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ABSTRACT 

Diversifying Catalysts, Monomers, Cross-Coupling Strategies and Functional Groups 

in the Controlled Synthesis of Conjugated Polymers 

September 2016 

Yunyan Qiu, B.S., Peking University 

Ph.D., Carnegie Mellon University 

Supervised by: Professor Kevin Noonan and Professor Tomasz Kowalewski 

 

The ability to precisely incorporate monomers into polymeric materials grants polymer 

chemists access to a variety of complex architectures. These materials are commonly prepared by 

living chain-growth polymerization techniques which have revolutionized the field of polymer 

synthesis. Catalyst-transfer polycondensation (CTP) is one of those chain-growth methods to 

afford well-defined conjugated polymers. Serving as active components in most of optoelectronic 

devices, conjugated polymers prepared by CTP exhibit improved device performance due to 

uniform polymeric structures. Some promising features CTP can provide include control over 

size and microstructure, good chain end fidelity and the construction of sophisticated polymeric 

frameworks with functionality. 

The frontier of CTP research now focuses on (a) understanding the exact mechanism, (b) 

monomer scope expansion by rational design of catalysts and conjugated monomers, and (c) 

obtaining conjugated materials with structural diversity. This dissertation details some of our 

endeavor towards diversifying the choice of catalysts, monomers, cross-coupling reactions and 

functional groups available in CTP process. 
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CHAPTER 1 

Controlled Synthesis of Conjugated Polymers 

1.1 Introduction 

Precision polymer synthesis enables chemists to prepare novel materials with control 

over composition, topology and functionality.1 Thanks to the rapid development of living chain-

growth polymerization techniques, multiblock copolymers with specific sequences and 

functionalities are constructed and have been found as promising materials in applications 

ranging from thin-film patterning to biomimetic engineering.2 While living anionic 

polymerization,3 controlled radical polymerization4 (CRP) and ring-opening metathesis 

polymerization5 (ROMP) protocols are well-estalished to make these kinds of functional 

materials, the controlled synthesis of conjugated polymers remains relatively underdeveloped.  

The high conductivity of polyacetylenes upon doping with iodine, discovered by 

Shirakawa, MacDiarmid, and Heeger, started the field of conjugated polymers.6 For this 

achievement, these three researchers were awarded the Nobel Prize in 2000. Since their initial 

discovery, conjugated polymers have been explored extensively in organic electronic devices, 

where performance largely depends on structure, molecular weight, dispersity and thin film 

morphology.7 Consequently, readily available synthetic tools to afford well-defined conjugated 

materials are needed to improve their device performance.8 

Conjugated polymers are commonly prepared using metal-catalyzed step-growth 

polymerization (AA/BB-type route) with prolonged reaction times and high temperatures. In a 

typical step-growth polycondensation reaction, the growing polymer chain and monomer have 

nearly identical reactivity, producing materials with limited control over the molecular weight 

and dispersity (Figure 1.1).9 High molecular weight polymers can be only generated with strict 

control over stoichiometry and high monomer conversion using a robust condensation reaction. 

This is challenging to achieve with these metal catalyzed reactions, particularly when exotic 
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monomers are used. This shortcoming leads to significant batch-to-batch variations of 

semiconducting polymer materials and makes comparisons from different research teams difficult. 

 

Figure 1.1. Graphic Illustration of a Typical Step-Growth Polycondensation Reaction. 

Converting a step-growth polycondensation reaction into a chain-growth process relies on 

differentiating the reactivity between the growing polymer chain and the monomer (Figure 1.2).10  

This was first observed in conjugated polymer synthesis by McCullough11 and Yokozawa12 who 

independently reported a controlled chain-growth polymerization (catalyst-transfer 

polycondensation, CTP) when synthesizing poly(3-hexylthiophene) (P3HT). Following this 

discovery, researchers have focused on (a) understanding the exact mechanism behind this 

controlled process, (b) monomer scope expansion using this method, and (c) obtaining conjugated 

materials with structural diversity (e.g., block copolymers).8,10,13 

 

Figure 1.2. Graphic Illustration of a Typical Chain-Growth Polycondensation Reaction. 
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1.2 Mechanism 

A typical catalytic cycle for metal catalyzed cross-coupling reactions is shown below 

(Figure 1.3, with Pd as an example). It involves oxidative addition, transmetallation, and 

reductive elimination to generate biaryl products. When using difunctional starting materials (X-

Ar-X, M-Ar'-M), step-growth polymers will be obtained. 

 

Figure 1.3. General Pd-Catalyzed Cross-Coupling Mechanism. 

In a chain-growth polycondensation reaction, the major difference from the 

aforementioned step-growth polymerizations is the formation of a metal polymer π-complex. The 

metal remains bound to the polymer chain after each reductive elimination and the catalyst 

undergoes intramolecular oxidative addition at the polymer chain end, leading to uniform well-

defined materials (Scheme 1.1). This enables the metal to not only serve as a catalyst but also as 

an initiator. Consequently, early reports by McCullough11 and Yokozawa12 exploring Kumada 

polymerization reactions for P3HT showed linear increase of molecular weights (Mn) with 

monomer consumption, controlled molecular weights with various monomer/catalyst ratios and 

ability to form complex structures such as block copolymers by simple monomer additions.  

Metal catalysts such as Pd or Ni can form π-complex with arene- or alkene-based 

conjugated molecules.14 However, direct evidence of a metal polymer π-complex has not been 

identified during the polymerization period for P3HT. Indirect evidence using a small molecule 

competition reaction generally provides guidance for selection of suitable catalysts to achieve a 

controlled polymerization process.  
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Scheme 1.1. Proposed Mechanism for Chain-Growth Kumada CTP. 

 

In 1976, Kumada and coworkers already indicated the presence of a possible associative 

π-complex where they found double-substituted product (dibutylbenzene) formation even using 

an excess amount of dihalogenated starting materials (dichlorobenzene) in a Kumada coupling 

reaction (Scheme 1.2, a).15 In 2004, McCullough and coworkers also reported a similar 

preferential reaction using 2,5-dibromothiophene (Scheme 1.2, b).11 These small molecule 

competition reactions then became widely used to identify suitable monomers and catalysts for 

CTP reactions.16  

Scheme 1.2. Small Molecule Competition Reactions. (Adapted with permission from 

Macromolecules 2013, 46, 8395-8405. Copyright 2013 American Chemical Society.) 
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The reaction requires 1 equivalent of the dihalogenated small molecule with 0.5 

equivalent of the coupling partner in the presence of a catalyst and if a preferential double-

substitution is observed, the associative π-complex is inferred (Scheme 1.2, c, path i). Otherwise, 

if the mono-substituted compound is formed as the major product, it is likely the catalyst 

dissociates after the first coupling event (Scheme 1.2, (c), path ii). 

1.3 Catalysts Employed 

Over the years, a variety of Pd or Ni based catalysts have been identified and successfully 

applied in the CTP process. Close examination of all the catalysts used in CTP demonstrate that 

they can strongly influence the polymerization.8 According to different initiation rates, the 

catalyst used in CTP can be divided into two catagories that are LnMX2 and LnM(Ar)X (L: 

ancillary ligands, X: leaving groups such as halogen atoms) (Figure 1.4).13 

 

Figure 1.4. Selected Nickel and Palladium Precatalysts (X = Leaving Groups, Ar = Aryl Groups, 

FG = Functional Groups). (Adapted with permission from Polym. Chem. 2015, 6, 7781-7795. 

Copyright 2015 Royal Society of Chemistry.) 

Precatalysts such as LnMX2 can be easily synthesized, however have limited solubility in 

the polymerization solvent (THF). Catalysts like LnM(Ar)X are soluble alternatives to LnMX2 and 

initiate faster (one transmetalation step). Additional benefits of LnM(Ar)X include distinct end 



 

6 

group formation from unidirectional propagation and modular initiation rates by modifying the Ar 

structure (Scheme 1.4).17 

Scheme 1.3. Electronic Influences of Substituents on Polymerization Initiation Rates. 

(Adapted with permission from Polym. Chem. 2015, 6, 7781-7795. Copyright 2015 Royal Society 

of Chemistry.) 

 

A variety of ancillary ligands have been used to promote chain-growth polymerizations 

such as monodentate phosphines (PtBu3),18 bidentate phosphines (dppp or dppe),19 carbenes,20 and 

diimines.21 The steric and electronic properties of these ancillary ligands can be fine-tuned by 

modifying the substituent (Figure 1.5).14a,20 Electron-rich ligands commonly outperform electron-

poor ligands in promoting chain-growth polymerizations due to stronger π-binding between the 

metal and the polymer chain.16a,22 

 

Figure 1.5. Electronic Influences of Ligands in Promoting Chain-Growth. (Adapted with 

permission from Macromolecules 2013, 46, 8395-8405. Copyright 2013 American Chemical 

Society.) 

1.4 Monomer Scope 

1.4.1 Electron-Rich Monomers  

Since the first discovery of a CTP process for synthesizing polythiophene, chain-growth 

polymerization reactions have been successfully applied to many other conjugated monomers. 
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With extending to non-thiophene monomers in 200623 and utilizing palladium as an alternative 

catalyst to nickel in 2007,24 the number of conjugated building blocks suitable for CTP rapidly 

increased over the last decade. 

Among them, electron-rich monomers are more developed than electron-deficient 

monomers. Polythiophenes,11-12,25 polyselenophenes,26 polytellurophenes,27 polypyroles,28 

polyphenylenes,23 polyfluorenes,24 polycyclopentadithiophenes29 and polydithienosiloles30 have 

been obtained in a chain-growth fashion (Figure 1.6).  

 

Figure 1.6. Selected Electron-Rich Polymers Synthesized using CTP. 

Most of the CTP reactions utilize organometallic A-B type conjugated monomers which 

are generated by metal/halogen exchange between dihalogenated monomer precursors and 

aliphatic Grignard (t-BuMgCl or i-PrMgCl) or lithium reagents (n-BuLi). Upon addition of 

catalysts to in situ generated monomer solutions, chain-growth polymerization reactions rapidly 

take place at 0 °C or room temperature. To observe the ideal living chain-growth polymerization, 

incomplete consumption of Grignard or lithium reagents has to be avoided since residual 

metalating reagents can terminate the growing polymer chain prematurely. Moreover, starting 

dihalogenated monomer precursors should be slightly in excess compared to metalating reagents 

suppressing the formation of dimetalated species which might cause chain-termination or transfer. 

However, the highly reactive nature of Kumada or Negishi monomers ultimately limits the choice 

of functional groups attached to the polymer backbone.  

By contrast, the introduction of A-B type Suzuki monomers in Pd-catalyzed chain-growth 

polymerizations significantly improves the scope of functional materials available by CTP 
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(Scheme 1.5).24 Particularly, Suzuki monomers can be obtained in high purity with extensive 

column chromatography. The mild reactivity of boronic esters or acids allows for the preparation 

of polymers with functional groups which may not be accessed by Kumada or Negishi CTP. 

