electron from the π 

bond. π Electrons can delocalize along the continuously overlapped pz-orbitals  of the 

polymer backbone. This electron delocalization paves the way for the intramolecular charge 

transport. 

Polyacetylene is used as an example to demonstrate the concepts of delocalization and the 

resulting conductivity 5. As shown in Figure 1.2, conjugated single and double bonds exist 

along the polymer backbone. Both single and double bond contain localized σ-bonds, whereas 

localized π-bond only exists in the double bond. Due to overlapping pz orbitals in the π-bonds, 

the π-bond between the first and second carbon atoms can transfer to the position between the 
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second and third carbon atoms. Similarly, the next π-bond can transfer to the carbon atom 

next to it, and so on. This process is called delocalization, and it can occur through the whole 

polymer backbone due to the repeating conjugated bonding along the backbone. 

 

Figure 1.2 Illustration of Conjugated Structure of Polyacetylene 5. 

 

However, conjugated bonds and delocalization cannot provide high conductivity (metallic 

conductivity) 5. Doping is a commonly used method to improve the conductivity of a 

conjugated polymer. By oxidation or reduction of the polymer by a dopant, a charge carrier 

(e.g., polaron, bipolaron, soliton) will be created, allowing the charge to flow through the 

polymer chain. This will be discussed in the next section. 

 

1.1.3. Doping 

Doping is the oxidation or reduction process of a polymer to create positive or negative 

charge carriers respectively, which can raise the polymer’s conductivity 6. Different doping 

methods have been applied to CPs to improve their conductivity 5. By taking advantage of 

doping, the semiconductor or insulator CP can change its conductivity to a metallic 

conducting regime (100 to 104 S/cm). A small amount of doping agent (typically less than 10 

percent by mass) can usually lead to a dramatic change in the electrical properties of a 

conjugated polymer, and through the de-doping process, the original polymer can be 

recovered without degradation. Though doping is also a common technique used in inorganic 

semiconductor materials such as silicon, the doping mechanism for organic polymers is 

different from that for inorganic semiconductors. From a chemistry perspective, the doping 

process is a redox reaction between the polymer and the dopant, which involves charge 

transfer and formation of charge carriers 5,7. Unlike doping in inorganic semiconductors where 
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dopants simply add electrons to the semiconductor or create holes in the semiconductor, the 

dopants for polymers add and withdraw electrons to the polymer backbone at the same time in 

the form of the oxidation-reduction reaction 5. This can be explained using molecular orbital 

theory- the electrons from the highest occupied molecular orbital (HOMO) of the valence 

band are extracted by oxidation or transferred to the lower unoccupied molecular orbital 

(LUMO) of the conduction band by reduction. During the oxidation/ reduction process, 

charge carriers in the form of polarons, bipolarons, or solitons are formed in the polymer. 

Based on the bond structure of the polymer ground state, CPs can be classified into two types: 

degenerate and non-degenerate CPs. Degenerate CPs have two identical ground state 

geometry structures, whereas non-degenerate CPs have two different ground state structures 

with different ground state energy. In degenerate CPs, solitons are the charge carriers, while 

polarons and bipolarons are known to be the charge carriers in non-degenerate CPs. The flow 

of these charge carriers creates the current and conductivity. The terminology for the 

oxidative doping process is p-type doping, in which the electron from the HOMO of the 

polymer moves to the dopant by oxidation, leaving a hole in the polymer backbone. In 

contrast, the terminology for reductive doping is n-type doping, in which the electron from 

dopant is transferred to the LUMO of the polymer, making the polymer backbone more 

electron-rich. Therefore, the charge carrier density of CPs can be adjusted by doping, and thus 

the conductivity is tunable.   

Figure 1.3 illustrates n-type and p-type doping using polythiophene as an example. Positive 

polarons/bipolarons are formed through p-type doping, whereas negative polarons/bipolarons 

are formed through n-type doping. These charge carriers can delocalize over polymer chains, 

enhancing the polymer's electrical conductivity.  
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Figure 1.3. (a) Positive doping (p-type) and (b) negative doping (n-type) of conjugate 

polymers 5. 

 

Trans-polyacetylene is a representative conjugated polymer with degenerate ground states or 

more than one ground states 5. The doping mechanism of degenerate conjugated polymers is 

slightly different from that of non-degenerated ones (Figure 1.4.). In the doping process in a 

degenerate conjugated polymer, oxidation of the polymer will first generate polarons and 

bipolarons. However, due to the two identical energy ground states, the charged carriers are 

not bonded to each other by a higher energy bonding configuration. Instead, they can freely 

separate along the polymer chain. These charged defects can form domain walls and separate 

the polymer into two geometric structures (A and B phases) with identical energy. These 

defects are called solitons, and they can be neutral. Positive and negative solitons can form 

through oxidation or reduction by a dopant, and they have no unpaired spin (S). The regions 

of single-charged solitons can overlap in the polymer backbone. Therefore, a soliton band is 

formed by the interaction of the solitons. The soliton band is between the HOMO and the 

LUMO of the polymer, and the band is more expansive as the doping level is higher. Polarons 

and solitons are both charge carriers and enhance the conductivity of a conjugated polymer.  
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Figure 1.4. (a) Graph depicting the geometric structure of a neutral soliton (b) Energy level 

of a soliton band in a low (left) and high (right) doping level; trans-polyacetylene band 

structure with (c) a positive soliton; (d) a neutral soliton; and (e) a negative soliton 5.  

 

1.2. Polypyrrole 

Polypyrrole (PPy) is one of the earliest developed CPs, which was first obtained by chemical 

oxidation of pyrrole in 1916 8. It was in the form of black powder and was called pyrrole 

black. It was not characterized due to its insolubility until 1979, when an improved 

electrochemical technique was used to prepare free-standing PPy films. The structure of PPy 

is illustrated in Figure 1.5.   

 

 

Figure 1.5. Structure of Polypyrrole. 

In the past few decades, polypyrrole has attracted particular interest due to its unique 

properties, including high conductivity, ease of mass preparation, good mechanical properties, 

and electroactivity in organic electrolyte and aqueous solutions 3,4. Besides, in recent years, 

conducting polymers have played an increasingly important role in biomedical engineering. 
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For example, CPs have been used to achieve communication between artificial devices and 

neuronal networks, organs, and tissues (Figure 1.6) 9. PPy is especially well known for its 

non-toxicity and good biocompatibility, which makes it an excellent candidate for biomedical 

applications (Figure 1.7) 10.  

 

 

Figure 1.6. Conjugated polymer chains interpenetrating a neuronal network, establishing a 

functional connection 9. 

 

 

Figure 1.7. An application of PPy in tissue engineering, which polypyrrole grown in hydrogel 

scaffolds coated on neural prosthetic devices 10. 
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In addition, PPy has one of the highest conductivities of all the CPs- up to 380 S/cm 3. With 

these excellent properties, PPy has a wide range of applications, including supercapacitors, 

electrodes, gas sensors, biosensors, drug delivery, tissue engineering, anticorrosion coatings, 

actuators, protective clothing, adsorbents for removal of heavy metals, dyes, chromatographic 

stationary phases, lightweight batteries, and membrane separation 3,4. Some applications of 

different forms of PPy are illustrated in Figure 1.8.  

 

Figure 1.8. Summary of PPy applications 3. 

 

Polypyrrole (PPy) is a representative polymer that undergoes p-type doping 5. Figure 1.9 (a) 

–(d) illustrates the band structure of polypyrrole in different doping levels. In the undoped 

state, the band gap of PPy is approximately 3.16 eV. The large bandgap of undoped 

polypyrrole makes it an insulator. In the lightly doped PPy represented as a hexamer in 

Figure 1.9 (b), a π-electron is removed from the neutral PPy chain by oxidation by the 

dopant. In addition, the structure of PPy also changes from benzenoid to quinoid to generate a 

polaron. A higher doping level leads to further oxidation of PPy (Figure 1.9 (c)), resulting in 

a second electron removal from the PPy chain and generation of a doubly charged bipolaron. 

In this process, the structure deformation from benzenoid to quinoid is enhanced. Further 

increases in doping level will continue to oxidize the PPy chain and finally lead to overlap 
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between bipolarons, resulting in the formation of two narrow bipolaronic bands. The energy 

gap between the two bipolaronic bands will define the new band gap of PPy, which is 

decreased to 1.46 eV from 3.16 eV of the undoped state. HCl, p-TSA, and FeCl3 are common 

ionic dopants for PPy 3. Furthermore, molecular dopants such as 2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4TCNQ) are also good candidates for p-type doping 11. 

 

 

Figure 1.9. band structure of polypyrrole in (a) undoped state, (b) lightly doped state, (c) 

medium doped state and (d) high doped state. (e) Polypyrrole structure change after doping 

and the formation of polaron and bipolaron 5.  

 

1.3. Problem Statement and Objectives 

1.3.1. Solubility and Conductivity of Polypyrrole 

Although polypyrrole has the advantages mentioned above, its poor solution processability is 

a drawback in some applications. Whether synthesized by chemical or electrochemical means, 

polypyrrole is insoluble in most solvents 12 .However, many applications of conducting 

polymers such as biosensors require high solution processability. PPy is a good candidate for 

an organic thin film transistor (OTFT)-type biosensor due to its good biocompatibility. 

Printing technology is one of the most favored methods to fabricate OTFT-based biosensors 

due to its simple fabrication process, low cost, capability to integrate with rigid and flexible 

substrates, and capability of mass production 13. Printing technology for OTFT device 
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fabrication, as represented by inkjet printing and screen printing, requires the material to be 

soluble in a particular solvent. Thus, the poor solubility or processability of PPy and the poor 

has, in fact, become the most critical factor that limit its large-scale application 12.  

The strong interchain interaction, long chain conjugation structure, and the cross-linking of 

polypyrrole chains lead to the insolubility of PPy 14. Many studies have attempted to address 

this issue in the past few decades. Up to now, the most common strategies aimed at increasing 

the solubility of PPy can be classified into two types: (1) doping with large molecular size 

counter ions and (2) introducing sidechains to the nitrogen or β positions of the pyrrole ring 

14. However, both strategies lead to a dramatic decrease in the electrical conductivity of doped 

polypyrrole. 

Many studies have been conducted to increase the solubility of PPy by doping. Lee et al. 

studied the synthesis of a soluble PPy using ammonium persulfate (APS) as an oxidant and 

dodecylbenzene sulfonic acid (DBSA) as a dopant. The conductivity of the resulting PPy 

ranged from 10-5 to 100 S/cm 15. Later, Song et al. studied the doping of PPy with DBSA to 

make it soluble in organic polar solvents, including m-cresol, DMSO, NMP, chloroform, 

chlorobenzene, and tetrachloromethane 16. The conductivity of the doped PPy they obtained 

was between 10-2 and 100 S/cm. Oh et al. studied doping PPy with di(2-ethylhexyl) 

sulfosuccinate dopant anions to make the doped PPy soluble in DMSO, DMF, and m-cresol, 

with conductivities ranging from ~10-3 to 3 S/cm 17. Lim et al. reported that PPy doped with 

dodecylbenzenesulfonate (DBS) sodium salt (NaDBSA), synthesized with APS as oxidant 

and poly(ethylene glycol) (PEG) as an additive, was soluble in some organic solvents (N-

NMP and m-cresol), with the highest conductivity of 1.02 S/cm 18. Lee et al. reported that PPy 

doped with DBSA and co-doped with tetraethylammonium tetrafluoroborate (TEABF4) was 

soluble in m-cresol, NMP, and solublein chloroform 19. The highest conductivity they 

obtained was 1.18 S/cm. Most recently in 2018, John et al. reported polypyrrole doped with 

di(2-ethylhexyl) sulfosuccinic acid sodium salt (NaDEHS) and dodecylbenzene sulfonic acid 

sodium salt (NaDBSA) that is soluble in NMP m-cresol 1,2-dichloromethane and chloroform, 

with the highest conductivity of the order of 10-1 S/cm 20. 
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On the other hand, many researchers also studied the introduction of the alkyl sidechain to the 

polypyrrole backbone to make it soluble. Some soluble polypyrroles with alkyl sidechain 

substitution on the nitrogen have been developed (Figure 1.10 left). Kou et al. reported 

poly(N-methylpyrrole) and poly(N-Ethyl pyrrole) with conductivities in the 10-2 and 10-3 

S/cm orders, respectively 21. Aradilla et al. reported poly[N-(2-cyanoethyl)pyrrole] with a 

conductivity of 10-3 S/cm 22. Massoumi et al. reported poly(N-ethyl pyrrole), poly(N-butyl 

pyrrole), poly(N-octyl pyrrole), and copolymers (poly(N-alkylpyrrole-co-pyrrole) using 

pyrrole and N-ethyl pyrrole, N-butyl pyrrole or N-octyl pyrrole 23. They only reported 

conductivity of one homopolymer, poly(N-ethyl pyrrole), with a value in the 10-5 order of 

S/cm. The copolymers had a conductivity ranging in orders from 10-5 to 10-1 S/cm. Other 

pyrrole substituents, such as N-phenyl-substituted pyrrole and its derivatives, were used as 

co-monomers with pyrrole to synthesize some poly(N-substituted pyrrole-co-pyrrole) 24. It 

was found that even in the presence of 10% of the substituted pyrrole in the copolymer 

resulted in a dramatic drop in the conductivity by six orders of magnitude 25.  

       

Figure 1.10. Structure of N-substituted PPy (left) and 𝛽-substituted PPy (right). 

 

Substitution on the β-position of the pyrrole ring (Figure 1.10. right) has also been 

extensively studied to increase the solubility of PPy. A series of poly(3-alkylpyrrole) with an 

alkyl chain length from 4 to 12 carbon atoms were synthesized by Fotizik et al., which were 

soluble in chloroform 26. They obtained conductivity of the polypyrrole derivatives ranging 

from 10-1 to 100 S/cm. Zotti et al. reported a series 3,4-disubstituted polypyrrole, with the 

conductivities in order of 10-4 to 10-3 S/cm 27. The methods to make soluble PPy and the 

corresponding conductivities were summarized in Table 1.1. 
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Table 1.1. Summary of the Methods Making Soluble PPy and the Corresponding 

Conductivity 

Method to Increase 

Solubility 

Conductivity(S/cm) References 

Dopes with DBSA 10-5 - 100 15 

Doped with  

di(2-ethylhexyl) sulfosuccinate 

10-3 - 3 17 

Doped with NaDBSA 

with PEG as additive 

1.02 18 

Doped with DBSA and  

TEABF4 

1.18 19 

Doped with NaDMEHS and NaDBSA 10-1 20 

Introducing N-alkyl Chain 10-5 -10-1 21, 23 

Introducing beta-alkyl Chain 10-4 to 100 26,27 

Note: PPy can achieve a conductivity up to 380 S/cm 3. 

 

The low conductivity of soluble PPy can be attributed to the following reasons. The 

conductivity of polypyrrole is highly dependent on the dopant type 3. To make the PPy 

soluble, only limited dopants can be chosen, which limits the conductivity of polypyrrole. On 

the other hand, the sidechain of conjugated polymer can influence the doping mechanism and 

efficiency, long-range order, polymer packing, and morphology of polymer 28. The relative 

fraction of active material on the conjugated polymer film will be reduced by the alkyl 

sidechain. Sidechains are also detrimental to π-π intermolecular interactions, thus affecting 

the electrical conductivity of the polymer. In substituted polypyrrole specifically, the bulky 

size of the alkyl sidechain can lead to a lack of planarity, increasing chain separation of the 

polymer and resulting in a lower conductivity than the non-substituted polypyrrole 29. The 

twisted structure of substituted polypyrrole was also confirmed by Massoumi et al., who 

stated that the lower conductivity of N-alkyl substituted polypyrroles may result from 

stereochemistry, since the N-alkyl substituted polypyrrole lacked planar structure due to the 
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steric van der Waals repulsion interactions from alkyl groups 23. In addition, the long alkyl 

chain also reduced the conjugation length of the polymer backbone, which led to a decrease in 

the concentration of charge carriers. These factors explain the lower conductivity of the 

longer alkyl chain-substituted polypyrrole. 

 

From the previous results discussed above, it is clear that either doping with a large counter 

ion or introducing a sidechain to the pyrrole backbone will inevitably result in a dramatic drop 

in the electrical conductivity of polypyrrole. To the best of our knowledge, no soluble 

polypyrrole has been synthesized without compromising the electrical conductivity. Thus, to 

address this problem, a novel soluble polypyrrole needs to be designed to achieve both good 

solubility and electrical performance.   

 

1.3.2. Approaches and Methodology 

1.3.2.1 Carbamate Sidechain 

Carbamate is one of the essential amine protecting groups, which can be easily introduced 

through reactions between an amino group with chloroformates or different derivatives of 

carbonic acid (Figure 1.11 a) 30. Different methods can be applied to remove the carbamate-

protecting group, including β-elimination, metal-assisted nucleophilic capture, 

hydrogenolysis, and protonolysis. Removal of alkyl carbamate chains by thermal 

decomposition under mild temperatures (100-250 ℃) is a well-known method, with the 

removal of tert-butyloxycarbonyl (t-BOC) group (Figure 1.11 b) as the best example 1,31,32. 

Alkyl carbamate sidechains have been applied as thermally removable sidechains for some p-

conjugated polymers (Figure 1.12) 1,32,33. 
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Figure 1.11. (a) Chemical Structure of Carbamate groups and (b) tert-butyloxycarbonyl (t-

BOC) groups.  

 

 

 

 
 

 

 

 

 

(a) 
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Figure 1.12. Examples of using alkyl carbamate sidechains on polymers and thermal removal 

of the carbamate sidechain 1,32,33. 

Alkyl carbamate sidechain thermal decomposition may involve McLafferty-like 

rearrangement and hydrolysis 1. During the thermal decomposition process, carbon dioxide, 

alkene, and alcohol may form. The thermolysis mechanism is shown in Scheme 1.1 using t-

BOC-pyrrole as an example 31.  

(b) 

(c) 
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Scheme 1.1. Mechanism of t-BOC group thermal decomposition 31. 

In addition, the alkyl carbamate sidechain can also be removed through protonation 30. The 

sensitivity of alkyl carbamate to acidic condition may provide another way to remove it. 

However, it is also a concern for the polymer synthesis because any acidic conditions would 

need to be avoided to prevent cleavage of the carbamate groups during polymerization.  

 

1.3.2.2 Alkoxy Sidechain  

Compared to the alkyl chain, the alkoxy chain starts with an oxygen atom, which is smaller 

than the corresponding methylene (CH2) moiety of the alkyl chain (Figure 1.13). Thus, the 

steric hindrance from the alkoxy chain is lower than that of the alkyl chain. As a result, 

compared to the polymer with an alkyl sidechain, the polymer with an alkoxy chain can have 

a more planar structure, leading to higher electrical conductivity. Alkoxy sidechains have 

been used for some other conjugated polymers by our research group 34–37.This will be 

discussed in more detail in Chapter 3.  

 

 

Figure 1.13 (a) Structure of alkoxy chain and (b) Structure of alkyl chain, which has a larger 

steric hindrance than the alkoxy chain. 
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1.3.2.3 Methodologies 

We proposed two strategies to address the problem stated in section 1.3.1 that the polypyrrole 

cannot achieve high conductivity and goo dsolubility at the sae time. The first strategy is 

introducing a carbamate sidechain to the polypyrrole to form an N-alkyl carbamate 

substituted polypyrrole. The long alkyl part of the alkyl carbamate chain can increase 

polypyrrole's solubility, making it more processable for many applications. In addition, this 

sidechain can be thermally removed after the device fabrication to recover the original 

polypyrrole. The negative influence of the sidechain on the polymer's electrical performance 

can be eliminated by removing sidechains, which has been used as a strategy to optimize the 

conductivity of conjugated polymer 28.  

A polymer, poly(2-ethylhexyl 1H-pyrrole-1-carboxylate) (PEPC), was designed to 

demonstrate this strategy. The structure of PEPC before and after the removal of the 

carbamate sidechain is shown in Figure 1.14.  

 

Figure 1.14 Structure of PEPC before and after thermally removal of the carbamate 

sidechain.  

The second strategy is to use a less sterically hindered alkoxy chain instead of an alkyl chain 

on the nitrogen atom of pyrrole to make a more planar polymer backbone to increase the 

electrical conductivity (See Chapter 3). At the same time, the long alkyl part of the alkoxy 

chain can increase the solubility of PPy.  

A polymer, poly[1-((2-ethylhexyl)oxy)-1H-pyrrole] (PEOP), was designed to demonstrate 

this strategy (Figure 1.15).  
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Figure 1.15. Structure of PEOP.  

 

1.4. Thesis Summary 

In this work, two novel polypyrrole-based polymers were designed and studied, aiming to 

address the previously stated issues: increasing the solubility of polypyrrole without 

sacrificing its conductivity. 

In chapter 1, problem statements and the methodology to address the problem is proposed. 

In chapter 2, experiment methods, including synthesis methods and characterization methods 

are introduced and discussed. 

In chapter 3, the synthesis of PEPC by different synthetic routes is discussed. Characterization 

results of the PEPC by TGA, FTIR, CV, UV-Vis-NIR spectroscopy, and XRD are reported. 

The conductivity values of PEPC thin film, doped with different dopants, are measured and 

summarized.  

In chapter 4, the synthesis of PEOP is explored. The product obtained is characterized by 

TGA, FTIR, and XRD. The conductivity values of the obtained product thin films are 

measured.  

In chapter 5, the thesis findings are summarized to make conclusions. Future work based on 

the results of this thesis is proposed.     
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Chapter 2. Experimental Methods 

 

2.1.Polymer Synthesis Through Organometallic Polycondensation 

2.1.1. Introduction  

Since the first π-conjugated conductive polymer, polyacetylene, was developed by Heeger, 

MacDiarmid, and Shirakawa in 1977, developing new synthetic methods for π-conjugated 

polymers has received lots of attention 38. Polyacetylene is usually synthesized via the 

addition polymerization of acetylene. However, many other synthetic approaches to π-

conjugated polymers have been developed and optimized since. Among them, organometallic 

polycondensation between organohalides (Ar1–X) and organometallic compounds (Ar2–M) is 

considered to be one of the most effective methods to form the π-conjugated polymer because 

they are usually composed of electron-withdrawing olefin and aromatic monomeric units, and 

a polymer constituted of electron-accepting monomeric units and with well-defined bonds 

between the monomeric units can be formed via the Csp2- Csp2 bond formation during 

organometallic polycondensation 38,39,40.  

 

Polypyrrole, as a well-known π-conjugated conducting polymer, is mainly synthesized via 

chemical or electrochemical oxidative polymerization 3. The first polypyrrole powder was 

made in 1916 by pyrrole monomer chemical oxidation, and in 1968, the first polypyrrole film 

was synthesized via electrochemical oxidation of pyrrole monomer 41. However, the 

polypyrrole synthesized via chemical or electrochemical oxidative polymerization has a 

backbone that is not only constituted by α-α bonded pyrrole monomers, but also some α-β 

coupling and β-β coupling (Figure 2.1) 3. These “mislinkages” in the polypyrrole backbone 

are detrimental to the electrical conductivity of polypyrrole, because α-β coupling and β-β 

coupling limit the effective conjugation length of polypyrrole 31.  
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Figure 2.1. Possible Monomer Coupling Structures in Polypyrrole Backbone. (A)	 𝛼 − 𝛼 

coupling. (B) 𝛼 − 𝛽 coupling and (C) 𝛽 − 𝛽 coupling 3. 

 

To eliminate these structural defects, organometallic polymerization can be applied to the 

synthesis of polypyrrole and its derivatives, because it allows precise growth of the polymer 

to form a well-defined α-α coupled polypyrrole backbone. The five most commonly used 

organometallic aryl-aryl coupling methods in the synthesis of conjugated polymers  

involving pyrrole are Kumada, Suzuki, Negishi, Stille, and Yamamoto couplings. In the 

following sections, these five organometallic coupling methods will be discussed.  

 

2.1.2. Synthetic Methods Analysis and Choice 

2.1.2.1. Kumada Coupling 

The Kumada coupling is a cross-coupling reaction between Grignard reagents 

(organomagnesium compounds) and aryl halides catalyzed by a nickel or palladium 

complex, which was first reported independently by Corriu et al. and Kumada et al. in 1972 

(Scheme 2.1) 39. Nickel catalysts are less expensive than palladium catalysts and therefore 

more widely used in Kumada coupling reactions. Among all the nickel complex catalysts, 

[1,3-Bis(diphenylphosphino)propane]dichloronickel(II) (NiCl2(dppb) is the most 

efficient for Kumada coupling 42,43.  

 

Scheme 2.1. Kumada Coupling 44. 
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The proposed mechanism of the Kumada coupling reaction cycle consists of four steps, as 

shown in Figure 2.2. In the first step, the dihalodiphosphinenickel (II) complex 1 reacts with 

two equivalents of the Grignard reagent, and the nickel(0) complex (2) is formed 45. The 

nickel (0) complex works as the active catalyst for the following steps in the reaction cycle. In 

the second step, oxidative addition occurs between 2 and the organohalide compound to form 

the halo(organo)nickel (II) complex 3 39. In the third step, a new nickel (II) complex 4 formed 

through the transmetalation reaction between 3 and the Grignard reagent, with MgX2 as a by-

product. The fourth step is a reductive elimination reaction of complex 4 to give Ar1–Ar2 as 

the coupled product. Simultaneously, the L2Ni(0) complex is regenerated as the catalyst to 

complete the catalytic cycle 46. 

 

 
 Figure 2.2. Catalytic cycle of Kumada Coupling 39. 

 

There are several examples of the application of the Kumada coupling to polymerization 

involving pyrrole derivatives. In 2008, Yokozawa’s group synthesized poly(N-hexylpyrrole) 

through Kumada coupling (Scheme 2.2 upper) 47. By applying 1 mol% of Ni(dppe)Cl2 with 

an additional 1 mol% dppe, a polymer with a Mn of 1.43×104 and a polydispersity (PDI = 

Mw/Mn) of 1.11 was obtained 47. A year later, poly(N-dodecylpyrrole) was synthesized by 

Stefan et al. through Kumada coupling in a similar way. By using a Li salt (LiCl) and a Ni 



 22 

complex catalyst, a polymer with Mn =11900 and PDI = 1.4 could be obtained (Scheme 2.2 

lower) 48.  

 

Scheme 2.2. Examples of Kumada coupling in synthesis of polypyrrole derivatives 49. 

 

Although Kumada coupling has been successful in the synthesis of numerous conjugated 

polymers including polypyrrole derivative, it is not a suitable method to synthesize our PEPC. 

In monomeric 2-ethylhexyl 2,5-dibromo-1H-pyrrole-1-carboxylate (a), due to the more 

electron-withdrawing property of the carbamate sidechain than the bromine atom, the most 

electron deficient part in the monomer is not the α-carbon of the pyrrole ring but the carbon 

that is double bonded with oxygen in the sidechain. Thus, when the Grignard reagent reacts 

with the monomer molecule, the formation of the Ar-Mg-X intermediate, which will involve 

the first and the third step in the catalytic cycle through the Br-Mg exchange reaction, will be 

severely affected by the competitive nucleophilic addition side reaction occurring at the 

carbonyl group 50. Scheme 2.3 illustrates the mechanism of the nucleophilic addition of 

Grignard reagent to the carbonyl group. Without the Ar-Mg-X intermediate, the Kumada 

coupling cannot occur.  

 

 



 23 

 

Scheme 2.3. Magnesium Halogen Exchange (upper part) is hard to occur due to the 

nucleophilic addition of the Grignard reagent to the carbonyl group (lower part). 

 

2.1.2.2. Negishi Coupling 

In 1982, cross-coupling reactions between organozinc derivatives and organohalides 

catalyzed by Ni or Pd were first discovered by Negishi and his colleagues 51. Scheme 2.4 

represent a generalized Negishi coupling reaction.  

 

 

Scheme 2.4. Negishi Cross Coupling Reactions 39. 

 

While there are many examples of Negishi coupling being used in the synthesis of small 

molecules, Negishi coupling is not very commonly used in the synthesis of polymers 52. One 

example of the application of Negishi coupling to the synthesis of pyrrole compounds is the 

arylation of N-methyl-2-(chlorozincio)pyrrole with some aryl iodides catalyzed by a Pd 

complex (Scheme 2.5) 31,53. Moreover, Negishi coupling has the same issue as Kumada 

coupling in that the halogen-metal exchange reaction has a possibility of not occurring due to 

competitive side reactions between the carbonyl group and organozinc compound, which 

would effectively destroy the carbamate sidechain. Thus, Negishi Coupling is also not 

suitable for the synthesis of our target PEPC. 
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Scheme 2.5. Examples of synthesis of pyrrole derivatives through Negishi coupling 53. 

 

2.1.2.3. Stille Coupling 

Stille coupling is a reaction between organic electrophiles and organostannanes in the 

presence of a palladium catalyst, which results in the formation of a carbon-carbon single 

bond (Scheme 2.6) 54. It is one of the most widely used and effective synthetic methods to 

generate Sp2-Sp2 carbon-carbon bonds because Stille coupling occurs under neutral conditions 

39,52. Furthermore, the organotin reagents can be simply prepared and are also stable to 

moisture and air, making Stille coupling a useful generic coupling reaction for synthesizing 

conjugated conducting polymers 39. In 1976, Eaborn discovered that the preparation of aryltin 

compounds could be achieved using bis(tributyltin) catalyzed via palladium complexes 55. A 

year later, Kosugi reported the first C-C bond formation between acyl chlorides and 

organostannanes through Pd-catalyzed cross-coupling 56. In the mid-1980s, Stille and his 

colleagues described a standard method of Pd-catalyzed cross-coupling reactions with 

organostannanes involved, and thus the reaction was named after him 57,58,59.  

 

Scheme 2.6. Stille Coupling Reaction 39. 

With an electron-rich ditin compound and an electron-deficient difunctional electrophile 

involved, Stille coupling has been applied to synthesizing numerous conjugated polymers 

with high molecular weights since the 1980s. The general form of a Stille polycondensation is 

shown in Scheme 2.7.  
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Scheme 2.7. Stille Polycondensation 39. 

The mechanism of Stille coupling is complex, and may vary depending on the reaction 

conditions such as ligands, catalysts, additives, and solvents 54. The generally accepted 

catalytic cycle involves four major steps, which are oxidative addition, transmetalation, trans 

to cis isomerization, and reductive elimination. The catalyst for a Stille reaction is a Pd(0) 

complex. It can come either from a Pd(0) compound such as Pd(PPh3)4, which enters the 

catalytic cycle directly, or from a Pd(II) precursor such as Pd(OAc)2, which is reduced by the 

organostannane compound before entering the catalytic cycle. The first step of the cycle is the 

oxidative addition between the organic electrophile Ar1-X and the Pd(0) catalyst. For sp2 

carbon-X, it is believed that the electrophile Ar-X and the active Pd(0)L2 will form a three-

center transition state of cis-[Pd(II)ArXL2] as a kinetic product, followed by isomerization to 

form trans-[Pd(II)ArXL2] as a thermodynamically stable product 54,60. This process is 

illustrated in Scheme 2.8. 

 

Scheme 2.8. Isomerization of the transmetalation step 54. 

The transmetalation step of the Stille reaction is different from other Pd-catalyzed cross-

coupling reactions. Through the interaction between the organostannane and the Pd center, 

the Sn-C bond is broken to form a Pd-C bond. Espinet and Echavarren pointed out that the 

transmetalation step can undergo two possible pathways, the cyclic pathway and the open 

pathway 60. The cyclic pathway is associative, in which a trigonal bipyramidal trans-
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Ar1Pd(II)L2X intermediate undergoes a substitution of L for Ar2 via transition state (TS1), 

where X and Ar2 are bonded to Pd and Sn, respectively. After XSnR3 is eliminated, a T-

shaped cis-Ar1Ar2Pd(II)L complex is formed. Reductive elimination occurs at this complex 

resulting in the formation of the final product Ar1-Ar2 and the active Pd(0)L2 complex that 

reenters the catalytic cycle 61.  The open pathway is favoured in highly polar solvents 

because a dissociative substitution of ligand or solvent at the T-shaped intermediate, trans-

Ar1Pd(II)L2X, occurs rapidly due to unavailability of bridging ligands 62. Through the 

transition state TS2, solvent (S) or ligand (L) substitutes X in the intermediate to form a cis- 

and trans-Pd(II)Ar1Ar2 complex competitively 63. The final product, Ar1-Ar2, forms after 

reductive elimination. The cyclic and open transition states are illustrated in Scheme 2.9. The 

catalytic cycle is shown in Figure 2.3. 

 

 

Scheme 2.9 Cyclic and Open structure of the transition state 60. 
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Figure 2.3. Catalytic cycles for Stille coupling via cyclic or open pathways 39.  

 

Although Stille polycondensation is a widely used method for conjugate polymer synthesis, 

only a few examples of it with pyrrole monomers are reported. Martina, Schluter, and Weger 

were able to synthesize N-t-BOC protected oligo(pyrrole-2,5-diyls) by Pd(0)(PPh)3-catalyzed 

Stille reactions between N-t-BOC-2-trimethylstannyl-pyrrole and α-α dibrominated 

oligopyrroles (Scheme 2.10) 64. However, only a low molecular weight product with about 

nine repeating units was obtained. 