Well-developed Ir-catalyzed direct borylations in organic chemistry31 also provide alternative 

methods in preparing Suzuki monomers circumventing the use of reactive metalating reagents. 

Though promising, Suzuki CTP often produces polymers with higher dispersities and lower 

molecular weights compared to those prepared by Kumada couplings, possibly due to the added 

water in the reaction mixture which is necessary to promote chain-growth polymerizations32 but 

can lower the solubility of prepared polymers. 

Scheme 1.4. Representative Suzuki CTP to Synthesize Polyfluorenes. 

 

To date, the majority of donor monomers investigated in CTP have been thiophene 

related compounds, with a variety of side chain substituents appended to the polymer backbone 

such as carbon, oxygen, or sulfur-based solubilizing groups. Besides thiophene related monomers, 

other 5-membered heterocycles such as pyrroles,28 selenophenes26 and tellurophenes27 have also 

been successfully applied in CTP. Thiophene fused aromatic monomers have been proven to be 

effective in polymerizing under a chain-growth fashion, but suffer for some complications when 

considering the livingness of the polymerization.29-30 These limitations may arise from the 

extended length of fused monomers subsequently causing catalyst dissociation during the reaction. 

Kiriy and coworker have previously demonstrated that Ni catalysts can initiate efficient chain-

growth polymerizations via intramolecular transfer over a ~1.1 nm long conjugated monomer.33 It 

might also be the reason why fluorene polymerizations are often less controlled than “shorter” 

monomers like thiophenes. Significant improvements in controlled synthesis of polyfluorenes 

have not appeared until 2012, where Wang and coworkers used Ni(acac)2/dppp as the catalyst in 
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Kumada CTP leading to polyfluorenes with high molecular weights and extremely low 

dispersities.19a  

1.4.2 Electron-Deficient Monomers  

Despite the large number of donor monomers that can undergo CTP, controlled 

polymerizations of electron-deficient monomers remain a challenge. Theoretically, electron-

deficient aromatic molecules should bind to metal catalysts (Ni or Pd) more strongly,34 

facilitating better chain-growth polymerizations. However, mechanistically both transmetalation 

and reductive elimination will be slow due to the electron-deficiency of the monomer. Most of 

electron-deficient monomer precursors are incompatible with metalating reagents to produce 

actual monomers in situ. 

To date, efforts have been made to develop effective catalytic systems for improved 

control in the polymerization of electron-deficient monomers (Figure 1.7). In 2008, Rasmussen 

and coworkers have first polymerized thienopyrazine monomers using CTP,35 followed by a 2014 

report by Koeckelberghs and coworkers attempting to synthesize similar structures in a Kumada 

CTP process.36 The rather uncontrolled nature of both indicates possible catalyst dissociation 

during the polymerization.  
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Figure 1.7. Selected Electron-Deficient Polymers Synthesized by CTP. 
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The first electron-deficient monomer that underwent controlled CTP was pyridine. In 

2012 Yokozawa and coworkers reported the synthesis of  poly(pyridine-3,5-diyl)s by Kumada 

CTP using Ni(dppp)Cl2 as the catalyst.37 Interestingly, the controlled synthesis of poly(pyridine-

2,5-diyl)s is problematic despite different cross-coupling methods employed, stemming from the 

competitive disproportionation by the nitrogen atom.38  

Another nitrogen-containing monomer benzotriazole has also been polymerized by CTP 

using computer-assisted rational design of catalysts.39 By calculating the binding energy between 

different Ni-diimine catalysts and the monomer, Seferos and coworkers have been able to identify 

the best performing catalyst that initiates the controlled synthesis of polybenzotriazoles. 

Subsequent research by the same group has been focused on synthesizing donor-acceptor block 

copolymers and statistical copolymers.40 Recently, Bielawski and coworkers first reported the 

controlled polymerization of an alternating donor-acceptor copolymer consisting of benzotriazole 

and hexylthiophene using Kumada CTP (Scheme 1.6).41 Polymer samples with molecular weights 

up to 25 kg/mol and dispersities lower than 1.4 can be obtained, further demonstrating the 

feasibility of electron-deficient benzotriazole monomers in CTP conditions. 

Scheme 1.5. Alternating Donor-Acceptor Copolymers by Kumada CTP. 

 

Extensive research has also been conducted by Kiriy and coworkers. In 2011, they 

demonstrated a chain-growth synthesis of an alternating copolymer containing fluorene and 

benzothiadiazole by employing Pd-catalyzed Suzuki CTP (Scheme 1.7).42 Although the prepared 

polymer has a low molecular weight, the strategy they used in designing the proper monomer by 

placing the halogen atom and boronic ester at different parts of the molecule provides certain 

guidance for others to construct more sophisticated building blocks. The same group is also 

known for their effort towards controlled synthesis of naphthalenediimide-based copolymers with 
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thiophenes.43 Different from conventional Kumada and Negishi cross-couplings, the 

polymerization involves an unusual anion-radical based monomer produced upon adding 

activated Zn to the dihalogenated precursor. Polymers with controlled molecular weights up to 

100 kg/mol can be obtained using Ni(dppe)Br2 or Ph-Ni(dppe)Br as catalysts. It is worth noting 

since rylenediimides-related conjugated motifs represent a very important class of high 

performing electron-transporting materials, although complete investigation of the reaction 

mechanism is needed. 

Scheme 1.6. Alternating Donor-Acceptor Copolymers by Suzuki CTP. 

 

A tremendous amount of progress has been made in the last decade on expanding the 

monomer scope of CTP. Despite all the progress, conjugated monomers that can undergo CTP are 

still limited, especially those which are electron-deficient. Better understanding of the reaction 

mechanism is required to elucidate the reason why certain monomers are not amendable to CTP.  

1.5 Architectures 

Due to the living, chain-growth nature of CTP, a variety of polymeric architectures can 

be prepared using this method including all conjugated polymers and conjugated/nonconjugated 

polymers. 

1.5.1 All Conjugated Polymers 

Among many architectures and monomers investigated, thiophenes with other group 16 

heterocycles such as selenophenes and tellurophenes are able to form the most diverse library of 

complex structures including block, gradient, and random copolymers when employing Kumada 

CTP (Figure 1.8).  
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Figure 1.8. Selected All Conjugated Polymers. 

Seferos and McNeil’s group both prepared the random and block copolymer between 

thiophenes and selenophenes.44 Gradient copolymers have also been reported by McNeil and 

coworkers.44c The successful preparation of these materials relies on the similar reactivity 

between different comonomers. Therefore, block copolymers are prepared by sequential 

monomer addition, where the second monomer is added to the reaction mixture after complete 

consumption of the first monomer. Similarly, gradient copolymers are synthesized via slow 

addition of the second monomer by syringe pump. These sequence-defined all conjugated 

polymers are of interest because they can phase separate and form unique thin-film morphology 

assisting charge separation in solar cells.  

In 2016, Seferos reported the first controlled synthesis of polytellurophenes and 

subsequently synthesized a block copolymer of P3HT and poly(3-ethylheptyltellurophene)s.27 

Though complete characterizations of this polymer have not been conducted, they found the 

block copolymer can be only synthesized by choosing P3HT as the first block, a phenomenon that 

has been observed previously.45 

Block copolymers between poly(2,5-bis(hexyloxy)-1,4-phenylene) (PPP) and P3HT were 

synthesized by Kumada CTP and characterized extensively.45-46 By careful selection of 

solubilizing groups appended to the polymer backbone, thin film morphology can be tuned from 

phase separation to uniform segments.47 Unique DNA-mimicking nanocaterpillar structures have 

also been overserved very recently.48 
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Complex block copolymers can also be produced using Kumada CTP. Koeckelberghs 

previously reported the controlled synthesis of polycyclopentadithiophenes and synthesized the 

block copolymer with P3HT.29 Similar to the aforementioned synthesis of tellurophene-

containing block copolymers, monomer addition sequence was found to be specific where more 

donor-type polycyclopentadithiophenes have to be the second block. 

Block copolymers of polydithienosiloles and P3HT have been independently prepared by 

Dubois and Kiriy’s group.30,49 Comparing different cross-coupling reactions they adopted, Kiriy’s 

method with Ni(dppe)Cl2 and a Negishi-type dithienosilole monomer afforded block copolymers 

with better control. 

1.5.2 Conjugated/Nonconjugated Polymers. 

The ability to combine the conjugated segment with the nonconjugated aliphatic segment 

into one uniform polymer chain significantly increases the scope of functional materials 

consisting conjugated polymers (Figure 1.9). The drastic difference between two distinct blocks 

allows these block copolymers to self-assemble into ordered nanostructures. Solution 

processibility is improved because of the incorporation of aliphatic polymers. Nevertheless, a 

decreased conductivity was often observable among these block copolymers.  

 

Figure 1.9. Selected Conjugated/Nonconjugated Polymers. 

Pioneering research has been done by McCullough and coworkers, where they prepared 

several block copolymers of P3HT with polystyrenes or polyacrylates.50 The nonconjugated block 

is typically synthesized from a polymeric macorinitiator which is prepared by post-

functionalization of the first conjugated block. Multiple steps including polymerizations and 

purifications are needed, inevitably limiting the application of this protocol. 
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In 2012, Bielawski and coworkers developed a one-pot synthesis route for the block 

copolymer of polythiophenes and polyisocyanides, merging two distinct mechanisms by using 

one single catalyst.51 This method bypassed synthesizing macroinitiators in advance and reduced 

steps needed to produce the final block copolymer. However, monomers that are amendable to 

this protocol are limited. 

In 2014, a one-pot copolymerization between thiophene monomers and vinyl-based 

monomers has been realized by Wu and coworkers.52 Vinyl-based monomers such as styrene, 

butyl acrylate, and alkoxyallene were polymerized first using a π-allynickel complex and then the 

active chain end of the first block was able to initiate the second thiophene block (Scheme 1.8). 

Moreover, a third block of polyalkoxyallenes can be further generated by successive monomer 

addition. 

Scheme. 1.7. One-Pot Synthesis of the Block Copolymer Consisting Polystyrenes and P3HT. 

(Adapted with permission from Chem. Rev. 2016, 116, 1950-1968. Copyright 2016 American 

Chemical Society.) 

 

1.6 Conclusions and Thesis Scope 

Over the years, a variety of cross-coupling reactions such as Suzuki (organoboron), 

Kumada (organomagnesium) and Negishi (organozinc) have been successfully applied in the 

CTP process involving different metal catalysts (Scheme 1.8).  

Scheme 1.8. Representations of CTP using Different Cross-Coupling Reactions. 
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After a brief review of CTP protocols above, it is surprising that despite all the progress 

over the decade, there is no systematic evaluation of how catalysts behave in different cross-

coupling reactions and it is important to synthesize the desired materials as to understand why 

some can only be prepared by certain catalysts using certain conditions.  Several other pressing 

problems include (1) the still limited choice of catalysts that initiate CTP and the restricted scope 

of cross-coupling reactions, and (2) the lack of functional groups in conjugated polymers due to 

the high reactivity of Kumada or Negishi monomers.  

The thesis work in the following chapters demonstrates some of our endeavor towards 

solving these problems and producing exciting materials using CTP. 

In Chapter 2, we have successfully expanded the monomer scope to another group 16 

hetercycle furan because furan is a “green” monomer and furan containing macromolecules often 

possess high planarity and rigidity. We have prepared regioregular head-to-tail and head-to-head 

poly(3-hexylfuran) using catalyst-transfer polycondensation. The resultant polyfurans have lower 

molecular weights but also low dispersities (Đ = 1.20~1.25). Extensive aggregation of the furan 

homopolymer led to investigation of an alternating furan-thiophene copolymer confirming that 

furyl-based monomers can polymerize in a chain-growth manner. The rather low stability of these 

furan related materials towards light and oxygen led us to the development of a mild and more 

functional group tolerant CTP protocol using different cross-coupling reactions other than 

Kumada. 

In Chapter 3, we used a commercially available Pd-NHC precatalyst to initiate Stille CTP 

for P3HT synthesis. The molecular weight of the resultant poly(3-hexylthiophene) could be 

modulated by varying the catalyst concentration. Mass spectrometry data confirmed control over 

the polymer end-groups and a linear relationship between Mn and monomer conversion was 

observed. However, the limited monomer scope and complicated purification procedures using 

Stille CTP along with the toxicity concern regarding tin byproducts made us choose alternative 

protocols. 
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In Chapter 4, we have demonstrated a chain-growth Suzuki polycondensation of an ester-

functionalized thiophene using commercially available nickel precatalysts to install functional 

groups into conjugated polymers. This is the first description of nickel-catalyzed Suzuki cross-

coupling for catalyst-transfer polycondensation and to further illustrate the versatility of this 

method, block and alternating copolymers with 3-hexylthiophene were synthesized. An ester-

functionalized furan monomer has also been polymerized using similar protocol. Though polymer 

samples were obtained with only moderate molecular weights, polyfurans consisting ester groups 

exhibited good end group fidelity and enhanced photostability. 

In Chapter 5, though the results are preliminary, we sought to investigate a direct lithium-

halogen cross-coupling protocol to synthesize conjugated polymers with ease and efficiency. 

Both electron-rich and electron-deficient polymers can be prepared using Pd or Ni catalysts. This 

method allows facile preparation of conjugated polymers with high yields. Molecular weight of 

the resultant polymer can be controlled by varying the catalyst loading. Interestingly, we have 

found that the same catalyst might behave differently regarding cross-coupling reactions used. A 

systematic evaluation of the catalyst performance in different cross-coupling strategies are 

necessary. And we believe that this should provide mechanistic insights of CTP and provide 

guidance for suitable combinations of catalysts and cross-coupling reactions to achieve the 

controlled synthesis of conjugated polymers. 
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CHAPTER 2 

Synthesis of Polyfuran and Thiophene-Furan Alternating Copolymers Using  

Catalyst-Transfer Polycondensation 

2.1 Introduction 

In the extensive exploration of organic semiconductors for optoelectronics, 

polythiophenes (PTs) are some of the most widely studied materials.1 Typically, a highly planar -

conjugated backbone is necessary to obtain good - stacking in the solid state, leading to 

materials with enhanced charge carrier mobility.2 For PTs, the energy required to twist the 

backbone is quite low,3 and consequently, solubilizing substituents must be incorporated in a 

controlled manner to obtain solution-processable materials without sacrificing planarity. The 

preparation of regioregular head-to-tail poly(3-hexylthiophene) (rr-P3HT) was an important 

synthetic achievement to this end,4 producing a material with superior electronic properties 

compared to its regioirregular analogues.5  

Additionally, the polycondensation process to synthesize P3HT was determined to 

proceed by a chain-growth mechanism,6 affording materials with controllable molecular weights 

and low dispersities. This controlled process CTP provides access to more complex 

semiconducting architectures as a means to further tune solid-state organization.7 With the 

exploration of chain-growth polymerization for PTs and polyselenophenes,8 it is surprising that 

controlled methods for the lighter group 16 heterocycle (furan) have not yet been reported.9  

The environmental impact regarding manufacturing and disposal of organic electronics is 

a concern.10 Furan is a biodegradable monomer that can be obtained from biomass, making it a 

green conjugated building block.11 The challenging synthesis of furan-based monomers as well as 

the suspicion of polyfuran instability12 have likely contributed to the limited examination of these 

polymers. Recent reports on oligofurans have illustrated that these materials are relatively 

stable;13 and they exhibit increased solubility, higher fluorescence and a lower propensity to twist 

Reprinted with permission from ACS Macro Letters, 2016, 5, 332–336.  
Copyright 2016 American Chemical Society. 
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as compared to oligothiophenes.14 Oligofurans are highly planar even with substituents in a head-

to-head orientation (HH-3,3’ substitution on adjacent rings).14b The steric strain between adjacent 

furan rings is lower due to the smaller oxygen atom as compared to sulfur. Moreover, the lower 

aromaticity of furan enhances quinoidal character in the polymer, resulting in shorter inter-ring 

bonds.15 

2.2 Results and Discussion 

In order to thoroughly investigate poly(3-hexylfuran) (P3HF), we prepared two different 

regioregular materials, one with the typical head-to-tail (HT) substitution similar to rr-P3HT, and 

the other with HH enchainment of the hexyl tails (Scheme 2.1). These polyfurans exhibit 

remarkably similar solid-state conformations regardless of the side-chain pattern, confirming the 

limited effect of the substituent orientation on polymer organization. While neither 

polymerization proceeded to high molecular weights, the low dispersities were an indicator of a 

possible chain-growth process. Extensive aggregation during polymerization led us to explore an 

alternating furan-thiophene copolymer to confirm that furan is amenable to chain-growth 

polymerization protocols.  

Scheme 2.1. Synthesis of HT-P3HF, HH-P3HF and P3HF-a-P3HT 

 

Furan-containing molecules are often sensitive to light and acid,13,16 and aqueous acidic 

work-ups are not suitable for any of the monomers synthesized (Compounds 2.1-2.3) in this 
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work. The brominated furans are especially sensitive to acidic conditions. Column 

chromatography using standard silica gel is problematic though basic alumina can be used as a 

substitute. 

Both HT-P3HF and HH-P3HF were synthesized using nickel-catalyzed Kumada 

coupling. The active monomer for HT-P3HF was generated by treatment of 2-bromo-3-

hexylfuran 2.1 (Scheme 2.3) with 2,2,6,6-tetramethylpiperidinylmagnesium chloride lithium 

chloride complex (TMPMgCl·LiCl), similar to previously reported protocols for PT.17 We 

conducted a quenching study of the monomer to confirm metallation at the 5-position and the 

major product was the expected 2-bromo-3-hexyl-5-iodofuran. The HH furan dimer (2.2) was 

converted into the active monomer species by combination with isopropylmagnesium chloride 

lithium chloride complex (i-PrMgCl·LiCl). Both polymerization reactions were initiated by 

adding Ni(dppp)Cl2 into the active monomer solution at 40 °C, and after 20 min, the reactions 

were quenched using 6 M methanolic HCl solution. Gel permeation chromatography (GPC) 

relative to polystyrene (THF) indicated modest molecular weights with relatively narrow 

dispersitities (Đ = 1.20~1.25, Table 2.1). However, when lower catalyst loadings were used, 

higher molecular weights could not be obtained.  

Table 2.1. Comparison of furan-containing polymers 

aGPC was recorded at 40 °C in THF versus polystyrene standards.  
 

During the polymerization of both the HT and HH polyfuran, significant aggregation was 

observed.  We suspect that the polymer aggregates as the reaction progresses and consequently, 

the growing macromolecule precipitates from solution with premature termination of chain-

Entry Sample % cat 
Mn(GPC)a 

[g/mol] 
Đ Yield 

1 HT-P3HF 20 3600 1.20 55% 
2 HT-P3HF 10 4100 1.25 73% 
3 HH-P3HF 10 2900 1.22 42% 
4 P3HF-a-P3HT 5 7700 1.58 46% 
5 P3HF-a-P3HT 2.5 10000 1.50 57% 
6 P3HF-a-P3HT 1.25 11900 1.41 35% 
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growth. The dispersities observed for the isolated polymer samples were encouraging that furan 

would still be suitable for CTP (Table 2.1, Entries 1-3). 

A metal polymer π-complex has been proposed as an intermediate in the catalytic cycle 

for these chain-growth processes, resulting in selective intramolecular oxidative addition at the 

polymer chain-end during polymerization.18 Small molecule experiments with a dihalogenated 

compound and a Grignard reagent can provide indirect evidence of the π-complex if exclusive 

double substitution is observed.6a When 1 equivalent of 2,5-dibromo-3-hexylfuran was combined 

with 0.5 equivalents of phenylmagnesium bromide in the presence of Ni(dppp)Cl2, 2,5-diphenyl-

3-hexylfuran was obtained preferentially (Scheme 2.2). This provides further evidence for nickel 

association to the furan ring and that aggregation is the barrier to obtaining higher molecular 

weight P3HF.  

Scheme 2.2. Preferential double substitution with furan, the percent yields are relative to 

Ph-MgBr. 

 

To probe whether furan is amenable to CTP, an alternating copolymer containing furan 

and thiophene was envisioned. This structure would lower the furan content along the polymer 

chain and provide a certain amount of torsion within the backbone to improve solubility. The 

thiophene-furan dimer (2.3) was synthesized (Scheme 2.4), activated using i-PrMgCl·LiCl and 

polymerized in THF.19 In the activation step, two possible sites (thiophene or furan) can be 

metalated by the Grignard reagent to produce the desired AB monomer. In 2,5-dibromo-3-

hexylthiophene, metalation at the less hindered 5-position is favored (monomer ratio ~ 4:1).20 

Interestingly, we observed  a ~4:1 mixture of metalated monomers when activating 2.3, but 

quenching studies indicated preferential activation of the bromine on the thiophene ring.  
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This result was surprising considering the halogen on the thiophene ring is more 

sterically hindered. To examine this further, a competition experiment was conducted by adding i-

PrMgCl·LiCl to an equimolar mixture of 2-bromofuran and 2-bromo-3-hexylthiophene. A 

preference for insertion into thiophene was observed, providing further support for the higher 

reactivity of this heterocycle towards Mg exchange. A similar reactivity preference has been 

noted previously.21 

The unexpected monomer activation does not inhibit polymerization, since a range of 

molecular weights could be achieved by manipulating the catalyst loading (Table 2.1, Entries 

4,5,6). The “reversed” thiophene isomer is not normally consumed in a Grignard metathesis 

polymerization however,20,22 in the presence of LiCl, the “reversed” monomer can be 

polymerized.23  The LiCl may play a similar role in the polymerization of monomer 2.3.  