 

 

Scheme 2.10. N-t-BOC protected oligo(pyrrole-2,5-diyl) synthesized via Stille coupling 31. 
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Groenendaal and Lambertus conducted a detailed study on the application of Stille coupling 

to synthesize well-defined oligopyrroles. They synthesized a series of oligomers with N-t-

BOC pyrroles as repeating units terminated with phenyl groups (Scheme 2.11). The 

maximum number of N-t-BOC pyrrole repeating units they obtained was four, and as the 

number of repeating units increased, the reaction yield decreased dramatically (Figure 2.4) 

(Table 2.1) 31.  

 

Scheme 2.11. An example of the retrosynthesis route of oligomers with N-t-BOC pyrrole 

repeating units terminated with phenyl groups 31. 

 

Figure 2.4. Structure of the oligomer with N-t-BOC pyrroles as repeating units and 

terminated with phenyl groups 31.  
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Table 2.1. Summary of the Yield of Corresponding Oligomer 31 

Number of Repeating Units Product Structure Yield (%) 

1 Ph-p-Ph 79 

2 Ph-p-p-Ph 54 

3 Ph-p-p-p-Ph 43 

4 Ph-p-p-p-p-Ph 39 

 

They analyzed the causes for the low yields of longer chain products and came to the 

following conclusions 31: 

1. Destannylation of organostannanes 

N-t-BOC-protected pyrrolystannanes more easily undergo protolysis compared to other 

hetero arylstannanes. This protolysis process, also called destannlyation, is due to the 

high electron-rich property of the pyrrole ring. As a result, for pyrrolystannanes, the 

protic condition is harmful. However, as a compromise, a slight excess of organostannane 

is needed in this reaction because an aqueous basic condition is necessary to neutralize 

HBr generated in the process of (CH3)3SnX hydrolysis. In contrast, destannlyation barely 

occurs for arylstannanes with lower electron density.  

2. Deprotection of N-t-BOC-pyrrole derivatives 

The t-BOC sidechain is sensitive to acidic conditions. During the reaction, trace acid may 

form due to the hydrolysis of trimethylstannyl halide. This trace acid can cleave the t-

BOC group, which is harmful to synthesizing the desired product. The necessary long 

duration of heat for the Stille reaction is also harmful to the t-BOC sidechain since it is 

heat labile. According to their experimental data, deprotection of the N-t-BOC group is 

unavoidable even under optimized reaction conditions because of thermolysis.  

3. Methyl shift 
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During the Stille reaction of N-t-BOC pyrrole organostaanes, the bromo group on the 

pyrrole bromide would always be replaced by a methyl group from the trimethylstannyl 

substituent on the pyrrole ring. This phenomenon is the so-called “methyl shift” and was 

first discovered by Martina et al. when they synthesized similar N-t-BOC-protected 

polypyrroles using the Stille reaction. This methyl shift severely influences the chain 

growth, since without the halogen substituent on the pyrrole ring, the Stille reaction will 

not continue because the oxidative substitution step in the catalytic cycle cannot occur. As 

a result, a high-repeating unit number is hard to obtain.  

4. Homo-coupling of organostannanes 

Instead of proceeding to a Stille reaction, the arylstannanes can undergo homo-coupling. 

This phenomenon was also studied and summarized by Kang et al. 65. Homo-coupling of 

organostannanes more easily occurs in electron-rich moieties such as pyrrolstannanes. 

According to Groenendaal and Lambertus, the governing factor of this homo-coupling 

reaction is the electron density on the aromatic nucleus, as they found that the less 

electron-rich monothienylstannanes only undergo a Stille reaction. Homo-coupling is also 

harmful to chain growth since without the tin substituent, the Stille reaction cannot 

proceed because the transmetalation step in the catalytic cycle is prevented, stopping the 

chain growth. 

The monomer used in this project has a similar structure to the N-t-BOC-protected 

pyrrole they studied for the Stille coupling reaction. The only difference is that our 

project's 2-ethylhexyl carbamate protecting group has a longer alkyl chain than the t-BOC 

group. The sensitivity of the sidechain to acidic conditions and heat and the electron-rich 

property of the pyrrole ring can run into similar issues they had encountered in Stille 

coupling. Based on the four reasons stated above, Stille polycondensation may not be an 

attractive choice for our project. 

 

2.1.2.4. Suzuki Coupling 

In 1979, Akira Suzuki and his colleagues first described a coupling reaction between an 

organoboron reagent and an organic electrophile such as a halide or triflate catalyzed by a 

palladium complex to form a C-C bond (Scheme 2.14) 66.  



 31 

 

Scheme 2.12. Suzuki coupling 

 

Suzuki coupling has been used to synthesize different types of conjugated polymers. There 

are two different ways to achieve Suzuki polycondensation in a step-growth polymerization 

mechanism: the AA/BB approach and the AB approach. AA/BB approach is always used for 

synthesizing copolymers, whereas the AB approach is applied to homopolymer synthesis 

(Scheme 2.13) 67. In the AA/BB approach, one of the monomers has two boronic acid or ester 

substituents, and another is substituted with two halogens. In the AB approach, only one type 

of monomer is involved, where one side of the monomer is substituted by boric acid or ester, 

and another side of the monomer has a halide substituent. 

 

 

Scheme 2.13. Suzuki Polycondensation 

 

Martina et al. studied both the AA/BB and AB approach of Suzuki polycondensation in 

synthesizing N-t-BOC-protected oligopyrroles. For the AA/BB approach, they started with 

tert-butyl 2,5-dibromo-1H-pyrrole-1-carboxylate (2) and (1-(tert-butoxycarbonyl)-1H-pyrrol-
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2-yl)boronic acid (5) (Scheme 2.14). However, they only obtained brominated dimer (6) in a 

meager yield (around 10%) and trimer (7) in trace amounts due to unavoidable 

deboronification of compound (5) (Scheme 2.15) 68. 

 

Scheme 2.14 

 
Scheme 2.15. Suzuki polycondensation AA/BB approach for N-t-BOC protected 

oligopyrroles 
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For the AB approach, they started with tert-butyl 2-bromo-5-(dimethoxyboraneyl)-1H-

pyrrole-1-carboxylate (3) due to the instability of the boronic acid (4) (Scheme 2.16). They 

stated that oligomers up to the pentamer were formed. However, the yield was lower than 5% 

with respect to the monomer 68. This was also due to the deboronification side reaction.  

 

 

Scheme 2.16. AB approach of Suzuki polycondensation for synthesis of N-t-BOC 

protected oligopyrroles 

 

The monomer structure used in this project is similar to the monomer that Martina and his 

colleagues studied. It was predicted that the yield and the degree of polymerization will be 

low due to the deboronification that will occur using the Suzuki polycondensation method. 

Thus, Suzuki polycondensation also appears to be unfavourable for this project.  

 

2.1.2.5. Yamamoto Coupling  

Yamamoto coupling refers to a dehalogenation-based carbon-carbon coupling reaction of aryl 

halides catalyzed using an Ni(0) complex (Scheme 2.17). Since the 1970s, the Yamamoto 

group has utilized nickel complexes to conduct a series of Yamamoto coupling reactions to 

synthesize various conjugated polymers 38. The monomers for Yamamoto polycondensations 

are usually dihaloaromatic compounds, and Ni(COD)2 is the most commonly used Ni(0) 

complex, in which 1,5-cyclooctadiene (COD) acts as a neutral ligand to make the nickel 

effective as a catalyst (Figure 2.5). 2,2’-Bipyridine (bpy) is also used as a complementary 

ligand to form Ni(COD)(bpy) to facilitate the reaction. In some cases, the Ni(0)Lm complex 

can be formed in situ by reducing a Ni(II) compound with a reducing agent, such as zinc 

(Scheme 2.18) 38.  



 34 

 
Scheme 2.17 

 

 

Scheme 2.18 

 

 

 

Figure 2.5. Structure of (a) COD, (b) Ni(COD)2 and (c) Ni(COD)(bpy) 52. 

 

The mechanism of Yamamoto coupling involves oxidative addition, disproportionation, and 

reductive elimination. It is slightly different from other metal-catalyzed C-C coupling 

reactions because it does not have a transmetalation step. Scheme 2.19 shows the steps of a 

typical Yamamoto coupling reaction in the presence of bpy. The first step is the formation of 

the active nickel complex catalyst Ni(COD)(bpy). Then, oxidative addition between a 

halogenated monomer (ArX) and the nickel complex occurs as the second step to form an 

intermediate 1 (ArNi(II)). The third step is disproportionation, which involves two 

intermediate 1 complexes to form Ni(II)Ar2 and Ni(II)X2. In this step, Ni(II)X2 is reduced, 

and Ni(II)Ar2 is oxidized since the disproportionation is a redox reaction in which the net 

oxidation state is not changed 52. The last step is reductive elimination. The Ar-Ar bond is 

(c) 
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formed in this step, and the Ni(II) is reduced to Ni(0). If the starting material is dihalogenated, 

the coupling can keep proceeding via the polycondensation reaction and form a polymer. The 

whole catalytic cycle using halogen-substituted benzene as an example is shown in Figure 

2.6. 

 
Scheme 2.19. 

 

 
Figure 2.6. Catalytic Cycle of Yamamoto coupling of two halogen substituted benzene, 

where X is halogen atom 69. 
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Yamamoto coupling can be used to synthesize a homopolymer or a copolymer by using one 

or more than one monomer, respectively 52. In Yamamoto coupling, half of the nickel is 

consumed as Ni(II)X2. Thus, the nickel complex is not only a catalyst strictly, and the amount 

of nickel used is crucial for the polycondensation duration because the remaining half of the 

Ni(0) is maintained in the next reaction step, and so on 52. It has been discovered that for 

many Yamamoto polycondensations, the rate-limiting factor is usually the polymer solubility 

52. For many polymers synthesized via Yamamoto polycondensation, their solubility must be 

high to achieve a large molecular weight. For example, for the synthesis of poly(p-phenylene) 

(PPP), a solubilizing sidechain greatly increases the degree of polymerization compared to 

PPP without any sidechains 52.  

 

Numerous conjugated polymers have been synthesized through Yamamoto polycondensation, 

including poly(p-phenylene) (PPP) 70 ; poly(m-phenylene) (PMP) 71 ; poly(pyridine-2,5-diyl) 

72 ; poly(alkyl pyridine-2,5-diyl) 73 ; and poly(pyrimidine-2,5-diyl) 74. Polypyrrole and its 

derivatives were also successfully synthesized with this method 75. Structures of these 

example polymers synthesized by Yamamoto polycondensation are shown in Figure 2.7.   

 

 

Figure 2.7. Examples of polymers synthesized via Yamamoto polycondensation. 
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Unlike the aforementioned metal-catalyzed polycondensation methods, Yamamoto 

polycondensation has a unique advantage for our project: it does not involve a transmetalation 

step. As a result, there is no need for an organo-metal compound as a monomer. As stated 

previously, for the Kumada, Negishi, Stille, and Suzuki polycondensation methods, the 

formation of the organo-metal monomer is harmful to the carbamate sidechain for various 

reasons, and all of them have some issues with the continuation of polymerization, which 

makes these methods not ideal for this project. Yamamoto polycondensation overcomes this 

drawback because it can proceed directly with the dihaloaromatic monomer. Furthermore, the 

reaction conditions are milder than other organometallic polycondensations since the nickel 

used is zero-valent, and no acidic conditions are created in the process, unlike the Stille 

reaction where acidic conditions would be created due to the hydrolysis of Sn(Me)3 31. 

 

In addition, Yamamoto et al. have successfully synthesized N-Boc-protected poly(3-

heptylpyrole) PPr(3-Hep; N-BOC) with a molecular weight of Mn = 9640  (Scheme 2.20) 76 . 

They also studied the synthesis of poly(tert-butyl 1H-pyrrole-1-carboxylate) (PPr(N-BOC)) 

using the same method used for the synthesis of N-Boc-protected poly(3-heptylpyrole). 

However, they only obtained an oligomer with five subunits (Scheme 2.21) 76.  

 

Scheme 2.20 76. 
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Scheme 2.21. Pentamer of N-BOC-Pyrrole Synthesized by Yamamoto Group 

Though Yamamoto only obtained an oligo(tert-butyl 1H-pyrrole-1-carboxylate) through 

Yamamoto polycondensation, it still inspired our research. Because as mentioned above, the 

solubility of the polymer can be a crucial factor in the degree of polymerization. Compared 

with Yamamoto’s research, our project will use a longer carbamate sidechain in our monomer 

which is expected to improve the solubility of the resultant polymer (Figure 1.14). 

Comparing the two different polymers of Yamamoto’s research, the one with the heptyl group 

on the 3-position of pyrrole ring has a much higher degree of polymerization, which could be 

further evidence for the influence of solubility on the degree of polymerization since the 

heptyl group significantly increased the solubility of the polymer. With this knowledge in 

mind, we hypothesized that we could achieve a greater degree of polymerization by using 

Yamamoto’s approach. 

 

Thus, with all the benefits of Yamamoto polycondensation stated above, we chose to explore 

Yamamoto polycondensation as the method for synthesizing PEPC. 

 

2.1.3. Conclusion 

Through the above critical analysis, it can be concluded that among all the organometallic 

polycondensation methods, Yamamoto polycondensation is the most favourable method for 

our project.  
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2.2. Polymer Synthesis Through Oxidative Polymerization 

As a well-studied conducting polymer, polypyrrole has been synthesized through many 

different methods in the past few decades. Among them, oxidative polymerization is one of 

the oldest methods to afford polypyrrole. Chemically oxidative polymerization of polypyrrole 

is the most preferred method because it is easily processible, cost-effective, fast, convenient, 

and scalable 77. In fact, oxidative polymerization has also been utilized to synthesize 

numerous different π-conjugated polymers and can be applied in different forms, including 

chemically, electrochemically, or by utilizing ultrasonic waves 77.  

Polypyrrole can be synthesized through chemically oxidative polymerization of pyrrole 

monomers in organic solvents or aqueous solutions by applying different oxidizing agents, 

including ferric chloride (FeCl3) and ammonium persulfate (APS) 77,78. Generally, chemical 

oxidative polymerization of polypyrrole starts with the preparation of the monomer solution 

and oxidizing agent solution, followed by mixing them to initiate polymerization. Figure 2.8 

shows the flow chart of the general procedure of synthesis of polypyrrole through chemical 

oxidative polymerization. 

 

Figure 2.8. Flowchart of the process of synthesizing PPy by oxidative polymerization 3. 

 

A generally accepted mechanism for the oxidative polymerization of polypyrrole is shown in 

Figure 2.9. Three steps are involved in this mechanism, which are oxidation, deprotonation, 

and crosslinking reactions 79. In the first step, radical cations are formed through the oxidation 
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of the pyrrole monomer. Subsequently, deprotonation occurs between these radical cations to 

form soluble bipyrroles. The third step is propagation, in which oxidation occurs to bipyrroles 

again to form the oligomers and radical cations. Higher oligomers, and finally, an extended 

conjugated polymer forms through the continuous coupling reaction between the oligomers. 

Polymerization proceeds by repeating the propagation step until the polymer is insoluble and 

the polypyrrole precipitates through the liquid medium 12.  

 
Figure 2.9 Mechanism of oxidative polymerization of polypyrrole 3. 

 

However, in a recent study, Tan et al. proposed a different mechanism wherein ferric chloride 

was used as the oxidizing agent. In this mechanism, after the radical cation is formed, it can 

also react with a neutral monomer to form a bipyrrole radical cation 79. The bipyrrole radical 

cation will be further oxidated and deprotonated to afford a bipyrrole dimer. The re-initiation 

will occur to the dimer, and it will be oxidized to form a radical cation again. This process 

will propagate and finally form the polypyrrole. This mechanism is shown in Figure 2.10. 
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Figure 2.10. Mechanism of oxidative polymerization of pyrrole proposed by Tan et. al. 79. 

 

2.3. Characterization Methods 

2.3.1. Nuclear Magnetic Resonance (NMR) 

NMR is a technique used to determine the molecular structure of a chemical by measuring the 

interaction of nuclear spins under a strong magnetic field 80. Some nuclei exist in specific 

nuclear spin states when exposed to an external magnetic field. Under an external magnetic 

field, hydrogen nuclei 1H and carbon nuclei 13C possess magnetic moments that produce a 

specific resonance frequency recorded as a chemical shift (δ). The transitions between spin 

states to specific nuclei and their chemical environment can be observed through NMR. As a 

result, the composition of atomic groups can be determined from the chemical shift of NMR 

spectra, in which the signal intensity shows the ratios.  