A Mn versus conversion plot was obtained (Figure 2.1) for polymerization of 2.3 using 

1.25 mol % of Ni(dppp)Cl2. The two isomers were formed in a nearly 4:1 ratio upon activation 

with a small amount (~2%) of bismetalated monomer. Over the first 2 min, consumption of both 

isomers is observed after which time, the concentration of the minor isomer does not change 

dramatically while the major isomer is still consumed (Figure 2.4 and Table 2.2). The moderately 

linear relationship between Mn and total monomer conversion was indicative of a chain-growth 

process and the dispersities remained relatively constant (1.4-1.5).  

The higher dispersity is consistent with the previous report for the polymerization of a 

“reversed” thiophene monomer.23 Geng and co-workers observed the LiCl was necessary to 

produce HH enchainment of two thiophene monomers initially.23 They also noted HH coupling 

was much slower than HT or tail-to-tail (TT) and the HH event was responsible for slow initiation 

and low molecular weight tailing. We also observe tailing in the chromatograms for P3HF-a-

P3HT, suggesting slow initiation or some other complication. Initiation for 2.3 could also involve 

both the major and minor species and further studies are necessary to probe this behavior in more 

detail. The controlled molecular weights and Mn versus conversion plot for the furan-thiophene 
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dimer indicated CTP is applicable to furan-based monomers though typical insertion of Grignard 

reagents must be explored carefully. 

 

 

Figure 2.1. Plot of Mn versus conversion for polymerization of P3HF-a-P3HT using 1.25 mol % 

Ni(dppp)Cl2. 

The 1H NMR spectra obtained for all three polymers are shown in Figure 2.2. Close 

examination of the aromatic region (A, C, F and E) and the methylene signals of the hexyl chains 

(B, D, H and G) reveal primarily regioregular enchainment. In HT-P3HF, some signals appear 

slightly downfield of the major aromatic resonance at 6.47 ppm. 2D NMR analysis confirmed that 

these signals are part of the polymer backbone and reveal two other families of triads, we 

speculate that these are regiodefects in the polymer chain, similar to those reported for P3HT,24 

but further studies with model compounds are necessary to confirm this. We also observe 

primarily H/H terminated end-groups in this polymer. The major end group appears as two small 

aromatic signals at 7.22 and 6.39 ppm, which corresponds to an HT end-group. Interestingly, 

there is a similar end group observed in the long range COSY that indicates another HT end 

group affected by a nearby irregularity (likely a TT). Finally, a minor end group signal (7.18 ppm) 

likely corresponds to a TT end-group though again, model compounds are necessary to confirm 
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this. Overall, the major end group observed is HT and suggests bidirectional chain-walking as 

observed previously for P3HT.22b,25  

 

Figure 2.2. 1H NMR spectra of HT-P3HF, HH-P3HF and P3HF-a-P3HT collected at 22 °C in 

CDCl3, the * indicates H2O. 

In HH-P3HF, the polymer is highly regioregular, which is not surprising considering the 

regiochemistry of dimer 2.2. Two end groups are observed and are labeled in the supporting 

information (6.29 ppm for the Br terminated end group and 7.37 ppm, 6.37 ppm for the H 

terminated end group). In contrast to HT-P3HF, the major end group corresponds to a bromine 

and suggests some Br/Br chains.  Both the HT and HH-P3HF end groups suggest competitive 

termination reactions in these polymerizations and are consistent with the inability to alter 

molecular weight by changing catalyst loading.  

Long range 1H-13C coupling in the HMBC spectrum of P3HF-a-P3HT revealed the 

expected correlations for the ring resonances and confirmed the highly alternating nature of the 

polymer chain. The 1H NMR spectrum of the alternating polymer was slightly broader than that 

of the homopolymers and it was difficult to conduct end-group analysis or determine 

regioregularity.  We have also noted the color of all three polymers faded over a period of several 

hours in solution, which is caused by exposure to O2 and light.  
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Optical properties of all three polymers were probed both in solution and in the solid-

state (Figure 2.3 and Table 2.3). In THF, HT-P3HF and HH-P3HF have very similar maximum 

absorption peaks at 465 and 458 nm respectively, which are red-shifted from rr-P3HT (450 nm).26 

Both HT and HH polyfuran exhibit shoulders near 480-490 nm. These result from interchain 

excitons and vibronic couplings, indicating aggregation in solution.5 The well-defined absorption 

peaks of HT-P3HF and HH-P3HF suggest both polymers adopt a planar and rod-like structure in 

solution. In contrast, a featureless absorption profile was recorded for rr-P3HT (Figure 2.3). The 

alternating P3HF-a-P3HT produced a maximum absorption (476 nm) that is red shifted from 

both P3HF and rr-P3HT in solution. This may be attributed to a more planar backbone structure 

from lower strain between adjacent rings. Replacing different heterocycles with furan could 

potentially be used to enhance planarity in conjugated polymers as has been observed previously 

in donor-acceptor copolymers.27  

The maximum absorptions of P3HF closely match that of the previously reported HT-

poly(3-octylfuran) (max = 466 nm) in solution, suggesting a similar effective conjugation 

length.9c The previous report describing poly(3-octylfuran) indicated that regiorandom 

orientations of the repeat unit produced a blue shift  in the UV-Vis spectrum (max = 372 nm) as 

compared to the HT derivative.9c Considering the absorption spectra for HH-P3HF and HT-

P3HF are so similar, the HH orientation of the hexyl chains in a regioregular polymer exhibits 

little effect on the polymer conformation. This is consistent with recent reports on HH-enchained 

furan oligomers.14a,14b Remarkably, the solid-state absorption spectra for HT-P3HF and HH-

P3HF are nearly indistinguishable with similar λmax values and red-shifted shoulders. The optical 

bandgap (2.19 eV) calculated from the onset absorption wavelength for both P3HF polymers 

were the same. The regiocontrolled HH defect seems to have a negligible effect on backbone 

planarity in polyfuran, which correlates well with recent DFT calculations.14a In contrast, 

regioregular HH-P3HT has been synthesized and is significantly blue shifted from its HT analog. 
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In the solid state, regioregular HH-P3HT has a max = 428 nm (Eg edge = 2.9 eV) which is blue 

shifted by 133 nm from the max of HT-P3HT (561 nm, Eg edge = 1.9 eV).28  Clearly, the smaller 

oxygen atom plays a role in minimizing steric interactions between adjacent aromatic rings with 

substituents. The absorption maximum of the P3HF-a-P3HT thin film (531 nm) was situated 

between its two homopolymers, showing good agreement of a balanced bandgap (2.00 eV). 

 

 

Figure 2.3. Top Left - UV-Vis absorption spectra in THF for HT-P3HF, HH-P3HF and P3HF-a-

P3HT compared with rr-P3HT. Top Right - Solid-state UV-Vis of the 3 polymer samples 

compared with rr-P3HT. Bottom - Tapping-mode AFM phase images showing nanofibrillar 

structures of HT-P3HF, HH-P3HF and P3HF-a-P3HT. 

Tapping mode AFM images of the three polymer samples were obtained to further 

confirm the well-defined solid-state organization (Figure 2.3). The observed nanofibrillar 

structures indicate the formation of π-π stacked polymer chains, which is well known for rr-P3HT 

with narrow dispersity.29 Both HT and HH-P3HF tended to form elongated fibrils. The fibril 

widths determined from AFM images were equal to ~ 10 nm for the homopolymers, and were 

comparable with the average fully extended lengths of polymer chains based on their degree of 

polymerization (DP). Similar observations have been noted for moderate length (DP~60) narrow 
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dispersity rr-P3HT, and has been attributed to the perpendicular orientation of π-π stacked 

polymer chains with respect to the nanofibril axis.29   

Notably, the nanofibrils formed from the alternating polymer were much less distinct and 

uniform, which can be attributed to significantly higher dispersity of the P3HF-a-P3HT sample. 

The alternating polymer also exhibited marked sensitivity to light exposure during AFM 

characterization, with the surface morphology visibly deteriorating upon rescanning. The 

appearance of those regions under optical microscope also changed, in a manner consistent with 

photobleaching.  

Electrochemical properties of all three polymers were probed using cyclic voltammetry 

(CV) on a platinum disk working electrode in dry acetonitrile. Both HT and HH-P3HF showed 

quasireversible oxidation peaks with onset potentials at -0.013 and -0.039 V, respectively 

(referenced to the ferrocene/ferrocenium couple).  The corresponding HOMO energy level was 

determined to be -5.09 eV for HT-P3HF and -5.06 eV for HH-P3HF. The LUMO levels were 

calculated from the optical bandgap, since a reduction peak for polyfuran could not be obtained in 

acetonitrile (-2.90 eV for HT-P3HF and -2.87 eV for HH-P3HF). Both onset oxidation (0.09 V) 

and reduction (-1.93 V) potentials were obtained for P3HF-a-P3HT, indicating an 

electrochemical HOMO-LUMO gap of 2.02 eV. 

When characterizing all three polymers, we have noticed their sensitivity towards 

ambient light and oxygen. To compare polymer samples before and after exposure to both light 

and oxygen, we have conducted NMR, GPC and UV-Vis experiments using P3HF-a-P3HT. 

After each measurement, the polymer sample was placed under sunlight for 24 hours before 

retesting. NMR spectra before and after exposure are shown in Figure 2.4. The appearance of new 

peaks in NMR indicated structural changes due to possible ring opening reactions. Particularly, 

signals near 4.16 ppm might arise from allyl CH2 peaks which are adjacent to a thiophene ring 

after ring opening.9c The decreasing molecular weight evidenced by GPC spectra is possibly due 

to the loss of rigid configuration through the polymer backbone (Figure 2.5).30 The blue shifted 
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UV-Vis spectrum (Figure 2.6) after exposure to light indicated a decrease in effective conjugation 

length because of the same structural changes. However, other experiments are needed to further 

illustrate this. 

 

 

Figure 2.4. P3HF-a-P3HT NMR spectra before and after exposure to light and oxygen (top – 

before exposure. Bottom – after exposure.) 
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Figure 2.5. P3HF-a-P3HT GPC spectra before and after exposure to light and oxygen. 
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Figure 2.6. P3HF-a-P3HT UV-Vis spectra before and after exposure to light and oxygen. 

2.3 Conclusions 

In conclusion, we have designed and synthesized two regioregular poly(3-hexylfuran)s 

with head-to-tail and head-to-head side-chain substitution. These materials were prepared using 

catalyst-transfer polycondensation but aggregation during polymerization limited the molecular 
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weight of the samples. An alternating furan-thiophene polymer was also prepared to confirm that 

furan is amenable to chain-growth polymerization. Both polyfuran homopolymers adopt nearly 

identical backbone conformations in solution and in the solid-state, regardless of the solubilizing 

group regiochemistry. The data confirms that there is little steric strain from HH enchainment of 

alkyl groups in regioregular polyfuran. The ability to incorporate a biorenewable monomer into 

precise conjugated materials along with its impressive effects on polymer backbone 

conformation, should afford an array of unique new polymers for future investigation. However, 

the rather low stability of these furan related materials towards light and oxygen led us to the 

investigation of milder and more functional group tolerant CTP protocols using different cross-

coupling reactions other than Kumada, which will be discussed in the following chapters. 