 

2.3.2. Ultraviolet-visible-Near Infrared Spectroscopy (UV-VIS-NIR) 

Light transmittance of a sample is measured by UV-VIS-NIR spectroscopy and is converted 

to absorbance according to the equation: A= -log(T) 81. In UV-VIS-NIR spectroscopy, 

absorption is performed in the wavelength range of 200 nm and 3000 nm, referred to as 

partial ultraviolet, entire visible regions, and near-infrared regions, respectively. There are 

two main applications of UV-VIS-NIR spectroscopy: qualitatively determining a functional 

group of a chemical and quantitively determining the absorption coefficient to be used for 
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other calculations. For conducting polymer, the ground states electrons can gain energy by 

absorbing light to transfer to the excited state. This property can be used to determine the 

band gap of a conducting polymer, which corresponds to the HOMO-LUMO gap. By using 

the onset wavelength (λonset), the optical band gap Eg can be calculated according to the 

following equation: 

𝐸)(𝑒𝑉) = ℎ𝑐/𝜆$%&'( 

where h is Planck’s constant and c is the speed of light, 2.998× 10*𝑚/𝑠. 

 

2.3.3. Cyclic Voltammetry (CV) 

CV is a useful and standard electrochemical method to study the reduction and oxidation 

process of a polymer 82. When a voltage is applied to an active redox solution or a material on 

the electrode and switches back and forth to form a cycle, the current change is measured and 

recorded as a CV diagram. For conducting polymer, the oxidation process corresponds to the 

extraction of electrons from the HOMO of a polymer, whereas the reduction process is 

accompanied by the injection of electrons into the LUMO of a polymer. Thus, by using CV 

measurement, the redox potentials of a polymer sample can be determined and can be 

converted to the EHOMO according to the following equation: 

𝐸+,-, = −𝑒 8𝐸$#$%&'( − 𝐸 ./
./!

9 − 4.8𝑒𝑉 

where e is the elementary charge and 𝐸 "#
"#!

 is the measured 𝐸$#$%&'( of ferrocene from the 

same CV device. 

 

2.3.4 Fourier Transform Infrared (FTIR) 

FTIR refers to the Fourier transform infrared, which is a more rapid technique of infrared 

spectroscopy 83. When IR radiation emitted from a glowing balck-body source passes through 

a sample, only a partial of the radiation passes through the sample (is transmitted), and some 

of the radiation with specific frequencies is absorbed by the sample. FTIR spectroscopy 

records the radiation that passes through the sample. The covalent bonds of a molecule can 

selectively absorb radiation of specific wavelengths to change its vibrational energy. Different 

bonds and functional groups absorb different wavenumber radiation. Therefore, different 
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molecules have different transmittance patterns, and the recorded FTIR spectra are different. 

The spectra can be applied to distinguish different functional groups and different molecules. 

Compared with traditional IR spectroscopy, FTIR has three unique advantages: not destroying 

the sample, faster, and more precise and sensitive.  

 

2.3.5 Thermogravimetric Analysis (TGA) 

TGA is a thermal analysis technique that measures a sample's weight changes versus a 

changing temperature in a constant heating rate or versus time at an unchanged temperature in 

a specific atmosphere (for example, air or nitrogen) 84. The weight changes of a sample for 

TGA are related to their chemical and physical properties. Therefore, using TGA, a 

conducting polymer's thermal properties can be determined. TGA can also be combined with 

a mass spectrometer of FTIR further to evaluate a sample's volatile and thermal 

decomposition. 

 

2.3.6 X-ray Diffraction (XRD) 

XRD is a method to investigate the crystal structure of the materials. XRD takes advantage of 

the intensities change of the x-ray beam caused by interference when monochromatic x-rays 

scatter from a substance to study the substance’s crystal structure and atomic spacing 85. The 

intensity changes follow Bragg’s law, and the intensities are recorded as XRD peaks. Bragg’s 

law is shown in the following equation: 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 

where 𝜆 is the wavelength of X-ray beam, d is the distance of lattice planes and θ is the 

incident angle of beam.  
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Chapter 3. Synthesis and Characterization of PEPC 

3.1. Introduction 

As mentioned in Section 1.3, polymer PEPC is designed to address the problem that 

polypyrrole cannot achieve high conductivity and good solubility at the same time. PEPC 

with the 2-ethylhexyl carbamate sidechain is expected to achieve good solubility due to the 

long alkyl sidechain and high conductivity by removing the carbamate sidechain 1,14,32. To the 

best of our knowledge, no N-substituted carbamate polypyrrole has ever been synthesized, 

achieving both high conductivity and good solubility. In this work, synthesizing PEPC with 

Yamamoto polycondensation and oxidative polymerization was studied, and the obtained 

PEPC was fully characterized. The PEPC synthesized through oxidative polymerization had 

good solubility in various organic solvents. However, the conductivity of the PEPC thin film 

was poor due to the carbamate sidechain could not be totally removed.  

 

3.2. Synthesis of Poly(2-ethylhexyl 1H-pyrrole-1-carboxylate) (PEPC) through 

Yamamoto Polycondensation 

3.2.1. Introduction 

Scheme 3.1 illustrated the approaches A and B of the synthesis route of Poly(2-ethylhexyl 

1H-pyrrole-1-carboxylate) (PEPC) through Yamamoto polycondensation. The synthetic 

routes with NMR data of each step are listed in Chapter 3.2.4.  
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Scheme 3.1 

 

Briefly, in the first step, commercially available pyrrole and 2-ethylhexyl chloroformate were 

used as the starting material to synthesize 2-ethylhexyl 1H-pyrrole-1-carboxylate 1, with 4-

Dimethylaminopyridine (4-DMAP) as catalyst and triethylamine (TEA) as the base. This step 

aimed to add the carbamate sidechain to pyrrole, not only to improve the solubility of the 

monomer and resultant polymer, but also to stabilize the following dibromo product. Early 

research has shown that the unsubstituted dibromo pyrrole or dichloro pyrrole is very unstable 

and cannot be isolated after synthesis due to rapid decomposition 86. In contrast, the N-

substituted dibromo pyrrole is more stable compared to its unsubstituted counterpart. We 

found that Compound 2 can be stably stored under -20 ℃ for at least several weeks without 

decomposition. Compound 1 is also stable and can be stored at room temperature for at least 

several days and under -20 ℃ for months. An important note is that when we synthesized 

Compound 1, around 10% of the yield consisted of the side product, bis-(2-

ethylhexyl)carbonate; it would unavoidably form, and it could not be separated through 

column chromatography. However, this side product did not influence the next bromination 

step since it will not react with N-bromosuccinimide (NBS), the bromination reagent. 

Compound 1 was then used as the starting material to synthesize 2-ethylhexyl 2,5-dibromo-

1H-pyrrole-1-carboxylate (Compound 2) via a bromination reaction with NBS. Compound 2 

is the dibromo monomer that was used for Yamamoto polycondensation.  
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Two approaches of Yamamoto polycondensation were used to synthesize PEPC (polymer 3). 

For approach A, a commonly used catalyst for Yamamoto polycondensation, Ni(COD)2, was 

attempted, and 2,2-bipyridine (2,2-bpy) was used as the ligand. For approach B, the nickel(0) 

catalyst was formed in situ through the reduction of Ni(II)Cl2 by zinc. 2,2-bpy and 

triphenylphosphine (PPh3) were used as the ligands. 

 

3.2.2. Result and Discussion 

Polymerization using approach A was conducted under N2 atmosphere with heating at 60 ℃ 

for 48 hours. During the whole course of the reaction of 48 hours, the reaction mixture was 

transparent and non-viscous, indicating no high molecular weight polymer formed. After the 

reaction proceeded for 24 hours, green precipitation showed up in the bottom of the vial, 

indicating nickel (II) bromide formed. After 48 hours, the reaction was stopped and cooled to 

room temperature. The reaction mixture was poured into methanol, stirred, and filtered. Only 

a trace amount of filter residue was left. Most products were soluble in methanol which was 

further evidence that high molecular weight polymer was not obtained.   

 

Polymerization using approach B was conducted under N2 atmosphere, heated at 80℃ 

through an oil bath, and was monitored with thin layer chromatography (TLC) after 24, 48, 

72, and 96 hours, respectively. Starting material Compound 2 existed during the whole course 

of 96 hours of the reaction, confirmed by TLC, indicating the polymerization did not 

complete thoroughly. In addition, the TLC did not show a significant difference after 24, 48, 

72, and 96 hours by using the same concentration and amount of sample, indicating the 

reaction may have stopped before 24 hours. After 96 hours, the reaction was stopped and 

cooled to room temperature. Part of the reaction mixture was poured into methanol as a test 

trial and filtrated, and the filter residue was not soluble in acetone, hexane, and chloroform 

and was soluble in aqueous HCl solution indicating most parts of the filter residue was zinc 

powder added as reducing agent. The remaining part of the reaction mixture was then poured 

into chloroform, filtered, and the filtrate was washed with water. The organic phase was 

collected, and the solvent was removed by rotary evaporation to yield yellow-brown oil. The 

oil was soluble in methanol, indicating it was not a high molecular weight polymer. Since it 
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was not the desired polymer, further characterization was not conducted due to the limited 

time.       

 

As previously mentioned, the solubility of the monomer and the polymer is a crucial factor in 

a successful Yamamoto polycondensation. In this project, a longer carbamate chain was used 

to increase the solubility, but no high molecular weight polymer was obtained. Compared 

with the oligomer of (PPr(N-BOC) with five repeating units synthesized by Yamamoto and 

his colleague, it can be found that under the same conditions, higher solubility was not the 

most important factor to obtain the desired high molecular weight polymer in our project.   

 

In the above-mentioned Yamamoto polycondensations of Compound 2, there were signs 

indicating some reactions occurred. However, the polymerization did not proceed to the end 

to form a high molecular weight polymer. In approach A, the green nickel (II) complex 

formed, indicating that an oxidative addition step occurred since the nickel added at the 

beginning of the reaction was zero-valent. Based on this observation, one possible reason for 

the polymerization not proceeding could be attributed to the competition between the 

cleavage of the Br-C bond and the cleavage of the CO-O bond following different routes of 

oxidative addition, respectively. Specifically, oxidative addition can not only occur through 

the cleavage of the bromine-pyrrole bond and formation of the pyrrole α-carbon-nickel-

bromine bond but also can occur through the cleavage of the C-O bond of the carbamate 

chain and formation of O-Ni-CO bond (Scheme 3.2). It is well known that oxidative addition 

can occur between C-OY and Ni(0)Lm 
40. In fact, Yamamoto and his colleagues studied two 

different types of ester carbonyl group addition to Ni(0) complexes, and the type of reaction 

depended on the carbonyl group employed and the ligand coordinated to nickel (Scheme 3.3) 

87.   
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Scheme 3.2. Possible competition reactions and the different oxidative addition. 

 

 
Scheme 3.3. Two types of nickel catalyst ester carbonyl group cleavage 88. 

 

According to Yamamoto et al., when bpy is used as the ligand, type A oxidative addition will 

occur 88. They used phenyl propionate as an example to study the whole process. The first 

step involved the cleavage of the C2H5CO-OC6H5 bond, which is the oxidative addition to 

form nickel complex 1, followed by decarbonylation to release a carbon monoxide to afford 

nickel complex 2. Then, two Complex 1 and two carbon monoxide ligands are involved in a 

disproportionation reaction to finally form the Ni(OC6H5)2 complex (Scheme 3.4) 87 .  
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Scheme 3.4 87.  

 

In addition, it has been confirmed that nitrogen atoms can form an N-Ni bond with Ni(II) 

complexes to form a new complex 89. With this knowledge in mind, one possible reaction 

pathway may be proposed, as shown in Scheme 3.5. In the preequilibrium, Ni(cod)2 releases 

two cod and combines with two bpy to form an NiL2 complex. The first step starts with the 

cleavage of the CO-O bond of the carbamate group and an oxidative addition to form 

1 

2 
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Complex A. The second step is decarbonylation to release a CO and form complex B (as 

mentioned before, N-Ni bond formation is confirmed to be possible). In the final step, two 

Complex B are involved and finally, complexes C and D, which are both Ni(II) complexes are 

formed.  

 

 

Scheme 3.5. 

Due to limited research time, this mechanism has yet to be verified. In section 2.1.2.5, it was 

mentioned that Yamamoto et al. obtained an oligomer of (PPr(N-BOC)) up to five repeating 

units 90. In contrast, a polymer of Mn = 9640 of the N-BOC-Poly(3-heptylpyrrole) (PPr(3-
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Hep; N-BOC)) was also obtained. Yamamoto stated that the reason for the difference in the 

degree of polymerization between (PPr(3-Hep; N-BOC)) and (PPr(N-BOC)) could be the 

difference in the reactivity of the intermediate polymer-C-NiLm due to the structural change 

caused by the 3-heptyl group 90. The heptyl group may influence the relative reactivity of the 

bromo position and the CO-O position, resulting in Ni attacking CO-O more favorably than 

C-Br. This may be further evidence that the carbamate sidechain influences the proceeding of 

Yamamoto polycondensation. 

 

3.2.3. Conclusion and Future Work 

Through a comprehensive literature review and critical analysis, Yamamoto polycondensation 

was found to be one of the most suitable organometallic polymerization methods for this 

project. However, high molecular weight PEPC was not obtained through Yamamoto 

polymerization. Using a 2-ethylhexyl carbamate sidechain to improve the solubility of the 

monomer was not found to be helpful for the desired product synthesis, indicating that 

solubility was not the most crucial factor for a successful Yamamoto polycondensation in this 

project. Based on our knowledge, a presumption is raised that the bromo-aryl bond cleavage 

and the bromo-nickel-aryl bond formation may be competitive to the CO-O bond cleavage 

and the OC-Ni-O bond formation, therefore preventing the polymerization from proceeding to 

the end. Further study needs to be conducted to understand the whole process clearly. In 

conclusion, at this stage, Yamamoto polycondensation was not successfully applied to the 

synthesis of poly(2-ethylhexyl 1H-pyrrole-1-carboxylate). A better synthetic pathway would 

need to be developed to achieve the organometallic polymerization of PEPC.   

 

3.2.4. Experimental Section 

3.2.4.1. Materials 

All the chemicals used in this project were purchased from Sigma-Aldrich, Fluka VWR, TCI, 

and Armstrong. Solvent used in the synthesis procedure were analytical grade and anhydrous 

or used as received. All column chromatography was conducted using silica gel (230-400 

mesh) slurries purchased from the University of Waterloo.  

3.2.4.2. Synthesis Procedures 
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Synthesis of 2-ethylhexyl 1H-pyrrole-1-carboxylate (1) 

 
To a flask charged with pyrrole (0.5031g, 7.5 mmol), triethylamine (0.5692g, 5.6 mmol), and 

4-(dimethylamino)pyridine (0.6872g, 5.6 mmol) was added anhydrous DCM (2.5 mL), and 

the resulting solution cooled to 0 °C, under N2 atmosphere. 2-Ethylhexyl chloroformate 

(1.0838g, 5.6 mmol) was added slowly and the reaction mixture was then stirred at room 

temperature for 16 h. The reaction mixture was extracted with diethyl ether (3 × 5 mL), and 

the combined extracts were washed with aqueous potassium bisulfate, aqueous sodium 

bicarbonate and water. The organic phase was then dried over sodium sulfate and 

concentrated in vacuo, followed by column chromatography (eluent, pure hexane followed by 

hexane: DCM = 5:1 followed by hexane: ethyl acetate =10:1) to afford the product 

(transparent oil). 1H NMR (300 MHz, chloroform-d 𝛿/ppm): 7.25 (t, 2H), 6.23 (t,2H) 4.25 

(m, 2H). 

Synthesis of 2-ethylhexyl 2,5-dibromo-1H-pyrrole-1-carboxylate (2) 

 
To a stirred solution of 2-ethylhexyl 1H-pyrrole-1-carboxylate (2 mmol, 0.4466 g) in 20mL of 

anhydrous THF at –78 °C, freshly recrystallized N-bromosuccinimide (4 mmol, 0.712 g) was 

added in portions. The reaction mixture was stirred at –78 °C for 1 h, after which it was 

warmed up to 0 °C and stirred for 18 h. Sodium sulfite (0.252 g) was added to the mixture, 

the solvent evaporated on a rotovap without any heat, and carbon tetrachloride (20 mL) 

added. The resulting precipitate was filtered off, and the solution was concentrated on a 

rotovap again without any heat, and subjected to column chromatography (silica gel, pure 

(1) 

(2) 
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hexane followed by hexane : DCM = 3:1). The product was a transparent, colorless oil. 1H 

NMR (300 MHz, chloroform-d 𝛿/ppm): 6.26 (m, 2H), 4.33 (d, 2H) 

Synthesis of Poly(2-ethylhexyl 1H-pyrrole-1-carboxylate) (3) Approach A 

 

To a 25 mL RB flask with stir bar, 2-ethylhexyl 2,5-dibromo-1H-pyrrole-1-carboxylate 

(0.137 g, 0.3595 mmol) was added under Ar protection. A dry DMF (5mL) solution of 2,2'-

Bipyridine (0.1129g, 0.72 mmol) was added at room temperature, followed by quickly adding 

the Ni(cod)2 (0.1977 g, 0.72 mmol), (with minimized contraction of Ni(cod)2 to air) and the 

mixture was stirred for 48 h at 60 oC. The reaction mixture was poured into methanol, stirred, 

and the precipitate was separated by filtration to obtain the crude product. The crude product 

was then stirred in methanol for 45 min which was followed by Soxhlet extraction. 