2.4 Experimental 

Materials and Methods. All reactions and manipulations of air or water sensitive compounds 

were carried out under dry nitrogen using an mBraun glovebox or standard Schlenk techniques 

unless otherwise stated. Tetrahydrofuran was purchased from commercial sources, degassed with 

argon, and dried prior to use. Anhydrous dioxane was purchased and degassed with nitrogen prior 

to use. N-bromosuccinimide (NBS) was recrystallized from hot water prior to use. Ni(dppp)Cl2 

was obtained from Accela and 3-bromofuran from ChemImpex. All other solvents and chemicals 

were used as received from commercial sources. 

TMPMgCl·LiCl and i-PrMgCl·LiCl were titrated against benzoic acid using fluorene as the 

indicator. 2-(4-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane31 and 5,5'-dibromo-

3,3'-dihexyl-2,2'-bifuran (2.2)14b were prepared according to literature procedures. 2,5-dibromo-3-

hexylfuran was prepared similarly to 2,5-dibromo-3-octylfuran.9c Poly(3-hexylthiophene) (Mn = 

23,800,  Đ = 1.3 determined versus polystyrene standards in CHCl3) used in the UV-Vis study 

was prepared according to a literature procedure.32 

Polymer samples were precipitated with methanol and washed with both methanol and acetone 

before GPC analysis (Table 2.1). Polymer samples used for NMR analysis, UV-Vis spectroscopy, 
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atomic force microscopy and cyclic voltammetry were further purified by Soxhlet extraction 

using methanol, acetone, hexanes and chloroform. The chloroform extracts were used in the 

analysis. 

NMR Analysis. All NMR experiments were collected at 300 K on a two-channel Bruker 

AvanceTM III NMR instrument equipped with a Broad Band Inverse (BBI) probe, operating at 

500 MHz for 1H (126 MHz for 13C). 1H NMR spectra are referenced to residual protio solvent 

(7.26 for CHCl3) and 13C NMR spectra are referenced to the solvent signal (δ 77.23 for CDCl3). 

Long-range COSY (cosylrqf), edited-HSQC (hsqceedetgpsisp2.2) and echo/antiecho-HMBC with 

triple low-pass filter to remove one-bond correlations (hmbcetgpl3nd) are standard experiments 

from the Bruker pulseprogram library in TopSpin 3.1. The F2 proton-coupled HSQC was 

performed using the recently published Perfect-HSQC pulse program,33 kindly provided by Dr. 

Teodor Parella (http://sermn.uab.cat/2014/10/perfect-hsqc-experiments-pure-in-phase-spectra/). 

The HMBC experiments were optimized for 4 and 8 Hz long-range proton-coupling (nJCH).  

Mass Spectrometry. High-resolution mass spectrometry experiments (electrospray and electron 

impact) were performed in the School of Chemical Sciences Mass Spectrometry Laboratory at the 

University of Illinois, Urbana-Champaign. 

Gel-Permeation Chromatography. GPC measurements were performed on a Waters Instrument 

equipped with a 717 plus autosampler, a Waters 2414 refractive index (RI) detector and two SDV 

columns (Porosity 1000 and 100000 Å; Polymer Standard Services) with THF as the eluent (flow 

rate 1 mL/min, 40 °C). A 10-point calibration based on polystyrene standards (Polystyrene, 

ReadyCal Kit, Polymer Standard Services) was applied for determination of molecular weights. 

All polymer aliquots subjected to GPC were prepared by quenching ~0.2 mL of the polymer 

solution with ~1.0 mL of 6 M methanolic HCl. The precipitate was filtered and washed with cold 

methanol. The resultant polymer was dissolved in ~1 mL of THF, filtered through a 0.22 μm 

PTFE syringe filter, and analyzed. 
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GC-MS Analysis. GC-MS analysis was performed on a Hewlett-Packard Agilent 6890-5973 GC-

MS workstation. The GC column was a Hewlett-Packard fused silica capillary column cross-

linked with 5% phenylmethylsiloxane. Helium was used as the carrier gas. The following 

conditions were used for all GC-MS analyses: injector temperature, 250 °C; initial temperature, 

70 °C; temperature ramp, 10 °C/min; final temperature, 280 °C. All polymer aliquots subjected to 

GC-MS were prepared by quenching ~0.2 mL of the polymer solution with ~1.0 mL of acidic 

methanol (HCl:methanol, 1:200 v/v). This was diluted with 1 mL of diethyl ether in a 20 mL 

scintillation vial. 0.2 mL of this resultant solution was filtered through a 0.22 μm PTFE syringe 

filter into a 2 mL vial and diethyl ether was added to fill the vial.  Due to hydrolysis of the 

monomer in acidic methanol, conversion was calculated by integration of the nonadecane internal 

standard to protonated monomer. 

UV-Vis Spectroscopy. UV-Vis spectra of all three polymers were recorded on a Varian Cary 

5000 spectrophotometer. Solution measurements were conducted in THF at 0.005 mg/mL 

concentration. In the dark, under a dry nitrogen environment in a VAC glovebox, thin film 

samples were prepared from a spin-coating process.  22 × 22 mm glass cover slips were cleaned 

by spraying with fresh acetone, isopropanol and dried under a jet of filtered, dry N2. 5 mg/mL 

solutions of HT-P3HF, HH-P3HF, P3HF-a-P3HT and P3HT in dry toluene were heated to 80 

°C in amber glass vials for 10 min, filtered through a 0.22 μm PTFE syringe filter using a glass 

syringe, and re-heated for 5 min prior to spin-casting from hot solutions. The spin-coating 

conditions consisted of three cycles, a 400 RPM spreading cycle for 5 s, a 1000 RPM main cycle 

for 30 s and a 2000 RPM wicking cycle for 15 s. The films were annealed at 150 °C for 1 h under 

N2.  

Cyclic Voltammetry. Electrochemical potentials were determined using a CH Instruments 

Model 600C Series Electrochemical Analyzer/Workstation and a three electrode system 

consisting of a 1 mm2 platinum disk working electrode, a coiled platinum counter electrode, and a 

silver wire pseudo-reference electrode. Acetonitrile was degassed using Ar prior to use. A 
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solution of the polymer (0.5 mg/mL in toluene) was drop cast onto the working electrode. The 

electrode was immersed in acetonitrile with 0.1 M tetrabutylammonium hexafluorophosphate 

(Fluka, electrochemical grade) as the supporting electrolyte. Scans were collected under a 

constant argon purge at a scan rate of 100 mV/s.  Ferrocene was used as an internal standard and 

measurements were referenced to Fc/Fc+. Considering the oxidation potential of ferrocene is 

+0.40 V versus SCE in acetonitrile and the SCE electrode is –4.7 eV from vacuum,34 the HOMO 

and LUMO energy levels were estimated according to: 

EHOMO = – (E[onset, ox vs. Fc/Fc
+

] + 5.1) (eV)  ELUMO = – (E[onset, red vs. Fc/Fc
+

] + 5.1) (eV). 

Atomic Force Microscopy. The HT-P3HF and HH-P3HF samples were prepared under a dry 

nitrogen environment in a glovebox, whereas the P3HF-a-P3HT sample was prepared under 

ambient conditions. All samples were prepared from 0.5 mg/mL solutions in dry toluene, on 2 × 2 

cm silicon wafers with native oxide. In the dark, the solutions were heated to 80 °C in amber 

glass vials for 30 min, filtered through a 0.22 μm PTFE syringe filter using a glass syringe, and 

re-heated for 5 min prior to drop-casting hot solutions onto the wafers. The wafers were cleaned 

by spraying with fresh acetone and isopropanol and dried under a jet of filtered, dry nitrogen, 

followed by UV/Ozone treatment at 120 °C for 45 min, followed by an incubation period of 45 

min until cooled to 42 °C (Novascan PSD-UVT). The wafers were then placed under vacuum (10 

mTorr) for 90 min. The as-treated wafers were placed in a petri dish, completely covered with a 

minimum amount of solution, and allowed to dry slowly. The as-obtained films were imaged with 

a Bruker Dimension V hybrid AFM in tapping mode. 

Scheme 2.3. Synthesis of Monomer 2.1  
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3-hexylfuran (2.A).  An oven-dried 500 mL Schlenk flask was charged with 3-

bromofuran (15.0 g, 0.102 mol), Ni(dppp)Cl2 (0.555 g, 1.02 mmol) and 200 mL of 

dry THF. The flask was cooled to 0 °C using an ice-water bath. Hexylmagnesium bromide 

solution (2.0 M, 61.2 mL, 0.122 mol) was added dropwise to the solution by syringe. After 

stirring at 0 °C for 0.5 h, the mixture was warmed to room temperature overnight. The reaction 

was carefully quenched with saturated NaHCO3 solution at 0 °C and stirred for another 0.5 h 

before filtration through Celite. The solution was diluted with 150 mL of diethyl ether and 

transferred to a 500 mL separatory funnel. The organic layer was separated, washed with 

additional saturated NaHCO3 solution, dried over Na2SO4 and concentrated using rotary 

evaporation. The resultant yellow oily product was dissolved in 100 mL of hexanes and filtered 

through a basic alumina plug to remove residual catalyst and other impurities. The final product 

was purified by distillation at 55 °C under static vacuum and obtained as a clear liquid (6.24 g, 

40%). Dodecane is typically observed as a byproduct in these reactions and co-distills with the 

desired product. It is present in the 1H and 13C NMR spectra and there is some overlap with the 

alkyl signals of the 3-hexylfuran. 1H NMR (500 MHz, CDCl3) δ 7.34 (t, J = 1.7 Hz, 1H), 7.21 – 

7.19 (m, 1H), 6.28 – 6.25 (m, 1H), 2.41 (t, J = 7.6 Hz, 2H), 1.59 – 1.50 (m, 2H), 1.38 – 1.28 (m, 

6H), 0.91 – 0.86 (m, 3H). 13C NMR (126 MHz, CDCl3) δ 142.8, 138.9, 125.6, 111.3, 31.9, 30.2, 

29.2, 25.0, 22.8, 14.3. HR-EIMS (m/z): [M]+ calculated for C10H16O: 152.1201; 

found 152.1202.  

2-bromo-3-hexylfuran (2.1). In a 250 mL round-bottom flask, 3-hexylfuran (2.A) 

(6.24 g, 0.041 mol) was dissolved in 100 mL of benzene. The flask was cooled to 0 °C using an 

ice-water bath. NBS (7.44 g, 0.042 mol) was added into the solution in one portion and the 

reaction mixture was protected from ambient light. The mixture was slowly warmed to room 

temperature and stirred overnight. The reaction was quenched with saturated NaHCO3 solution 

and transferred to a 500 mL of separatory funnel. The organic layer was separated and the 

aqueous layer was extracted two more times using diethyl ether (2  50 mL). The organic extracts 
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were combined and washed with saturated NaHCO3 solution, dried over Na2SO4 and concentrated 

using rotary evaporation. The resultant crude product was dissolved in 100 mL of hexanes and 

filtered through a basic alumina plug to remove succinimide. The crude product was purified by 

distillation at 43 °C (100 mtorr) and the final product was obtained as a clear liquid (5.10 g, 

54%). 1H NMR (500 MHz, CDCl3) δ 7.37 (d, J = 2.1 Hz, 1H), 6.29 (d, J = 2.0 Hz, 1H), 2.33 (t, J 

= 7.6 Hz, 2H), 1.57 – 1.48 (m, 2H), 1.36 – 1.27 (m, 6H), 0.92 – 0.84 (m, 3H). 13C NMR (126 

MHz, CDCl3) δ 143.7, 124.2, 119.9, 113.2, 31.8, 29.6, 29.0, 25.3, 22.8, 14.3. HR-EIMS (m/z): 

[M]+ calculated for C10H15BrO: 230.0306; found 230.0313. 