Synthesis of Poly(2-ethylhexyl 1H-pyrrole-1-carboxylate) (3) Approach B 

 

2-ethylhexyl 2,5-dibromo-1H-pyrrole-1-carboxylate, triphenylphosphine, zinc dust, dipyridyl, 

and nickel chloride were charged into a 25 ml RB-flask and purged with nitrogen. Anhydrous 

DMF (1.7 ml) was added via syringe, and the mixture was stirred at 80 °C for 24 h. The 

mixture was cooled and poured into 200 ml methanol, stirred, collected by filtration, and 

followed by Soxhlet extraction.  
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3.3. Synthesis of Poly(2-ethylhexyl 1H-pyrrole-1-carboxylate) (PEPC) Through 

Oxidative Polymerization 

3.3.1. Synthesis of Poly(2-ethylhexyl 1H-pyrrole-1-carboxylate) with APS 

3.3.1.1. Introduction 

Ammonium persulfate (APS) is a commonly used oxidizing agent for synthesizing 

polypyrrole by oxidative polymerization (Figure 3.1). There have been many examples of the 

synthesis of polypyrrole with APS as the oxidizing agent with good yield, reasonable 

conductivity, and other beneficial properties 3.  

 

 

Figure 3.1. Structure of ammonium persulfate. 

 

The half reaction of reduction of APS is:  

𝑆0𝑂102 + 2𝐻3 + 2𝑒2 → 2𝐻𝑆𝑂42					𝐸5 = 2.12𝑉	(1) 

and the whole oxidative reaction can be expressed as following: 

𝑆0𝑂102 + 2𝐻3 + 2𝐶6*𝐻06𝑁𝑂0 → 2𝐻𝑆𝑂42 + 2𝐶6*𝐻06𝑁𝑂03	(2) 

 

APS is not soluble in chloroform, and 2-ethylhexyl 1H-pyrrole-1-carboxylate is not soluble in 

water. Thus, a two-phase reaction system is designed to make the reaction happen. Surfactant 

is used to increase the interaction of the two phases. In addition, the surfactant can also be 

used as a dopant for the polymer to improve the electrical property of the polymer 77.  

The synthetic route is shown in Scheme 3.6. The details of the reaction procedures are 

discussed in section 2.2.2.4. Briefly, in the first step, 2-ethylhexyl 1H-pyrrole-1-carboxylate 

(1) was synthesized using the same method as in step one of the synthetic routes for 

Yamamoto polycondensation. Then, (1) was dissolved in chloroform and mixed with APS or 
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APS-surfactant aqueous solution to initiate the oxidative polymerization under different 

conditions to synthesize the desired polymer (2). The surfactant used in all the experiments 

was sodium dodecyl sulfate. The reaction conditions are summarized in Table 3.1. The ratio 

of the monomer and APS was 1:1, and the ratio of water and chloroform as solvent was 1:1 

for all the experiments. 

Table 3.1. Reaction Conditions for Oxidative Polymerization of monomer (1) with APS as 

Oxidizing Agent 

Experiment  

Concentration of the 
Monomer Chloroform 

Solution 
(M) 

Reaction 
Temperature 

(℃) 

Surfactant 
Concentration (M) 

Reaction 
Time (h) 

1 0.1 25 0.0225 24 
2 0.1 65 0.0225 24 
3 0.1 65 0.0225 24 
4 0.2 65 0.0225 24 
5 0.5 65 0.0225 24 
6 0.5 65 0.0225 24 
7 0.5 65 0.0225 48 
8 0.5 65 0.0225 72 
9 0.5 65 0 48 

 

 

Scheme 3.6. 

 

3.3.1.2. Result and Discussion 

The influences of the temperature, starting material concentration, reaction time, and 

surfactant usage on the polymerization reaction were explored through experiments 1-9. 

Unfortunately, except for a yield of 5% (10 mg) of the solid product obtained from 

experiments 7 and 8, all the other experiments failed to obtain any precipitate after working 
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up the reaction with methanol. Except for experiment 1, all the methanol solutions had a 

yellow to brown colour after filtration, indicating some soluble oligomer may have been 

formed. The colour of the methanol solution after filtration tended to become darker with 

higher reaction temperature, higher concentration (although no significant difference was 

found between monomer concentrations of 0.2 M and 0.5 M), and longer reaction time 

(although 48 hours and 72 hours had no significant difference), indicating higher temperature, 

higher monomer concentration, and longer reaction time were beneficial for the formation of 

an oligomer with a higher number of repeating units. Adding surfactant had less influence on 

this reaction since no significant difference was observed between experiments 8 and 9. 

Eventually, the optimized reaction conditions were applied to experiment 8 with the reaction 

temperature of 65 ℃, 48 h reaction time, and the addition of 0.0225 M of surfactant, resulting 

in some black solid after filtration, indicating some higher molecular weight polymer formed. 

In addition, the obtained black solid was partially soluble in chloroform, indicating that part 

of the sidechain on the polymer backbone was broken. However, due to the very low yield of 

this reaction, the product obtained was not enough for further characterization. 

Since the reaction is a two-phase reaction, the oxidizing agent 𝑆0𝑂102 may not sufficiently 

interact with the monomer which is only soluble in the chloroform phase. Thus, it may lead to 

the polymerization reaction proceeding reluctantly, resulting in a lower yield and molecular 

weight. In addition, the pKb of the 𝑆0𝑂102 anion is 17.5 and the pKb of 𝐻𝑆𝑂42 is 12.01. 

Therefore, the aqueous phase co-engaging 𝑆0𝑂102 and 𝐻𝑆𝑂42 is acidic. Moreover, in an 

aqueous solution, 𝑆0𝑂102 can also undergo a hydrolysis reaction, as shown in formula (3) 91: 

𝑆0𝑂102 +𝐻0𝑂	 →
1
2
𝑂0 + 2𝑆𝑂402 + 2𝐻3	(3) 

which releases the strong acid 𝐻0𝑆𝑂4. This will increase the acidity of the aqueous phase, but 

the carbamate sidechain is sensitive to acidic conditions. Consequently, the acidic 

environment ruins the carbamate sidechain, as evidenced by the partial solubility of the 

obtained solid in chloroform. This likely explains the low yield of the reaction.   
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3.3.1.3. Conclusions 

After our best efforts, the desired polymer was not able to be synthesized with an acceptable 

yield by using APS as the oxidizing agent. Insufficient interaction of the oxidizing agent and 

the acidic environment created by APS are believed to be the reasons for the unsuccessful 

polymerization. Other polymerization routes should be attempted to synthesize PEPC. 

 

3.3.1.4. Experimental Section 

Materials  

All the chemicals used in this project were purchased from Sigma-Aldrich, Fluka VWR, TCI, 

and Armstrong. Solvent used in the synthesis procedure were analytical grade and anhydrous 

or used as received. All column chromatography was conducted using silica gel (230-400 

mesh) slurries purchased from the University of Waterloo. 

 

Synthesis of 2-ethylhexyl 1H-pyrrole-1-carboxylate (1) 

To a flask charged with pyrrole (0.5031g, 7.5 mmol), triethylamine (0.5692g, 5.6 mmol), and 

4-(dimethylamino)pyridine (0.6872g, 5.6 mmol) was added anhydrous DCM (2.5 mL), and 

the resulting solution cooled to 0 °C, under N2 atmosphere. 2-Ethylhexyl chloroformate 

(1.0838g, 5.6 mmol) was added slowly and the reaction mixture was then stirred at room 

temperature for 16 h. The reaction mixture was extracted with diethyl ether (3 × 5 mL), and 

the combined extracts were washed with aqueous potassium bisulfate, aqueous sodium 

bicarbonate and water. The organic phase was then dried over sodium sulfate and 

concentrated in vacuo, followed by column chromatography (eluent, pure hexane followed by 

hexane: DCM = 5:1 followed by hexane:ethyl acetate =10:1) to afford the product 

(transparent oil). 1H NMR (300 MHz, chloroform-d 𝛿/ppm): 7.25 (t, 2H), 6.23 (t,2H) 4.25 

(m, 2H) 

Polymer Synthesis 

Synthesis of Poly(2-ethylhexyl 1H-pyrrole-1-carboxylate) 

2-ethylhexyl 1H-pyrrole-1-carboxylate monomer was dissolved in chloroform. An aqueous 

solution of APS and surfactant was then quickly added to the monomer solution under 
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vigorous magnetic stirring following the reaction conditions summarized in Table 2.2.3. The 

reaction mixture was cooled to room temperature and poured into 150 mL methanol and 

stirred, which was followed by filtration to afford the product as a black powder.   

3.3.2. Synthesis of Poly(2-ethylhexyl 1H-pyrrole-1-carboxylate) with FeCl3 

3.3.2.1. Introduction 

Ferric chloride is another commonly used oxidizing agent for synthesizing polypyrrole and its 

derivatives. Unlike APS which must be used in an aqueous medium, ferric chloride can be 

applied to an organic solution directly to achieve the polymerization. There are many 

examples of using FeCl3 in pure organic solutions to polymerize pyrrole derivatives 

oxidatively. Several representative examples are shown in Scheme 3.7 and 3.8. 

 

 
Scheme 3.7. Polymerization of N-Alkylpyrroles with Ferric Chloride. The solvent used was 

nitromethane 92. 

 

Scheme 3.8. Polymerization reactions of N-(p-benzoic acid) pyrrole (NpbPy), N-(o-

aminophenyl) pyrrole (NoaPy) and N-(m- nitrophenyl) pyrrole (NmnPy) 93. The solvent used 

was chloroform. 
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Applying FeCl3 directly to the organic solution provides a possible way to address the 

problem that occurred with APS in that the two-phase polymerization did not permit 

sufficient interaction between the oxidizing agent and the monomer. In addition, since no 

water is involved in the reaction, using anhydrous FeCl3 can minimize the potential of ruining 

the carbamate sidechain by an acidic environment generated in the polymerization process, 

which occurred in the reaction using APS. A synthetic route with FeCl3 as the oxidizing agent 

was designed based on this knowledge. The synthetic route is shown in Scheme 3.9.  

 

Scheme 3.9.  

 

Briefly, (1) was synthesized using the same method described in section 2.2.2.4. Compound 

(1) was then dissolved in anhydrous chloroform under an N2 atmosphere, and the anhydrous 

FeCl3 powder was added to afford the desired polymer (2).  

One item of interest in this approach is the purification procedure. When FeCl3 is used as the 

oxidizing agent for the polymerization of pyrrole, it can also serve as a dopant to the polymer 

77. Thus, the crude polymer obtained through this method is already doped; therefore, a de-

doping step is needed in the purification and isolation of the polymer. Herein, the influence of 

two types of de-doping agents, TEA, and aqueous ammonia, was also studied.  

 

3.3.2.2 Results and Discussions 

To optimize the yield of the product, different reaction conditions were explored. In addition, 

due to the carbamate sensitivity to acid, the effects of adding base as a neutralizing agent to 

trap the acid generated during the polymerization process was also studied. The base used was 

TEA.   

a. Influence of reaction temperature, monomer concentration, and de-doping agent 
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Experiments 1-6 were conducted to evaluate the influence of reaction temperature, 

monomer concentration, and de-doping agent on product yield. Comparing experiments 1 

and 2, the yield slightly increased with increasing monomer concentration. The 

temperature was raised to 70 ℃ in experiment 3, which was above the solvent's boiling 

point (chloroform), and the yield increased from 7% to 10% compared to 25 ℃ in 

experiment 2. Using aqueous ammonia to de-dope the crude polymer resulted in a higher 

yield than using TEA in experiment 4. In experiments 4 – 7, the monomer concentration 

increased in sequence from 0.02M to 0.09M. The highest yield of 45% was obtained from 

experiment 5 with a monomer concentration of 0.045 M. Higher or lower than this 

concentration resulted in a lower yield. This series of experiments showed that higher 

reaction temperature and using aqueous ammonia as a de-doping agent were beneficial 

for improving yield. The optimized monomer concentration was 0.045 M. Thus, an 

optimized reaction condition was determined as of experiment 5. The reaction conditions 

and yields are summarized in Table 3.2. 

 

Table 3.2. Reaction Conditions for Oxidative Polymerization of Monomer (1) Using Ferric 

Chloride as Oxidizing Agent 

Experiment  

Concentration 
of the 

Monomer 
Chloroform 

Solution 
(M) 

Reaction 
Temperature  

℃ 

Reaction 
Time (h) 

De-dope 
Reagent 

Yield 
(%) 

1 0.01 25 24 TEA 5 

2 0.02 25 24 TEA 7 

3 0.02 70 24 TEA 11 

4 0.02 70 24 
Aqueous 
Ammonia 

13 

5 0.045 70 24 
Aqueous 
Ammonia 

45 

6 0.06 70 24 
Aqueous 
Ammonia 

35 

7 0.09 70 24 
Aqueous 
Ammonia 

29 
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b. Influence of adding base as protecting agent  

TEA was added at the beginning of the polymerization to trap any acid generated during 

the process. The reaction temperature and time, monomer concentration, and de-doping 

agent were kept the same as the optimized conditions in experiment 5. Other reaction 

conditions are summarized in Table 3.3 Experiment 5 is included in Table 3.3 as a 

reference. 

 

Table 3.3. Summary of the Experiments Exploring the Influence of Adding Base 

Experiment 
Molar Ratio of TEA: HCl 

Generated in Theory 
Yield (%) 

5 0 45 

7 1:1 5.3 

8 4:1 0 

 

Comparing experiments 5, 7, and 8, the yield significantly decreased with the increase of 

TEA concentration. This can be explained by the neutralization of FeCl3 by TEA. 

According to Niemi et al., polymerization using FeCl3 as oxidizing agent must occur 

when FeCl3 exists as crystals 94. The Fe(III) ions located on the surface of the crystal are 

the active sites for the polymerization (Figure 2.12). Each of the Fe(III) ions on the 

surface are only bonded with a chloride ion and have an empty orbital, permitting them to 

act as strong Lewis acids. TEA is a Lewis base that can donate electrons. Thus, it can 

bond with the surface Fe(III) ions, utilizing the free orbital, and consequently deactivating 

the active site. This explains the low yield when TEA was applied in the polymerization 

process.  
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Figure 3.2. Crystals Structure of ferric chloride on the crystal surface 94. 

 

 

c. Influence of solvents 

From the results of experiment 1 – 3, it was found that the yield increased with increasing 

reaction temperature. The boiling point of chloroform is 61.2 ℃ under standard 

temperature and pressure. Thus, the highest temperature that can be applied to the 

reaction system is 61.2 ℃. To investigate if the yield could be further improved with 

evenhigher temperatures, dimethylformamide (DMF) was used as the solvent because it 

has a higher boiling point of 153 ℃. The reaction conditions are summarized in Table 

3.4, and all the other reaction conditions except those listed in the table were the same as 

experiment 5. 

 

 

Table 3.4. Summary of the Experiments Exploring the Influence of Solvents 

Experiment Solvent  
Reaction 

Temperature 
℃ 

Yield (%) 

5 Chloroform 70 45 
9 DMF 100 0 

 

By using DMF as the solvent in an elevated temperature of 100℃, the yield dropped 

dramatically to zero, indicating the polymerization cannot proceed in DMF. This could 

result from the Fe(III) ion being deactivated. As mentioned previously, the Fe(III) ions 
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are only active on the surface of the FeCl3 crystal for initiation of the polymerization. In 

chloroform, the FeCl3 is partially soluble, and many FeCl3 exist in crystal form; thus, the 

active Fe(III) ion is abundant. However, in DMF, FeCl3 can form a FeCl3-DMF complex; 

therefore it does not exist in the form of crystal FeCl3 (Scheme 3.10) 95. Thus, the active 

Fe (III) ions are insufficient, and the polymerization cannot be initiated.   

 

Scheme 3.10. Mechanism of formation of the FeCl3-DMF complex 95. 