Scheme 2.4. Synthesis of Monomer 2.3 

 

3-hexyl-2-(4-hexylthiophen-2-yl)furan (2.B). In a N2 filled glovebox, a 20 

mL scintillation vial was charged with compound 2.1 (1.71 g, 7.40 mmol), 

2-(4-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.17 g, 

7.40 mmol), Pd(PPh3)4 (0.43 g, 0.37 mmol), K2CO3 (3.07 g, 22 mmol) and 10 mL of dioxane. The 

vial was removed from the glovebox and 4 mL of water was added into the vial by syringe. The 

vial was immersed in an oil bath at 95 °C and the solution was stirred for 36 h before cooling to 

room temperature. The mixture was transferred to a separatory funnel, diluted with 100 mL of 

diethyl ether and washed with saturated NaHCO3 solution. The organic layer was dried over 

Na2SO4 and concentrated using rotary evaporation. The crude material was purified using column 

chromatography on silica gel using hexanes (Rf ~0.7) to afford the final product as a clear liquid 

(1.89 g, 80%). 1H NMR (500 MHz, CDCl3) δ 7.30 (d, J = 1.8 Hz, 1H), 7.05 (d, J = 1.4 Hz, 1H), 

6.83 (q, J = 1.1 Hz, 1H), 6.33 (d, J = 1.8 Hz, 1H), 2.65 – 2.57 (m, 4H), 1.68 – 1.57 (m, 4H), 1.45 

– 1.24 (m, 12H), 0.93 – 0.85 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 145.0, 143.7, 140.8, 133.6, 

124.3, 121.3, 118.7, 113.5, 31.9, 30.7, 30.6, 29.9, 29.4, 29.2, 25.9, 22.9, 14.32 and 14.30 (two 
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overlapping signals). Note: only 10 of the 12 possible signals from the hexyl chains are visible 

due to similarities between chemical environments. HRMS (ESI-TOF) (m/z): [M + H]+ calculated 

for C20H31OS: 319.2096; found 319.2095. 

5-bromo-2-(5-bromo-4-hexylthiophen-2-yl)-3-hexylfuran (2.3). In a 

250 mL round-bottom flask, compound 2.B (1.70 g, 5.34 mmol) was 

dissolved in 100 mL of THF. The flask was cooled to 0 °C using an 

ice-water bath, and NBS (1.94 g, 10.9 mmol) was slowly added to the solution under protection 

from ambient light. The reaction mixture was slowly warmed to room temperature and stirred 

overnight. The mixture was quenched with saturated NaHCO3 solution and transferred to a 500 

mL of separatory funnel. The organic layer was separated and the aqueous layer was extracted 

two more times using diethyl ether (2  50 mL). The organic extracts were combined and washed 

with saturated NaHCO3 solution, dried over Na2SO4 and concentrated using rotary evaporation. 

The crude material was purified using column chromatography on basic alumina using hexanes 

(Rf ~0.8) to afford the final product as a clear yellow liquid (1.69 g, 66%). 1H NMR (500 MHz, 

CDCl3) δ 6.89 (br s, 1H), 6.24 (br s, 1H), 2.59 – 2.48 (m, 4H), 1.64 – 1.50 (m, 4H), 1.41 – 1.23 

(m, 12H), 0.93 – 0.82 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 146.3, 142.6, 132.0, 124.5, 124.2, 

120.9, 115.1, 108.4, 31.8, 29.9, 29.73 and 29.72 (two overlapping signals), 29.3, 29.1, 25.8, 22.82 

and 22.81 (2 overlapping signals), 14.31 and 14.29 (2 overlapping signals). Note: only 11 of the 

12 possible signals from the hexyl chains are visible due to similarities between chemical 

environments. HRMS (ESI-TOF) (m/z): [M + H]+ calculated for C20H29Br2OS: 475.0306; found 

475.0304. 

Model Compound Reaction 

O

C6H13

Br Ni(dppp)Cl2
O BrPh

11%

Br
+ Ph MgBr

THF, 22 °C

O

C6H13

PhPh

89%

+

1 equiv. 0.5 equiv.

C6H13

 
In a N2 filled glovebox, a 20 mL vial was charged with 2,5-dibromo-3-hexylfuran (1.0 equiv. 0.25 

g, 0.81 mmol), Ni(dppp)Cl2 (2 mol %, 0.0087 g, 0.016 mmol), nonadecane as the internal 
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standard (0.206 g, 0.77 mmol) and 5 mL of THF. After 30 s of stirring inside the glovebox, an 

aliquot was withdrawn from the solution and subjected to GC-MS analysis to determine the initial 

ratios of starting material to the internal standard. Phenylmagnesium bromide (1.6 M, 0.25 mL, 

0.4 mmol) was then added to the vial dropwise at room temperature. After stirring for 1 h, an 

aliquot was removed and GC-MS analysis was performed to determine the relative ratio of 2,5-

diphenyl-3-hexylfuran and the bromophenylfuran isomers. 

General Polymerization Conditions 

HT-P3HF. The polymerization reaction was conducted under a N2 

atmosphere. A 100 mL Schlenk flask was charged with compound 2.1 (0.28 g, 

1.21 mmol) and 40 mL of THF. TMPMgCl·LiCl solution (0.76 M, 1.6 mL, 

1.22 mmol) was slowly added to the reaction solution at room temperature. The flask was then 

immersed in an oil bath at 40 °C. After stirring at 40 °C for 1 h, a calculated amount of 

Ni(dppp)Cl2 (20 or 10 mol %) was quickly added into the solution in one portion. The 

polymerization was stirred at 40 °C for 20 min and subsequently quenched with 6 M methanolic 

HCl. 200 mL of methanol was then added to the red polymer suspension along with 

dimethylglyoxime to scavenge the nickel catalyst. The resultant mixture was stirred at room 

temperature for 1 h under protection from ambient light. The final polymer was collected by 

centrifugation, dried in vacuo and stored in the glovebox as a red powder. Yield: Entry 1 (0.10 g, 

55%), Entry 2 (0.13 g, 73%) from Table 2.1. Note: The integrations include the small aromatic 

signals observed downfield from the major signal at 6.47 ppm. 1H NMR (500 MHz, CDCl3) δ 

6.47 (s, 1H), 2.90 – 2.75 (m, 2H), 1.79 – 1.65 (m, 2H), 1.52 – 1.43 (m, 2H), 1.43 – 1.22 (m, 4H), 

0.97 – 0.81 (m, 3H). 13C NMR (126 MHz, CDCl3) δ 146.0, 140.9, 124.5, 109.0, 32.0, 30.3, 29.5, 

25.6, 22.9, 14.4. 

HH-P3HF. The polymerization reaction was conducted under a N2 

atmosphere. A 100 mL Schlenk flask was charged with compound 2.2 
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(0.57 g, 1.24 mmol) and 40 mL of THF. i-PrMgCl·LiCl solution (1.3 M, 0.9 mL, 1.17 mmol) was 

slowly added to the reaction at room temperature. The flask was then immersed in an oil bath at 

40 °C. After stirring at 40 °C for 1 h, an aliquot was withdrawn and subjected to GC-MS analysis 

to determine the monomer content (84% active monomer, 11% starting material, 5% 

bismetallated compound).  Ni(dppp)Cl2 (66.7 mg, 0.12 mmol)  was then quickly added into the 

solution in one portion. The polymerization was stirred at 40 °C for 20 min and subsequently 

quenched with 6 M methanolic HCl. 200 mL of methanol was then added to the red polymer 

suspension along with dimethylglyoxime to scavenge the nickel catalyst. The resultant mixture 

was stirred at room temperature for 1 h under protection from ambient light. The final polymer 

was collected by centrifuge, dried in vacuo and stored in the glovebox as a red powder. Yield: 

Entry 3 (0.16 g, 42%) from Table 2.1.  1H NMR (500 MHz, CDCl3) δ 6.52 (s, 2H), 2.85 – 2.70 

(m, 4H), 1.75 – 1.65 (m, 4H), 1.50 – 1.40 (m, 4H), 1.40 – 1.21 (m, 8H), 0.95 – 0.80 (m, 6H). 13C 

NMR (126 MHz, CDCl3) δ 145.0, 142.0, 124.9, 108.8, 32.0, 30.5, 29.5, 25.6, 23.0, 14.3. 

P3HF-a-P3HT. The polymerization reaction was conducted under a 

N2 atmosphere. A 50 mL Schlenk flask was charged with compound 

2.3 (0.29 g, 0.61 mmol) and 20 mL of THF. The flask was cooled to 0 

°C, and i-PrMgCl·LiCl solution (1.3 M, 0.46 mL, 0.60 mmol) was slowly added to the reaction 

mixture. After stirring at 0 °C for 15 min, the flask was immersed in an oil bath at 35 °C and 

stirred for 0.5 h. An aliquot was then withdrawn and subjected to GC-MS analysis to determine 

the content of active monomer (70% major, 17% minor, 11% starting material and 2% 

bismetallated compound). The mixture was cooled to room temperature and stirred for another 

0.5 h.  A calculated amount of Ni(dppp)Cl2 (5, 2.5 and 1.25  mol %) was then quickly added into 

the solution in one portion. The polymerization was stirred at 22 °C for 30 to 40 min then 

quenched with 6 M methanolic HCl. 200 mL of methanol was then added to the red polymer 

suspension along with dimethylglyoxime to scavenge the nickel catalyst. The resultant mixture 

was stirred at room temperature for 1 h under protection from ambient light. The final polymer 
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was collected by suction filtration, washed with methanol and acetone, dried in vacuo and stored 

in the glovebox as a red powder. Yield: Entry 4 (0.09 g, 46%), Entry 5 (0.11 g, 57%) and Entry 6 

(0.07 g, 35%) from Table 2.1.  1H NMR (500 MHz, CDCl3) δ 7.06 (br s, 1H), 6.42 (br s, 1H), 

2.97 – 2.78 (m, 2H), 2.73 – 2.63 (m, 2H), 1.81 – 1.65 (m, 4H), 1.58 – 1.43 (m, 4H), 1.42 – 1.20 

(m, 8H), 0.96 – 0.80 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 147.7, 143.9, 140.0, 131.0, 125.8, 

125.7, 124.3, 110.6, 32.1, 32.0, 30.5, 30.2, 29.8, 29.4, 26.2, 23.0, 22.9, 14.4. Note: only 10 of the 

12 possible signals from the hexyl chains are visible due to similarities between chemical 

environments. 

Procedure for obtaining Mn versus conversion plot 

The polymerization reaction was conducted under a N2 atmosphere. A 50 mL Schlenk flask was 

charged with compound 2.3 (0.29 g, 0.61 mmol), nonadecane as internal standard and 20 mL of 

THF. The flask was cooled to 0 °C using an ice-water bath, and i-PrMgCl·LiCl solution (1.3 M, 

0.46 mL, 0.60 mmol) was slowly added to the reaction mixture. After stirring at 0 °C for 15 min, 

the flask was immersed into an oil bath at 35 °C and stirred for 0.5 h. An aliquot was then 

withdrawn and subjected to GC-MS analysis to determine the initial ratio of monomer to the 

internal standard. The mixture was cooled to room temperature and stirred for another 0.5 h. 

Ni(dppp)Cl2 (4.2 mg, 0.0077 mmol) was then quickly added into the solution in one portion. 

Aliquots (~0.4 mL) were withdrawn after 0.5, 2, 5, 10, 20 and 40 min to determine the monomer 

conversion (major + minor using GC-MS) and polymer molecular weight (GPC). All results are 

summarized in Table 2.2 below.   

Table 2.2. Data used to construct Mn versus total monomer conversion plot. 

Time (min) Total Monomer Conv. Molecular Weight (Mn) Dispersity 

0.5 16 3300 1.32 
2 25 6500 1.50 
5 52 9200 1.43 

10 67 10600 1.41 
20 73 11700 1.40 
40 79 11900 1.41 
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Figure 2.7. Stack Plot of GC-MS Traces from the Mn versus conversion plot. The signal at ~13 

min corresponds to nonadecane which was used to determine conversion. The two isomers 

correspond to H-terminated monomer and are observed near 19 min. The dibromo starting 

material 2.3 is observed at ~21 min. 

nonadecane 
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Table 2.3. Summary of optical and electrochemical properties of HT-P3HF, HH-P3HF and 

P3HF-a-P3HT. 

λmax 
(nm) 
THF 

λmax 
(nm) 
film 

Eg
opt 

(eV)a 
Eox 

(eV)b 
Ered 

(eV)b 

HOMO
AVG 

(eV)c 

LUMO
AVG 

(eV) 
Eg

CV (eV) 

HT-
P3HF 

465 489 2.19 
-0.013 

+/-  0.037 
- -5.09 -2.90d – 

HH-
P3HF 

458 486 2.19 
-0.039 

+/-  0.030 
- -5.06 -2.87d – 

P3HF-
a-

P3HT 
476 531 2.00 

0.090 
+/- 0.034 

-1.93 
+/- 

0.030 
-5.19 -3.17c 2.02 

aDetermined by the onset of absorption edge (UV-Vis).bDetermined by the average of initial 
onset and derivative onsets of oxidation and reduction potentials by cyclic voltammetry.  
cEstimated by the average onset of oxidation and reduction potentials by cyclic voltammetry. 
dDetermined from the optical bandgap. 
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CHAPTER 3 

Stille Catalyst-Transfer Polycondensation using Pd-PEPPSI-IPr for High Molecular Weight 

Regioregular Poly(3-hexylthiophene) 

3.1 Introduction 

Condensation polymerization, which is commonly employed to prepare -conjugated 

materials for organic electronics, proceeds by a step-growth mechanism making it difficult to 

tailor molecular weight and dispersity.  The development of catalyst–transfer polycondensation 

(CTP) in 20041 has enabled the synthesis of precision π-conjugated materials through a chain-

growth polymerization process.2 Selection of a suitable monomer and catalyst will result in 

controlled molecular weights and low dispersity, typically using Kumada and Suzuki-Miyaura 

cross-coupling protocols.2 However, the number of conjugated building blocks which undergo 

CTP is still limited, which can be improved through enhanced mechanistic understanding of the 

reaction, catalyst development and alternative transmetallating agents.2a  

Stille coupling is one of the most versatile methods for preparing highly functional 

semiconducting polymers via step-growth polycondensation of A-A B-B monomers.3 

Surprisingly, exploration of chain-growth polymerization with tin-based transmetallating agents 

remains limited.4 Stille coupling should provide access to chain-growth polymerization of 

conjugated monomers that may be sensitive to nucleophilic Grignard reagents (n-type 

monomers).5 Herein, a commercially available palladium N-heterocyclic carbene (NHC) complex 

(Pd-PEPPSI-IPr) was used to induce Stille CTP of the A-B monomer SnHTBr (Scheme 3.1). 

The resultant poly(3-hexylthiophene) (P3HT) was regioregular and the molecular weight could 

be controlled by varying the catalyst concentration. 

While Ni(dppe)Cl2 and Ni(dppp)Cl2 are the most common precatalysts used for CTP 

(Kumada and Negishi coupling),2 palladium systems have recently been employed to broaden the 

scope of cross-coupling strategies available.5d,6 The palladium-based CTP catalysts are bound to 

bulky, electron-rich phosphine ligands such as PtBu3 or RuPhos. The ligand scope was expanded 

Reprinted with permission from Macromolecular Rapid Communications, 2015, 36, 840-844.  
Copyright 2015 John Wiley and Sons. 
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to -donating NHCs when Pd-PEPPSI-IPr7 was used to initiate Kumada and Suzuki CTP of 

several aryl monomers.8 The successful application of carbene-based catalysts in CTP as well as 

their widespread use in cross-coupling,9 led us to explore Pd-NHCs in a Stille chain-growth 

process of the benchmark material, P3HT.10  

Scheme 3.1. Synthesis of poly(3-hexylthiophene) using a Pd-NHC catalyst.  

 

3.2 Results and Discussion 

Mechanistically, chain-growth polycondensation proceeds through a repeating oxidative 

addition (OA), transmetallation and reductive elimination (RE) sequence. The RE in each 

catalytic cycle is followed by formation of a metal-polymer -complex, resulting in 

intramolecular OA at the polymer chain-end. Model compound reactions can be used to provide 

evidence of an intramolecular OA event.1a,11 Herein, a model compound experiment was 

conducted by combining one equivalent of compounds 3.1 and 3.2 in THF at 60 °C with 2 mol % 

of Pd-PEPPSI-IPr and CsF as an additive (Scheme 3.2).  After 24 h, 3.2 was nearly completely 

consumed and terthiophene 3.3 and bithiophene 3.4 were formed in a 83:17 ratio (Supporting 

Information). Preferential double substitution (e.g, 3.3) is indicative of intramolecular OA and 

suggests Pd-PEPPSI is a suitable catalyst for Stille CTP of thiophene. 

Scheme 3.2. Investigation of preferential double substitution using the PEPPSI catalyst 

system. The percent yields listed for 3.3 and 3.4 are reported with respect to compound 3.2. 
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The polymerization of SnHTBr (Scheme 3.1) was explored using similar conditions to 

the model reaction. Monomer consumption proceeded smoothly at 40 °C and was nearly 

complete within 120 min using 2 mol % catalyst.  The reaction mixture was quenched (90% 

conversion – P3HT50) using 6 M methanolic HCl solution and the precipitated polymer was 

washed with cold methanol, hexanes and acetone to remove any remaining monomer and short 

oligomers. A series of polymerizations were conducted to ensure molecular weight control could 

be obtained by altering the [monomer]/[catalyst] ratio (Table 3.1 and Figure 3.1). All 

polymerizations were stopped between 70 – 90% monomer conversion to prevent any chain 

termination events since McNeil and coworkers have observed catalyst stability issues once the 

monomer is fully consumed.8a 

Table 3.1. Comparison of P3HT samples prepared by adjusting [monomer]/[catalyst] ratio. 

Samplea 
Time 
(min) 

Conv.b (%) Mn (GPC)c Đ Mn (NMR)d 

P3HT25 80 73 7000 1.14 5100 
P3HT33 110 89 9500 1.18 6600 
P3HT50 120 90 14000 1.24 8600 
P3HT100 125 84 23800 1.30 14200 
P3HT200 140 81 45600 1.43 27300 
P3HT400 150 74 73300 1.53 45000 

aSubscripted sample numbers correspond to the [monomer]/[catalyst] ratio used in the 
polymerization. bConversion was determined by GC-MS using nonadecane as the internal 
standard, yields are provided in the supporting information. cGPC was recorded at 40 °C in 
chloroform versus polystyrene standards. dMn was calculated based on end-group analysis using 
1H NMR spectroscopy.  
 

Gel permeation chromatography (GPC) of the P3HT50 relative to polystyrene in 

chloroform indicated a unimodal distribution (Mn = 14,000) with a fairly narrow dispersity (Đ = 

1.24). This narrow dispersity is indicative of a chain-growth mechanism and when degrees of 

polymerization (DP) above 100 were targeted, higher molecular weight distributions (1.4-1.5) 

were obtained (Table 3.1). A termination process is likely occurring as the polymerization 

proceeds to higher molecular weights. 
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Figure 3.1. GPC traces of P3HT samples obtained by varying the [monomer]/[catalyst] ratio.  

To confirm that the catalyst does not leave the growing polymer chain, a separate 

experiment was conducted using 4 mol % catalyst. An aliquot was removed from the reaction 

mixture at 55% conversion, quenched and washed with cold solvents (methanol, diethyl ether, 

hexanes and acetone). Analysis using MALDI-TOF mass spectrometry revealed the primary 

distribution of end-groups to be H/Br (Figure 3.2), which is consistent with a chain-growth 

process and the previously reported Kumada CTP.8a  

 

Figure 3.2. MALDI-TOF mass spectrum of SnHTBr polymerization using 4 mol % catalyst. 

The 1H NMR spectra obtained for the different samples of P3HT (Table 3.1) were 

compared to previous reports12 and end-group assignments were confirmed using 2D correlation 
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NMR experiments (long-range COSY, HSQC and HMBC). The NMR analysis revealed several 

important features of the polymerization including highly regioregular (head to tail - HT) 

enchainment of the thiophene monomer (HT-HT triads in Figure 3.3).12c A tail to tail regioerror is 

present within the polymer chain (TT-HT triad) which arises from precatalyst initiation similar to 

the Grignard metathesis reaction.12b A head to head regioerror is not present in the backbone since 

neither the HT-HH nor the TT-HH triad is observed.  