 

3.3.2.3. Conclusions and Future Works 

By using oxidative polymerization utilizing FeCl3 as the oxidizing agent, the desired polymer, 

Poly(2-ethylhexyl 1H-pyrrole-1-carboxylate), was synthesized in a reasonable yield of 45%. 

The optimized reaction conditions were determined. Aqueous ammonia can be used as a de-

doping agent to increase the yield. This synthetic method may be applied to synthesize other 

pyrrole-based polymers.  

 

 

3.3.2.4. Experimental Sections 

Materials 

All the chemicals used in this project were purchased from Sigma-Aldrich, Fluka VWR, TCI, 

and Armstrong. Solvent used in the synthesis procedure were analytical grade and anhydrous 

or used as received. All column chromatography was conducted using silica gel (230-400 

mesh) slurries purchased from the University of Waterloo. 

Synthesis of 2-ethylhexyl 1H-pyrrole-1-carboxylate (2) 

The synthesis procedure is same as described in section 2.2.2.4.  
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Polymer Synthesis 

Synthesis of Poly(2-ethylhexyl 1H-pyrrole-1-carboxylate) (PEPC) 

2-ethylhexyl 1H-pyrrole-1-carboxylate (0.2g) was dissolved in 20 mL CHCl3. The solution 

was maintained in an inert N2 atmosphere and under magnetic stirring. Anhydrous FeCl3 (0.4 

g) was quickly added into the solution upon stirring. After polymerization time of 24 h at 

70 °C , the reaction mixture was cooled to room temperature and aqueous ammonia was 

added to the reaction mixture to de-dope the polymer. The precipitated polymer was then 

washed with methanol until the filtrate was colourless. Finally, the polymer was dried under 

vacuum environment. 

 

3.4. Characterization of Poly(2-ethylhexyl 1H-pyrrole-1-carboxylate) 

 

3.4.1. Solubility and Processability Test of PEPC 

PEPC was found to be decently soluble in different organic solvents, including chloroform, 

acetone, and dichloromethane (DCM). A concentration of 25 mg/mL PEPC solution could be 

made using the solvents mentioned above, and by spin coating, a 50-60 nm PEPC film could 

be deposited on glass or SiO2-Si wafer (will be discussed in detail later) substrate, which 

satisfies the conductivity requirements for sensor application 1,32. 

 

3.4.2. Thermal Removal of Carbamate Sidechain 

As stated previously, this project aims to synthesize a polypyrrole-based polymer with a 

thermally removable carbamate sidechain to make it more soluble for easy processability and 

be able to recover the high conductivity of PPy. Thus, the thermal properties of the PEPC 

were investigated.  

The thermal properties of PEPC and the carbamate sidechain on the PEPC backbone were 

studied using thermogravimetric analysis (TGA). As previously stated, thermal 

decomposition can occur in the alkyl carbamate chain at a relatively mild temperature of 

around 100-250 ℃. In addition, doped polypyrrole may decompose starting at 150℃ if 

heated in air 96, 97. Thus, inert gas can be introduced to reduce the decomposition. Based on 

this knowledge, experiments 1-3 were designed. The polymer was heated at a heating rate of 
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10 ℃ min-1 from 25℃ and held at 150℃ or 250℃ for 30 minutes, then heated at a rate of 

10 ℃ min-1 to 600℃ under N2 or air atmosphere. The measurement conditions are 

summarized in Table 3.5. The results are shown in Figure 3.3.   

 

Table 3.5. Measuring Conditions for TGA  

Experiment 
Holding 

Temperature (℃) 
Heating 

Environment 
1 150 Air 

2 250 N2 

3 250 Air 
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Figure 3.3. TGA diagram for (a) experiment 1, PEPC heated under air holding at 150℃ for 

30 minutes (b) experiment 2, PEPC heated under N2 holding at 250℃ for 30 minutes and (c) 

experiment 3, PEPC heated under air holding at 250℃ for 30 minutes. 

 

As shown in Figure 3.3 (a), 3.7% weight loss occurred at 150 ℃ during the 30 minute 

holding time, which was significantly lower than the theoretical weight loss of 70% if all the 

2-ehthylhexyl carbamate sidechains were removed from the sample, indicating the thermal 

decomposition of the carbamate sidechain hardly occurred. When the holding temperature 

was raised to 250 ℃, under a nitrogen atmosphere, as shown in Figure 3.3 (b), during the 30 

minutes holding time, 26.7% weight loss occurred, which was still much lower than the 

theoretical 70% weight loss, indicating the carbamate sidechain was only partially removed 

from the sample. Finally, the sample was heated at 250℃ held for 30 minutes under an air 

environment. As shown in Figure 3.3 (c), 42.2% weight loss occurred in the sample, which 

was still lower than the theoretical 70% weight loss, though it was higher than in experiments 

1 and 2. TGA results suggested that the degree of thermal decomposition of the 2-ethylhexyl 

carbamate sidechains on PEPC increases with the elevated temperature and heating under air 

facilitates sidechain removal compared to heating under nitrogen. However, the carbamate 

sidechain was not totally removed even under heating at 250℃ in air.  

FTIR spectroscopy was used to further evaluate the removal of the carbamate sidechain and 

the thermal stability of the PEPC polymer. Figure 3.4 (a) shows the whole FTIR spectrum of 

PEPC with the main characteristic peaks labeled on the diagram. The peaks at 730 cm-1, 770 

cm-1, and 1020 cm-1 correspond to pyrrole ring C-H out-of-plane bending 98–105. The peaks at 

1116 cm-1 and 1271 cm-1 represent the C-O stretching of the carbamate chain. The peak at 

1407 cm-1 is attributed to the C-N bond stretching between the carbamate chain and the 

pyrrole ring nitrogen. Peaks at 1460 cm-1 and 1510 cm-1 correspond to the pyrrole ring 98–105. 

The peak at 1460 cm-1 represents the pyrrole ring C-N stretching, C-C-N inter-ring and in-

plane bending and the peak at 1510 cm-1 represents the pyrrole ring C=C-C in-ring stretching, 

C=C intra-ring stretching and C-C inter-ring stretching. The peaks at 1460 cm-1 and 1510 cm-1 

show the conjugated structure of PEPC. The peak at 1720 cm-1 is a characteristic peak for the 

2-ethylhexyl carbamate sidechain because it represents the C=O stretching and only the 
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carbamate sidechain contains the C=O group in PEPC. The peaks at 2864 cm-1,2929 cm-1, and 

2960 cm-1 correspond to aliphatic C-H stretching, which are also the characteristic peaks for 

the carbamate sidechain since only the sidechain in PEPC contains aliphatic C-H. The broad 

peak at 3375 cm-1 corresponds to N-H stretching, indicating part of the sidechain was 

removed in the polymerization process thus, some of the N-H bonds were exposed. The FTIR 

peak information is summarized in Table 3.6. 

 

Table 3.6. FTIR Peaks of Assignments for PEPC 

Peak Position (cm-1) Description 

3375 N-H Stretch 

2864  

2929 

2960 

 

Aliphatic C-H Stretch 

1720 Carbamate C=O Stretch 

 

1510 

Py ring C=C-C in ring, including 

C=C intra-ring and C-C inter-ring  

stretch 

1460 Py Ring C-N stretch 

C–C–N inter-ring in-plane bending 

1407 O=C-N 

1271 

1116 

C-O stretching 

1020 C–H ring out-of-plane bending 

770 

730 

C–H ring out-of-plane bending 

 

Figure 3.4 (b)- (f) showed the FTIR spectra of PEPC before and after annealed comparison 

from experiment b-f. In each experiment, the same sample was used before and after 

annealing to quantitively determine the removal of carbamate sidechain. The annealed 
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conditions are summarized in Table 3.7. The annealing time for each of the experiments was 

30 min.  

 

Table 3.7. Annealing Conditions for FTIR Sample 

Experiment Anneal Temperature (℃) Atmosphare 

b 150 Air 

c 150 Nitrogen 

d 250 Nitrogen 

e 250 Air 

f 200 Air 

 

The peaks at 1720 cm-1 and ~3000 cm-1 were used to evaluate the removal of the carbamate 

sidechain since these peaks are characteristic peaks of the sidechain and exclusive to the 

polypyrrole backbone of PEPC. As stated above, the peak at 1720 cm-1 is the carbonyl group 

peak of C=O of the carbamate chain, and the peaks at ~3000 cm-1 are the peaks of aliphatic C-

H, which only originates from the sidechain. Here, peak areas were calculated by the 

integration of the peaks. As shown in Figure 3.4 (b), the peak at 1720 cm-1 has a peak area of 

31.2 and 26.3 before and after annealing, respectively, indicating that 15.7% of the sidechain 

was removed. The peaks at ~3000 cm-1 had peak areas of 68.9 and 67.1 before and after 

annealing, respectively, which corresponds to a 2.6% drop. The difference between the peak 

area drops of aliphatic C-H peaks and C=O peak is due to the product containing 2-ethylhexyl 

moieties from the thermolysis of carbamate chain, including 2-ethylhexanol, which were 

trapped in the sample, and the weight lost at this condition is largely due to the release of 

carbon dioxide. The weight loss was based on 15.7% sidechain removal and the correlated 

release of carbon dioxide was calculated to be 3.1%, which is well-matched with the TGA 

data (3.2%).  

As shown in Figure 3.4 (c), the peak at 1720 cm-1 has a peak area of 31.2 and 26.3 before and 

after annealing, respectively, indicating that 15.7% of the sidechain was removed. The peaks 

at ~3000 cm-1 had peak areas of 68.9 and 66.8 before and after annealing, respectively, which 
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corresponds to a 3.0% drop. As stated above, the difference in the peak area of C=O and 

aliphatic C-H peaks is due to the trapping of the thermolysis product(s). The results of 

experiment c were very close to those of experiment b, indicating no significant difference in 

the thermal decomposition of the 2-ethylhexyl carbamate sidechain of PEPC under nitrogen 

or air at 150 ℃. Moreover, under both conditions, only ~15% of the sidechain was removed, 

suggesting that 150 ℃ is inefficient for the thermal removal of the sidechain of PEPC.  

A higher temperature was used to evaluate the thermal removal of the carbamate sidechain of 

PEPC. As shown in Figure 3.4 (d), when annealed at 250 ℃ under nitrogen, the peak at 1720 

cm-1 had a peak area of 308.4. The exact peak before annealing has a peak area of 406.9. By 

comparison, it can be determined that 33.1 % of the sidechain was removed under this 

condition. The peaks at ~3000 cm-1 had peak areas of 970.2 and 667.8 before and after 

annealing, respectively, corresponding to a 31.2% drop, which matches with the peak at 1720 

cm-1, indicating that under this condition, the thermolysis products were no longer trapped in 

the sample. The weight loss calculated based on 33.1% of sidechain removal is 23.3%, which 

matches with the TGA data (26.7%). From Figure 3.4 (d), it can be observed that the peak 

area of the peak at 1510 cm-1, which corresponds to the pyrrole ring C=C-C stretching, had a 

55.5% drop from 33.9 to 15.1 after annealing, indicating the C=C-C bond was partially 

degraded, and the polypyrrole backbone had already started decomposing. This explains the 

slightly higher weight loss shown by the TGA data than the calculated value only based on 

sidechain removal. 

The same experiment was conducted under air and the result is shown in Figure 3.4 (e). It can 

be observed that the peak at 1720 cm-1 has a peak area drop of 46.3%, from 502.4 to 269.9, 

after annealing of 30 min under air at 250℃, indicating 46.3% of the sidechain was removed 

under this condition. The peaks at ~ 3000 cm-1 had peak areas of 1039.4 and 477.4 before and 

after annealing, respectively, corresponding to a 54.0% drop, which matches the peak area 

drop of the 1720 peak. The percent weight loss based on ~50% of sidechain removal is 

calculated to be 35%, lower than the TGA value of 42.2%. This is due to the thermal 

decomposition of the polypyrrole backbone at a high temperature and without nitrogen gas 

protection, which can be confirmed by the FTIR peak at 1510 cm -1. It can be clearly observed 

that after annealing, the peak at 1510 cm-1 is missing, indicating the decomposition of the 
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pyrrole ring. The more severe damage of the pyrrole ring under air than under nitrogen 

indicates that nitrogen does protect the polypyrrole backbone at some level. However, thermal 

decomposition was still observed when annealing under nitrogen at 250 ℃. 

Since 250 ℃ was so high a temperature that it may ruin the polypyrrole backbone, a lower 

temperature of 200 ℃ was used to further explore the thermal removal of the carbamate 

sidechain. As shown in Figure 3.4 (f), the peak area of the peak at 1720 cm-1 drops 17.8% 

from 853.5 before annealing to 702.0 after annealing, indicating 17.8% of the sidechain was 

removed. The aliphatic C-H peaks had a peak area drop of 21.7%, matched with the C=O 

peak. It can be observed that the peak area of the peak at 1510 cm-1 also drops 21.9%, 

indicating the pyrrole ring was partially ruined even at 200℃.  
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Figure 3.4. (a) PEPC FTIR Spectrum with peak assignments. (b) Comparison between before 

and after annealed at 150℃ in air. (c) Comparison between before and after annealed at 

150℃ in nitrogen. (d) Comparison between before and after annealed at 250℃ in nitrogen. 

(e) Comparison between before and after annealed at 250℃ in air and (f) Comparison 

between before and after annealed at 200℃ in air. 

 

Based on the TGA and FTIR results, it can be found that the carbamate sidechain of PEPC 

can be more readily removed at a higher temperature. However, a too-high temperature will 

damage the polypyrrole backbone and ruin the conjugated structure. Nitrogen can protect the 

polypyrrole backbone from decomposition to some extent; however, the sidechain is harder to 

remove in nitrogen as well. The decomposition of the polypyrrole backbone was significant 

even heated at 200 ℃ in air, and under this condition, the sidechain was only removed 17.8%. 

If annealed at 250 ℃ in air, the polypyrrole backbone was almost totally damaged; however, 

the sidechain was only half removed. Due to the trade-off relationship between the degree of 

sidechain removal and the degree of polymer backbone damage, the space to optimize the 
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annealing process is limited. Thermolysis does not appear to be an efficient method to remove 

sidechains from PEPC. 

 

3.4.3. Acid Removal of the Carbamate Sidechain of PEPC 

As previously stated, the alkyl carbamate chain is sensitive to acid. Thus, acid was applied to 

PEPC to study the carbamate sidechain removal under acidic condition. 2 mg of PEPC 

powder was stirred in 10 mL 5 M HCl methanol solution, under 50 ℃ for 2 hours, then 

washed with pure methanol and dried under vacuum for 24 hours. Another 2 mg of untreated 

PEPC was prepared. Both acid-treated and untreated PEPC powder was mixed with the same 

amount of dried KBr to make the FTIR sample pellet. The FTIR spectrum is shown in Figure 

3.5.  

 

Figure 3.5. Comparison of the FTIR spectra for PEPC before and after treated with HCl.  

 

As shown in Figure 3.5, the peak area of 1720 cm-1 peak is 27.2 and 22.9 before and after 

being treated with HCl, corresponding to a 15.8% removal of the carbamate sidechain after 

the acid was applied. The aliphatic C-H peak at ~3000 cm-1 had an 11% drop, from 56.3 to 
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50.3, after acid was applied, matching with the 1720 cm-1 peak area drop. To our surprise, 

based on the FTIR spectrum, it can be found that for PEPC, the carbamate sidechain was hard 

to remove even when acid was applied. It is known that the cleavage of a carbamate group 

under acidic conditions has a mechanism that involves the protonation of the carbamate 

oxygen, followed by a carbocation loss in the second step 30. For the tert-butoxycarbonyl 

(Boc) group, tert-butyl carbocations will be generated under the acidic conditions, resulting in 

carbamic acid formation, and finally giving an amine by decarboxylation (Figure 3.6). The 

carbocation has a stability of 3°>2°>1°, and for the Boc group, the tert-butyl carbocation it 

releases has a tertiary structure; therefore, the acid cleavage of the Boc group readily occurs 

since tertiary carbocations are the most stable ones. 2-ethylhexyl, however, will release a 

primary carbocation if acid is applied. Compared with the Boc group, the acid cleavage of the 

2-ethylhexyl carbamate will not be so feasible since the primary carbocation is less stable. 

This may explain why acid cleavage did not work well for PEPC.  

 

 
Figure 3.6. Mechanism of acid cleavage of Boc group. 

 

 

3.4.4. Optical, Electrochemical Properties and Thin Film Crystallinity (UV, CV, 

XRD) 

UV-Vis-Near-Infrared (NIR) spectroscopy was used to study the absorption properties of 

PEPC solution and thin films. The polymer thin films were fabricated through spin coating 

the 25 mg/ml solution in chloroform on a glass wafer. The optical properties of the thin films 

were investigated before and after annealing at 200 ℃. As shown in Figure 2.17, the PEPC 

chloroform solution has a peak absorption (λmax) of 242 nm and a broad absorption band with 
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an onset absorption (λonset) of 537 nm. PEPC thin films before and after annealing did not 

show an apparent peak absorption on the UV-vis-NIR spectra, probably because the peak 

absorption is below the measurement limit of the machine since noise started to show up 

below 240 nm. However, both films showed a broad absorption band. PEPC film before 

annealing had an onset absorption of 510 nm, and the film after annealing had a redshift onset 

absorption of 610 nm. The band gap (Eg) of PEPC film was calculated following the equation: 

𝐸) =
ℎ𝑐

𝜆$%&'(
 

where h is Planck’s constant and c is the speed of light. The calculated band gap for PEPC 

thin film before and after annealing were 2.41 eV and 1.94 eV, respectively.  

 

Figure 3.7. UV-vis-NIR spectra for PEPC solution (black line), film before annealed (red 

line) and film after annealed at 200℃ in air for 30 minutes (blue line). 

 

The solvent resistance of PEPC film after annealing at 200℃ for 30 minutes in the air was 

evaluated by treating the polymer film with chloroform. Specifically, a ~60 nm PEPC film on 

a glass substrate was submerged in chloroform in a covered petri dish for 5 minutes. The glass 
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sample was then taken out, dried, and subjected to the UV-vis-NIR measurement. As shown 

in Figure 3.8, the absorption profile for untreated film and the chloroform-treated film was 

not superimposed, indicating the film did not have a good solvent resistance for chloroform. 

Figure 3.9 compares the film before and after the solvent treatment, from which it can be 

clearly seen that the film was damaged after being soaked in chloroform. The insufficient 

solvent resistance was further evidence that the sidechain was not totally removed.  

 
Figure 3.8. Solvent resistance test by UV-Vis-NIR spectra for annealed PEPC film before 

(black line) and after (red line) treated with chloroform. 

    

Figure 3.9. Film quality comparison before (left) and after (right) treated with chloroform.  
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Cyclic voltammetry (CV) measurements of PEPC thin film before and after annealing at 

200℃ for 30 minutes in the air were conducted using transparent conductive indium tin oxide 

(ITO) glass as the substrate (Figure 3.10). PEPC exhibited a reversible oxidation process 

within the potential range from -1.20 to +1.20 V. The EHOMO of PEPC was determined through 

CV measurement following the equation below, in which ferrocene with an EHOMO of -4.8eV 

was used as the reference for the calculation 106 : 

𝐸+,-, = −𝑒 8𝐸$#$%&'( − 𝐸 ./
./!

9 − 4.8𝑒𝑉 

where e is the elementary charge and 𝐸 "#
"#!

 is the measured 𝐸$#$%&'( of ferrocene from the 

same CV device. The ELUMO was calculated through the difference between the Eg obtained 

from the UV-vis-NIR spectra and the calculated EHOMO from CV. For PEPC before annealing, 

the onset oxidation potential was 0.70 V, corresponding to a HOMO level of -5.50 eV, and 

the calculated LUMO level was -3.10 eV. For PEPC after annealing, the onset oxidation 

potential was 0.25 V, corresponding to a HOMO level of -5.05 eV, and the calculated LUMO 

level was -3.11 eV. The optical and electrochemical properties of PEPC before and after 

annealing are summarized in Table 3.7. 

 

 

Table 3.7. Optical and Electrochemical Properties of PEPC 

Experiment Condition  λmax (nm) λonset Eg(eV) 
HOMO 

(eV) 

LUMO 

(eV) 

Before Annealed 242 510 2.41 -5.5 -3.1 

After Annealed N.A. 610 1.94 -5.05 -3.11 
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Figure 3.10. CV diagram for PEPC (a) before annealed and (b) after annealed. 

 

The slightly higher HOMO energy level of the annealed PEPC can be attributed to the partial 

removal of the electron-withdrawing carbamate sidechain. However, both PEPC films before 

and after annealing showed a lower HOMO energy level than polypyrrole itself, which has an 

EHOMO of ~-4.0 eV 107,108. This can also be attributed to the electron-withdrawing carbamate 

(a) 

(b)  
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sidechain not being totally removed; therefore, the EHOMO of annealed PEPC is still higher 

than that of PPy. 

The two-dimensional grazing-incidence X-ray diffraction (XRD) spectroscopy was used to 

examine the crystallinity of PEPC films before and after annealing, and the results are shown 

in Figure 3.11. For the PEPC film before annealing, there was no significant peak in both in-

plane (IP) and out-of-plane (OOP) directions, indicating the polymer chains were amorphous 

and disordered. Upon thermal annealing at 200℃, there was still no significant (100) lamellar 

peak shown up in both in-plane and out-of-plane direction, indicating the crystallinity for the 

film after annealing was still very low. This could be attributed to the long carbamate 

sidechain was not totally removed. However, a broad peak at 2θ=21.0° showed up in the 

XRD pattern of both in-plane and out-of-plane direction, corresponding to a d space of 4.23Å. 

This peak may consist of the amorphous halo. It may also be attributed to the main chain π-π 

stacking, indicating the partial removal of the sidechain did help with a better π-π stacking of 

PEPC. 

 

(a) 
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(b) 

(c) 
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Figure 3.11. XRD spectra for PEPC film (a) before annealing in-plane cuts (b) before 

annealing out-of-plane cuts (c) after annealed in-plane cuts (d) after annealed out-of-plane 

cuts, (e) 2D Image before annealing and (f) 2D image after annealed.  

 

(d) 

(e) (f) 
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3.4.5. Conductivity Measurement of PEPC Thin Film 

The conductivity of PEPC film in different conditions was tested. Three common p-type ionic 

dopants for polypyrrole, including hydrochloric acid (HCl,5N), Ferric chloride (FeCl3), and p-

toluenesulfonic acid (p-TSA,5N) and molecular dopant 2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4TCNQ) were used to dope PEPC. The device for conductivity 

measurement was shown in Figure 3.12, which was an interdigitated two-electrode resistor. 

By conventional lithography and thermal evaporation, a silicon wafer substrate with a 300 nm 

thermally grown SiO2 top layer was prepatterned, in which a pair of gold electrodes were 

interdigitated, each with a channel length (L) of 30 μm and a channel width (W) of 15.8 mm 

and a W/L ratio of 527. Firstly, a PEPC film was deposited on the substrate by spin coating a 

PEPC solution in chloroform, followed by thermal annealing at a certain condition if 

annealing was needed. The thickness of the films before and after annealing was in the range 

of 50-60 nm. After the film was prepared, the device was swept by changing the bias from -1 

to +1 V to obtain an I-V curve. The doped polymer films were also measured for conductivity 

using the same procedure. The sample preparation conditions are summarized in Table 3.8.  
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Table 3.8. Summary of sample preparation conditions for conductivity measurement 

Experiment 
Annealing Temperature 

(℃) 
Annealing Atmosphere 

Annealing Time 

(mins) 
Dopant 

1 Not Annealed N.A. N.A Non-doped 

2 Not Annealed N.A. N.A HCl 

3 Not Annealed N.A. N.A FeCl3 

4 150 N2 30 HCl 

5 150 Air 30 HCl 

6 200 N2 30 HCl 

7 200 Air 30 HCl 

8 250 N2 30 HCl 

9 250 Air 30 HCl 

10 200 Air 30 FeCl3 

11 200 Air 30 p-TSA 

12 200 Air 30 F4TCNQ 

13 200 N2 30 F4TCNQ 

14 250 N2 30 F4TCNQ 

15 100-150-200 Air 
10min for each 

temperature 
HCl 

16 100-150-200 N2 
10min for each 

temperature 
HCl 

17 100-150-200 Air 
10min for each 

temperature  
F4TCNQ 
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Figure 3.12. Illustration of the device for polymer thin film conductivity measurement 32. 

 

Unfortunately, none of the PEPC films from experiments 1 to 17 showed significant 

conductivity. This could be explained by the low degree of sidechain removal and the 

damaged conjugated structure at the high annealing temperature. As stated in the previous 

section, at 150 ℃, only ~15% sidechain was removed, and at 200 ℃, the percentage was 

~17%. Besides, at 200℃, the conjugated structure of PEPC had already been damaged, and it 

was more damaged at 250 ℃. As explained in chapter one, the bulky sidechain is detrimental 

to polypyrrole conductivity since it will reduce the conjugation length and make the polymer 

structure twisted. In addition, the sensitivity of PEPC to the high temperature also limits its 

conductivity. The ruined pyrrole ring of the PEPC backbone will significantly reduce the 

conjugation length, thus significantly influencing the conductivity.  

 

3.5. Conclusions and Future Works 

In this work, a soluble polypyrrole derivative PEPC was synthesized in 45% yield by 

oxidative polymerization using ferric chloride as the oxidizing agent. The thermal stability of 

the polymer was tested through TGA and FTIR. The 2-ethylhexyl carbamate sidechain in 

PEPC is relatively stable and could not be totally removed even at 250 ℃. In contrast, the 

PEPC backbone is relatively thermal unstable, and the conjugated structure will be ruined at a 

temperature higher than 150 ℃. In addition, the primary carbamate chain was relatively 

stable to acid. Thus, acid could not totally remove the sidechain either. Therefore, though the 

goal of making the polypyrrole soluble was achieved, another goal of removing the sidechain 
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to recover its conductivity could not be achieved. Due to the long and bulky carbamate 

sidechain, PEPC was found to be an insulator.  

Though PEPC did not achieve the two goals simultaneously, it still paves a way to design new 

N-carbamate substituted polypyrroles. Since primary carbamates are hard to remove via either 

thermolysis or acid cleavage, long secondary or tertiary carbamates may be applied to be the 

sidechain of polypyrrole. Work done with N-Boc oligopyrroles showed that the Boc sidechain 

could be removed from the PPy backbone through thermolysis 31. However, the Boc group is 

too short to achieve high solubility of polypyrrole when the molecular weight is high. If a 

longer secondary or tertiary carbamate could be applied as the sidechain to PPy, it could be 

more easily removed through thermolysis or acid lysis, subsequently recovering the 

polypyrrole backbone and achieving good conductivity.   

 

3.6. Experiment Section 

Material Characterization 

The thermogravimetric analyses (TGA) were measured using TA Instruments SDT 2960 at 

scan rate of 10 ℃ /min, holding at 150	℃ or 250 ℃ for 30 minutes under nitrogen and air. 

Cyclic Voltammetry (CV) was measured on a CHI600E electrochemical analyzer using 

Ag/AgCl as reference electrode, with two Pt disk electrodes as working electrode and counter 

electrode, in a 0.1 M tetrabutylammonium hexafluorophosphate acetonitrile solution at a scan 

rate of 100 mV/s. Ferrocene with a EHOMO of -4.8 eV was used as reference system. Polymer 

films were deposited on the transparent conductive indium tin oxide (ITO) glass substrate for 

CV measurement. The UV-Vis spectra were obtained by Cary 7000 Universal Measurement 

Spectrophotometer. The NMR spectra were measured using a Bruker DPX 300 MHz 

spectrometer with chemical shifts relative to tetramethyl silane (TMS, 0 ppm). Two-

dimensional grazing-incidence X-ray diffraction (XRD) patterns were measured by a Bruker 

D8 Discover power diffractometer with Cu Ra (Rigaku) X-ray source (λ = 0.15418 nm) in 

standard Bragg-Brentano geometry.  

Doping of Polymer Films 

A doped annealed PEPC film was prepared by submerging the annealed film on the SiO2-Si 

substrate into a petri dish containing a 5 N acid solution in methanol of p-toluenesulfonic acid 
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(pTSA), hydrochloric acid (HCl) or 1.7 M FeCl3 solution in methanol. The petri dish with the 

dopant solution and the substrate coated with film was heated at 50 ℃ for 30 minutes on a 

hotplate. The doped polymer film was then washed with deionized water (18MΩ) and dried in 

air. 

Conductivity Calculation 

The conductivity of the polymer film was calculated following the equation: 

𝜎 = 𝐺
𝐿
𝐴

 

Where 𝜎 is the conductivity, G is the conductance (S), L is the length of the channel 

(3× 1024𝑐𝑚)	and A (𝑐𝑚0)	is area of the cross section of the polymer channel, which is the 

product of the film thickness (cm) and the channel width (1.581 cm) of the device. 
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Chapter 4． Study of the Synthesis of Poly[1-((2-ethylhexyl)oxy)-1H-

pyrrole] 

4.1. Introduction  

As stated in chapter 1, introducing an alkyl sidechain to the polypyrrole backbone will lead to 

a twisted structure, which is detrimental to conductivity. Compared with the alkyl sidechain, 

alkoxy sidechains with the smaller oxygen atom will have less steric hindrance than the alkyl 

chain, thus leading to a less twisted structure and reducing the negative influence of the 

sidechain on the conductivity of polypyrrole. Alkoxy sidechains have been used for some 

other conjugated polymers by our research group 34–37. To the best of our knowledge, no 

soluble N-substituted alkoxy polypyrrole has ever been synthesized. Herein, we explored the 

synthesis of soluble poly[1-((2-ethylhexyl)oxy)-1H-pyrrole] (PEOP) (Figure 4.1). 

 

Figure 4.1. Structure of PEOP. 

 

4.2. Polymer Simulation Based on Density Functional Theory 

Density Functional Theory (DFT) simulations were conducted to estimate the sidechain's 

influence on the polymer backbone's planarity. The simulation was performed using Gaussian 

09 with a B3LYP/6-31G(d) basis set. As shown in Figure 4.2 (a), the N-alkyl substituted 

pyrrole dimer had a dihedral angle of 67.2° between two pyrrole rings. In contrast, as shown 

in Figure 4.2(b), the N-alkoxy substituted pyrrole dimer had a dihedral angle of 66.0°, which 

is smaller than the N-alkyl substituted one. Thus, based on the DFT simulations, it was 

determined that the alkoxy sidechain indeed had less steric hindrance than the alkyl chain, 

which is expected to be beneficial for polymer conductivity.  
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Figure 4.2. DFT Simulation of N-alkyl substituted tetrapyrrole and N-alkoxy substituted 

tetrapyrrole. 

 

4.3. Monomer and Polymer Synthesis 

The synthetic route to PEOP used in this work is shown in Scheme 3.1. The detailed synthetic 

procedure and the NMR data are listed in Chapter 4.6. 

N-Alkyl Tetrapyrrole 

67.2° 

N-Alkoxy Tetrapyrrole 

66.0° 
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Scheme 4.1. Synthetic Route to PEOP 

 

Briefly, 3-(bromomethyl)heptane and 2-hydroxyisoindoline-1,3-dione were mixed in 

acetonitrile with TEA as the base to obtain 2-((2-ethylhexyl)oxy)isoindoline-1,3-dione (a). 

Subsequently, compound (a) was used to obtain O-(2-ethylhexyl)hydroxylamine (b) in the 

presence of hydrazine hydrate via Gabriel synthesis. The third step involved Clauson-Kass 

Pyrrole Synthesis, which combines a primary amine (b) and 2,5-dialkoxytetrahydrofuran to 

synthesize 1-((2-ethylhexyl)oxy)-1H-pyrrole (c) by condensation in the presence of acid. 
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Different methods for this step were tried and will be discussed in detail in section 3.4. 

Finally, compound (c) was used as the monomer to produce polymer (d) by oxidative 

polymerization with ferric chloride as the oxidizing agent.  

 

4.4. Results and Discussions 

Different reaction conditions were applied in step 3 to optimize the yield. The reaction 

conditions used are summarized in Table 4.1. 

 

Table 4.1. Reaction Condition for Synthesis of Monomer (f) 

Experiment Reaction Conditions Yield (%) 

1 Sulfuric Acid/Silica 30mins 9.2 

2 Sulfuric Acid/Silica 2hours 5.1 

3 Sulfuric Acid/Silica 12hours 0 

4 Pure ACOH 0 

5 

sodium acetate/water 

glacial acetic 

75C 2.5h 

7.5 

6 

sodium acetate/water 

glacial acetic 

75C 12h 

0 

7 

sodium acetate/water 

glacial acetic 

75C 1h 

12.5 

 

Among all the experiments, the highest yield of compound (c) was 12%. This yield was 

thought to be due to many side reactions occurring, which was confirmed by TLC and NMR. 

In addition, due to the very similar polarity of the desired product and side products, the 

desired product could not be totally purified through column chromatography. Nevertheless, 

the polymerization was still conducted with the monomer containing unavoidable impurities 
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since if the impurity cannot be polymerized, it would be possible to remove them in the 

purification procedure of the obtained polymer. 

The obtained polymer was characterized by FTIR spectroscopy first. As shown in Figure 4.3, 

the characteristic peak of polypyrrole derivative at ~1550 cm-1 was missing, indicating the 

conjugated C=C-C structure of the pyrrole ring did not exist in the obtained polymer 98–105. 

Therefore, the desired PEOP was not obtained, which was thought to be because the 

impurities remaining in the crude monomer interfered with the oxidative polymerization and 

therefore ruined the conjugation structure of the polypyrrole backbone. However, from the 

FTIR spectra, it can be seen that the alkoxy sidechain indeed existed in the polymer, 

confirmed by the peaks at 1460 cm-1, 1037 cm-1 and ~3000 cm-1 as the characteristic peaks for 

the alkoxy chain, which corresponds to the C-N, C-O stretching and aliphatic C-H stretching 

respectively 109. The peak descriptions of the FTIR spectra are summarized in Table 4.2.  

 

Table 4.2. Peak Assignments for FTIR 

Peak Position Description 

736 
771 

C-H bending 

1037 C-O Stretching 

1380 C-N Stretching 
C-N Vibration 

1460 C-N Stretching 
C–C–N Inter-ring In-plane Bending 

1620 Non-aromatic C=C Stretching 

2871 
2923 
2960 

 
Aliphatic C-H 
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Figure 4.3. FTIR Spectrum of the Obtained Polymer. 

 

The polymer was further characterized with FTIR spectra to explore the thermal stability of 

the sidechain. The polymer film was measured for FTIR before and after annealing at 

different temperatures for 30 min in different environments. The annealing conditions are 

summarized in Table 4.3.  

 

Table 4.3. Annealing Conditions for FTIR Samples 

Experiment 
Annealing 

Temperature 
(℃) 

Annealing 
Environment 

1 150 Air 
2 200 Air 
3 250 N2 
4 250 Air 
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As shown in Figure 4.4 (a), after annealing at 150 ℃ for 30 mins in air, the peak at ~3000 

cm-1 had a peak area drop from 80.2 to 69.6, indicating the sidechain was removed by 13.2% 

since the only part in the polymer that contains aliphatic C-H bonds is the alkoxy sidechain. 

When the annealing temperature was elevated to 200 ℃, the peak area drop increased to 

54.6%, as shown in Figure 4.4 (b); further increasing of the annealing temperature to 250℃ 

led to a peak area drop of 75.2% and 95.5%, when annealed in nitrogen and air respectively, 

as shown in Figure 4.4 (c) and (d). The results suggested that the degree of removal of the 

alkoxy sidechain increased with the increasing of the annealing temperature, and the air 

atmosphere facilitated the removal of the sidechain compared with the nitrogen atmosphere. 

More than half of the sidechain can be removed when annealed at 200 ℃, and it can almost 

be totally removed when annealed at 250 ℃. Based on the FTIR results, the alkoxy sidechain 

appears to undergo thermolysis at a high temperature.  

 

(a) 
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(b) 
 

(c) 
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Figure 4.4. FTIR spectra for the polymer before and after annealing under different 

conditions. 

TGA measurements were also conducted on the polymer to further explore its thermal 

properties. The polymer was heated at a heating rate of 10 ℃ min-1 from 25℃ and held at 

150 ℃ or 250 ℃ for 30 minutes, then heated at a rate of 10 ℃ min-1 to 600 ℃ under N2 or air 

atmosphere. The measurement conditions are summarized in Table 4.4.  

The results are shown in Figure 4.5 (a), (b), and (c), which correspond to experiments 1, 2, 

and 3, respectively. As shown in Figure 4.5, the weight loss after holding at a specific 

temperature for 30 minutes for experiments 1, 2, and 3 were 12.9%, 44.0%, and 44.3%, 

respectively. Since the structure of the polymer was challenging to determine, quantitively 

comparing the FTIR data and the TGA data was not practical. However, the trend of the 

weight loss shown on the TGA diagram matches with the FTIR data, that higher temperature 

corresponds to a higher degree of sidechain removal. The weight was reduced starting at a 

temperature as low as 100 ℃ (Figure 4.5 (c)), indicating that the sidechain might start 

thermolysis at as low as 100 ℃. 

 

(d) 
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Table 4.4. TGA Measuring Conditions 

Experiment 
Holding 

Temperature 
(℃) 

Heating 
Environment 

1 150 Air 

2 250 N2 

3 250 Air 
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Figure 4.5. Polymer TGA diagram for (a) annealed at 150℃ in air, (b) annealed at 250℃ in 

nitrogen and (c) annealed at 250℃ in air. 
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Solubility and processability were tested for the polymer. It was confirmed to have good 

solubility in different organic solvents, including chloroform, acetone, and dichloromethane 

(DCM). A concentration of 25 mg/mL polymer solution could be made using the solvents 

mentioned above, and by spin coating using the 25 mg/mL polymer solution, a 50-60 nm 

polymer film was deposited on glass or SiO2-Si wafer substrate, which satisfies the 

conductivity requirements for sensor application.  

XRD was performed to evaluate the crystallinity of the polymer films before and after 

annealing, and the results are shown in Figure 4.6. As shown in Figure 4.6 (a) and (b), there 

is no significant peak for the polymer film before and after annealing in both in-plane and 

out-of-plane directions, indicating the polymer chains were amorphous and disordered. The 

missing peak at 2θ=~20-25° indicates there is no π-π stacking in the polymer, which could be 

attributed to the non-conjugated structure of the polymer backbone.  

 

(a) 
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Figure 4.6. Polymer thin film XRD spectra for (a) before and after annealing in-plane cuts, 

(b) before and after annealing out-of-plane cuts, (c) 2D image before annealing and (d) 2D 

image after annealing 

(b) 

(c) (d) 
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Finally, the conductivity of the polymer film was measured using the same procedure and 

under the same conditions as PEPC (Table 3.9). Unfortunately, no significant conductivity 

was observed, which was presumed to be the result of the desired polypyrrole-based polymer 

not being obtained and a lack of the conjugation of the polymer, which was corroborated with 

the FTIR spectra.  

 

4.5. Conclusions and Future Works 

In this work, the desired polymer was not obtained due to the difficulties of purifying the 

monomer. The impure monomer led to an unsuccessful polymerization, and the obtained 

polymer did not have a polypyrrole backbone. However, the TGA and FTIR results suggest 

that the alkoxy sidechain did exist in the obtained polymer, and it could successfully be 

removed through thermolysis at a relatively mild temperature. Compared with the carbamate 

sidechain used in chapter 2, the alkoxy sidechain seems more suitable to be thermally 

removed because it can be almost totally removed at 250 ℃ and had started to decompose at 

a temperature as low as 100 ℃.  

In the future, a new synthetic method may be explored to get a higher yield of the pure 

monomer. If the N-alkoxy-substituted polypyrrole is successfully synthesized, due to the good 

thermal instability of the sidechain, polypyrrole may be recovered by thermal removal of the 

alkoxy sidechain at a mild temperature without ruining the conjugation structure of 

polypyrrole backbone, which was the issue that led to PEPC behaving as an insulator. This 

could be a good way to make polypyrrole soluble and, at the same time, maintain excellent 

conductivity.  

 

4.6. Experimental Section 

Materials and Characterization 

All the chemicals used in this project were purchased from Sigma-Aldrich, Fluka VWR, TCI, 

and Armstrong. Solvents used in the synthesis procedure were analytical grade and anhydrous 

or used as received. All column chromatography was conducted using silica gel (230-400 

mesh).  
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The density function theory (DFT) simulations were conducted using Gaussian 09 software 

with a B3LYP/6-31G (d) basis set. TGA, FTIR NMR and conductivity data were obtained 

using the same conditions as illustrated in chapter 2.6.  

 

Monomer Synthesis 

Synthesis of 2-((2-ethylhexyl)oxy)isoindoline-1,3-dione (a) 

N-hydroxyphthalimide (3.3 grams, 20 mmol), 2-Ethylhexyl bromide (3.3 grams, 10 mmol), 

triethylamine (3 mL, 40 mmol), and acetonitrile (50 mL) were charged to a 250 mL round-

bottom flask connected to a water-cooled condenser. The solution turned a deep red color 

upon addition of triethylamine indicating formation of the N-hydroxyphthalimide anion. The 

solution was stirred at reflux for 12 hours. After cooling, solvent was removed via rotary 

evaporator. The solution was then dissolved in ethyl acetate, washed three times with 50 mL 

water and three times with 50 mL brine, and dried with anhydrous sodium sulfate. Solvent 

was removed via rotary evaporator to yield a fluffy yellow solid (Rf = 0.55, 4:1 hexane:ethyl 

acetate). Yield: 2.56 grams (95%). NMR data is not available due to the product not being 

soluble in CDCl3. 

 

Synthesis of O-(3-ethylheptyl)hydroxylamine 

2-((2-ethylhexyl)oxy)isoindoline-1,3-dione (2.56 grams, 9.3 mmol) was dissolved in 

dichloromethane (50 mL). Hydrazine hydrate (2 mL, 40 mmol) was added dropwise to the 

solution under vigorous stirring. After approximately 10 minutes, a fluffy white precipitate 

formed. Reaction progress was analyzed via TLC by monitoring disappearance of the starting 

material; no starting material was observed after 45 minutes. The reaction was stirred for an 

additional 4 hours and subsequently washed three times with 50 mL water and one time with 

50 mL brine, and dried with anhydrous sodium sulfate. Solvent was removed via rotary 

evaporator yielding a yellow oil. 0.82g. yield: 61%. 1H NMR (300 MHz, chloroform-d 

𝛿/ppm): 3.53 (d, 2H) 
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Synthesis of 1-((2-ethylhexyl)oxy)-1H-pyrrole (b) Using Sulfuric Acid Support with 

Silica (SSA) (Experiment 1, 2 and 3 in Table 3.1) 

a. Preparation of the catalyst H2SO4·SiO2.  

To a slurry of silica gel (10 g) in dry diethyl ether (50 mL), concentrated H2SO4 (3 mL) 

was added upon shaking for 5 min. The solvent was evaporated under reduced pressure, 

and the catalyst was dried at 120°C for 3 h. 

b. Synthesis procedure for SSA catalyzed Clauson– Kaas reaction. 

To the mixture of SSA (125 mg) with silica gel (875 mg), 2,5-dimethoxytetrahydrofuran 

(DMTHF) (2 mmol) and O-(3-ethylheptyl)hydroxylamine (b) (2 mmol) were added. The 

mixture was grinded in a glass mortar with a pestle for 30 min, then left at room 

temperature for 30 minutes (experiment 1), 2 hours (experiment 2) and 12 hours 

(experiment 3). Progress of the reaction was monitored by TLC. After completion of the 

reaction, the mixture was dissolved in diethyl ether, then filtrated. The filtrate was dried 

under vacuum. The corresponding crude product was purified by column chromatography 

on silica gel with n-hexane and ethyl acetate as eluents. 

 

Synthesis of 1-((2-ethylhexyl)oxy)-1H-pyrrole (b) Using Pure Acetic Acid as Solvent and 

Catalyst 

Dimethoxytetrahydrofurane (DMTHF) (1.32 g, 10 mmol, 1 equiv.), O-(3-

ethylheptyl)hydroxylamine (b) (1.4525, 10 mmol, 1 equiv.) were put into AcOH (7.93 ml) 

and refluxed (80 ℃) for 45 min. The system was cooled and AcOH was evaporated. Water 

(30 mL) was added and extracted with petroleum ether (3 *30 mL). The organic layer was 

washed with water (3 *100 mL), dried over anhydrous sodium sulphate and evaporated. The 

resulting residue was purified by column chromatography.  

 

Synthesis of 1-((2-ethylhexyl)oxy)-1H-pyrrole (b) Using Acetic Acid and Water 

Sodium acetate (20 mmol) was dissolved, under stirring, in water (40 mL) at room 

temperature. To this solution, O-(3-ethylheptyl)hydroxylamine (b) (20.6 mmol) was added 

followed by glacial acetic acid (10 mL). The reaction mixture was heated at 75 ℃ for about 

10 minutes followed by addition of 2, 5-dimethoxytetrahydrofuran (DMT) (20.6 mmol) in a 
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drop wise manner into the vigorously stirred reaction mixture. The reaction mixture was 

allowed to stir at this temperature (75 ℃) for 1h. After cooling to room temperature, the 

reaction mixture was extracted with dichloromethane (50 mL), washed with brine, dried with 

anhydrous sodium sulphate and evaporated under reduced pressure. The crude compound was 

purified on silica gel using ethyl acetate: hexane as eluent. (12.5%). The desired product 

could not be fully isolated through column chromatography.  

 

Polymer Synthesis  

Synthesis of Poly-1-((2-ethylhexyl)oxy)-1H-pyrrole (d) 

1-((2-ethylhexyl)oxy)-1H-pyrrole (0.2 g) was dissolved in 10 mL CHCl3. The solution was 

maintained in an inert N2 atmosphere and under magnetic stirring. Anhydrous FeCl3 (0.4g) 

was quickly added to the solution upon stirring. After a polymerization time of 24 h, aqueous 

ammonia was added to the reaction mixture to de-dope the polymer obtained. The polymer 

precipitated as a black powder and was then washed with methanol until the filtrate was 

colourless. Finally, the crude polymer was dried under vacuum environment.  
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Chapter 5. Summary and Future Directions 

In this thesis, two polypyrrole-based polymers were designed and synthesized to explore a 

way to address polypyrrole's solubility issues without sacrificing its conductivity. The first 

design was to introduce a thermal removable carbamate sidechain to the N position of the 

polypyrrole backbone to achieve solubility and by removing the sidechain to achieve good 

conductivity. The second design was to introduce a low steric hindrance alkoxy sidechain to 

the N position of the polypyrrole backbone to achieve solubility and higher backbone 

planarity. As a result, good conductivity was expected.  

In Chapter 2, experimental methods, including polymer synthesis and characterization 

methods, were introduced and discussed. Through critical analysis of different organometallic 

polycondensation methods, it was found that the Yamamoto polycondensation was the most 

proper method to synthesize the poly(2-ethylhexyl 1H-pyrrole-1-carboxylate) (PEPC). 

Oxidative polymerization was also discussed. In addition, the characterization methods used 

in this project were introduced, including NMR, UV-VIS-NIR, CV FTIR, TGA, and XRD. 

In Chapter 3, a solution-processable polypyrrole-based polymer with a thermally removable 

sidechain, poly(2-ethylhexyl 1H-pyrrole-1-carboxylate) (PEPC), was designed. The synthesis 

of PEPC through Yamamoto polycondensation was studied. Synthesis of the high molecular 

weight of PEPC through Yamamoto polycondensation was unsuccessful. The possible reason 

could be that the carbamate sidechain reacts with the nickel catalyst competing with the 

bromo atom, and it still remains to be verified. PEPC was synthesized through oxidative 

polymerization, and the reaction condition was optimized to achieve the best yield. It was 

found that the 2-ethylhexyl carbamate side could only be ~20% removed when PEPC was 

annealed at 200 ℃ for 30 minutes in the air; however, the PPy backbone had already started 

to decompose under these conditions. Other methods to remove the sidechain were proven to 

either lead to less removal of the sidechain or more damage to the backbone. As a result, 

PEPC did not show significant conductivity due to the twisted structure caused by the 

unremovable sidechain. 

In Chapter 4, the solution-processable polypyrrole-based polymer poly[1-((2-ethylhexyl)oxy)-

1H-pyrrole] (PEOP) was designed, and the synthetic route of it was explored. Due to the 
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difficulties of purifying the monomer, we were not able to obtain the desired PEOP. However, 

it was found that the 2-(ethylhexyl)oxy chain could be removed through thermolysis at a 

milder temperature compared with the alkyl carbamate chain. At the annealing conditions of 

250 ℃ and 30 minutes in air, the sidechain was more than 95% removed based on the FTIR 

data.  

In the future, a carbamate sidechain with a secondary or tertiary structure of aliphatic chain 

may be introduced to the PPy backbone since it is more easily removed by thermolysis or acid 

cleavage compared to the 2-ethylhexyl carbamate sidechain, which has a primary aliphatic 

chain structure. Alternatively, a new synthetic route could be explored to synthesize the pure 

monomer of PEOP to obtain the desired polymer. The 2-(ethylhexyl)oxy sidechain may also 

be further explored for its thermally removable property and may be introduced to other 

conjugated polymers' backbones to achieve solubility and improve conductivity.   
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Appendix A 

 

 

Appendix A-1: 1H NMR Spectrum for the 2-ethylhexyl 1H-pyrrole-1-carboxylate in 

chloroform-d 
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Appendix A-2: 1H NMR Spectrum for the 2-ethylhexyl 2,5-dibromo-1H-pyrrole-1-

carboxylate in chloroform-d 
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Appendix A-3: 1H NMR Spectrum for the O-(3-ethylheptyl)hydroxylamine in chloroform-d 
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