Interestingly, the TT defect from precatalyst initiation is primarily located within the 

polymer backbone rather than at the chain-end. The methylene signal of a Br terminated TT end-

group should appear as a triplet at 2.54 ppm but this signal is almost unobservable in our 1H 

NMR spectrum. Instead, HT end-groups produce two triplets corresponding to the methylene 

signals observed at 2.62 and 2.57 ppm (Signals B and D in Figure 3.3).12d This result confirms 

that chain-growth is not proceeding unidirectionally and the Pd-NHC catalyst is capable of “ring-

walking” similar to the nickel systems.13 Both signal A (6.90 ppm) and signal C (6.83 ppm) 

correspond to the protons of a regioregular HT end-group. All assigned signals agree with 

previous reports for P3HT.12a,12d,13 End-group analysis was aided by a high-resolution F2 proton-

coupled HSQC experiment. The 1JC,H for the HT C-H proton within the polymer backbone is 164 

Hz while the 1JC,H observed for signal A is significantly larger (183 Hz). The other terminal 

thiophene ring has a slightly larger 1JC,H  (signal C, 167 Hz) as compared to the regioregular HT 

unit due to the nearby bromine atom. The 1H NMR analysis is clearly indicative of ring-walking 

and to our knowledge, this has not been observed previously in Pd CTP processes.  

With the end-group assignments, 1H NMR spectra of P3HT samples were used to 

determine Mn (Table 3.1), since GPC versus polystyrene overestimates molecular weight.14 

Integration of signal A was compared to the integration of the HT-HT triad to obtain the DP and 

Mn. 



54 

 

Figure 3.3. 1H NMR Spectrum of P3HT33. Insets highlight the end-groups of the polymer chain. 

* represents the solvent signal (CHCl3 at 7.26 ppm) and H2O (1.53 ppm). The # sign indicates a 

13C satellite of the CHCl3 solvent.  

To confirm the chain-growth nature of the polymerization, a Mn versus monomer 

conversion plot was obtained. A polymerization reaction was conducted with 2 mol % of the Pd-

PEPPSI-IPr catalyst and aliquots were removed from the reaction mixture and analyzed using 

GC-MS and GPC. The molecular weights increased linearly with conversion and the dispersity 

remained low throughout the reaction (Figure 3.4, Table 3.3 and Table 3.4). 

 

Figure 3.4. Left - Plot of Mn versus conversion for polymerization of SnHTBr using 2 mol % Pd-

PEPPSI-IPr. Right – after refeeding the SnHTBr monomer. 
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To determine if the catalyst remains active, a second equivalent of SnHTBr was quickly 

added to the reaction mixture after complete consumption of the first monomer feed. The reaction 

mixture was sampled and the polymerization continued, strongly supporting a chain-growth 

process (Figure 3.4). The final polymer obtained was nearly twice the molecular weight of the 

material from the first feed.  

Transmission low-angle and wide-angle (LAXS and WAXS) X-ray scattering patterns of 

Soxhet extracted P3HT33 and P3HT400 revealed a familiar set of Bragg peaks observed for 

partially crystalline P3HT (Figure 3.5 – a and b).15 The (n00) reflections originate from the 

layered structure of rr-P3HT with the spacing dictated by the non-interdigitated arrangement of 

alkyl side chains (d = 16.05±.05, crystal form I).16 The (020) peak (d = 3.62 ±.02)  is due to π-π 

stacking between P3HT backbones.16 Tapping mode AFM images of ultra-thin films of the same 

samples cast onto silicon wafers (Figure 3.5 – c and d) exhibit nanofibrillar structures. These 

structures correspond to π-stacked P3HT chains with the stacking plane perpendicular to the 

substrate, and rr-P3HT chains perpendicular to the long axis of the fibril.15 For P3HT33, the 

average lateral spacing between the fibrils was equal to ~19 nm while for P3HT400, the average 

width of the fibrils was equal to ~33 nm. The dependence of fibril width on polymer length up to 

a saturation limit (DP ~ 50), has been observed previously.15 
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Figure 3.5. a) and b) Azimuthally-averaged profiles of X-ray scattering patterns (insets) showing 

lamellar and π-stacking crystalline order peaks. c) and d) Tapping-mode AFM phase images of 

extended nanofibrillar structures corresponding to π-stacked P3HT chains. Images in a) and c) 

were obtained for P3HT33 and images in b) and d) were obtained for P3HT400.  

3.3 Conclusions 

In conclusion, we have demonstrated an effective system for Stille catalyst-transfer 

polycondensation of thiophene using a Pd-NHC catalyst. The polymerization proceeds in a chain-

growth manner with Mn increasing linearly with conversion. The poly(3-hexylthiophene) 

molecular weights can be controlled and chain-end functionality is preserved (H/Br). The Pd 

catalyst has been shown to “ring-walk” based on the observed polymer microstructure. A similar 

methodology has also been explored for monomers other than thiophene. However, the limited 

monomer scope and complicated purification procedures using Stille CTP along with the toxicity 

concern regarding tin byproducts made us choose alternative procotols, which is discussed in 

Chapter 4. 
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3.4 Experimental 

Materials and Methods. All reactions and manipulations of air or water sensitive compounds 

were carried out under dry nitrogen using an mBraun glovebox or standard Schlenk techniques. 

Tetrahydrofuran was purchased from Fisher Scientific, degassed with argon, and dried using a 

jcmeyer solvent system prior to use. All other solvents were purchased from Fisher Scientific and 

used as received. Pd-PEPPSI-IPr and nonadecane were obtained from Sigma Aldrich. Cesium 

fluoride was obtained from Matrix Scientific. CDCl3 was purchased from Cambridge Isotope 

Laboratories (CIL) and used as received. 2,5-Dibromo-3-hexylthiophene,17  2-

trimethylstannylthiophene18 and 2-bromo-3-hexyl-5-trimethylstannylthiophene19 were prepared 

according to literature procedures. A stock solution of Pd-PEPPSI-IPr was prepared by 

dissolution of 0.100 g of catalyst in 20 mL of THF. This solution was used for all polymerization 

experiments and stored at –40 °C in the glovebox. 

NMR analysis. All NMR experiments were collected at 300 K on a two-channel Bruker 

AvanceTM III NMR instrument operating at 500.13 MHz for 1H and 125.76 MHz for 13C, 

equipped with a room temperature Broad Band Inverse (BBI) probe with z-only pulse field 

gradient accessory. 1D 1H, 1D 13C, long-range COSY (cosylrqf), edited-HSQC 

(hsqceedetgpsisp2.2) and echo/antiecho-HMBC with triple low-pass filter to remove one-bond 

correlations (hmbcetgpl3nd) are standard experiments from the Bruker pulseprogram library in 

TopSpin 3.1. The F2 proton-coupled HSQC was performed using the recently published Perfect-

HSQC pulse program,20 kindly provided by Dr. Teodor Parella 

(http://sermn.uab.cat/2014/10/perfect-hsqc-experiments-pure-in-phase-spectra/). Both the regular 

and the F2 coupled HSQC experiments were collected with a digital resolution in F1 (13C) of 2.9 

Hz/point. This resolution is almost equivalent to a 1D 13C NMR spectrum. The HMBC was 

optimized for 8 Hz long-range proton-coupling (nJCH). 1D 1H NMR spectra are referenced to 

residual protio solvent (7.26 for CHCl3). For each P3HT spectrum obtained, a 30° magnetization 
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tip angle and 10 second recycling delay time were used to ensure accurate integration of all 

protons for end-group analysis.    

MALDI-TOF MS. MALDI-TOF mass spectrometry was performed in linear mode on an 

Applied Biosystems Voyager DE-STR time-of-flight (TOF) instrument using dithranol as the 

matrix. Higher molecular weight polymer samples (P3HT100, P3HT200 and P3HT400) were 

difficult to analyze since larger P3HT chains have a lower propensity to be ionized. 

Gel-Permeation Chromatography. GPC measurements were performed on a Waters 2690 

separations module apparatus and a Waters 2487 dual λ absorbance detector with chloroform as 

the eluent (flow rate 1 mL/min, 40 °C, λ =254 nm) and two SDV columns (Porosity 1000 and 

100000 Å; Polymer Standard Services). An 11-point calibration based on polystyrene standards 

(Poly(styrene) ReadyCal Kit, Polymer Standard Services) was applied for determination of 

molecular weights. All polymer aliquots subjected to GPC were prepared by quenching ~0.2 mL 

of the polymer solution with ~2.0 mL of 6 M methanolic HCl. The precipitate was filtered and 

washed with cold solvents (methanol, diethyl ether, hexanes, and acetone) to remove any 

monomer and low molecular weight oligomers. The resultant polymer was dissolved in 1~2 mL 

of chloroform, filtered through a 0.22 μm PTFE syringe filter and analyzed. 

GC-MS analysis. GC-MS analysis was performed on a Hewlett-Packard Agilent 6890-5973 GC-

MS workstation. The GC column was a Hewlett-Packard fused silica capillary column cross-

linked with 5% phenylmethylsiloxane. Helium was used as the carrier gas. The following 

conditions were used for all GC-MS analyses: injector temperature, 250 °C; initial temperature, 

70 °C; temperature ramp, 10 °C/min; final temperature, 280 °C. All polymer aliquots subjected to 

GC-MS were prepared by quenching ~0.1 mL of the polymer solution with ~1.0 mL of acidic 

methanol (HCl:methanol, 1:200 v/v). This was diluted with 4 mL of diethyl ether in a 20 mL 

scintillation vial and 0.1 mL of this resultant solution, filtered through a 0.22 μm PTFE syringe 

filter into a 2 mL vial and diethyl ether was added to fill the vial.  Due to destannylation of the 
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monomer in acidic methanol, the monomer conversion was calculated by integration of the 

nonadecane internal standard to 2-bromo-3-hexylthiophene. 

Wide-Angle X-ray Scattering (WAXS). Data was collected using a Rigaku (Woodlands, TX) 

RUH3R microfocus rotating Cu anode (λ = 1.54 Ǻ) at 40 kV accelerating voltage and 100 mA 

current, equipped with Xenocs (Sassenage, France) FOX2D focusing collimation optics with a 

beam width of 1 mm.  Scattering patterns were collected with a Rigaku Mercury CCD two-

dimensional detector with 1024 × 1024 pixel array (0.068 mm/pixel). The sample to detector 

distance S (83.8 mm) was calibrated using a silver behenate powder in the same geometry as the 

P3HT samples. 

Atomic Force Microscopy. Samples were prepared from 0.01 mg/mL solutions of P3HT33 and 

P3HT400 in dry chloroform (Intelligent Technologies PureSolv MD5) on 2 × 2 cm silicon wafers 

with native oxide.  The wafers were cleaned by spraying with fresh acetone and isopropanol and 

dried under a jet of filtered, dry nitrogen, followed by UV/Ozone treatment at 120 °C for 45 

minutes (Novascan PSD-UVT).  The as-treated wafers were placed in a petri dish with dry 

chloroform, completely covered with a minimum amount of solution, and allowed to dry slowly 

in the chloroform-saturated atmosphere.  The as-obtained films were imaged with a Bruker 

Dimension V hybrid AFM in tapping mode. 

Model Compound Reaction 

 

In a N2 filled glovebox, a 20 mL vial was charged with 2,5-dibromo-3-hexylthiophene (1.0 equiv. 

0.25 g, 0.77 mmol), 2-trimethylstannylthiophene (1.0 equiv, 0.189 g, 0.77 mmol), CsF (2.0 equiv, 

0.233 g, 1.5 mmol), Pd-PEPPSI-IPr (2 mol %, 0.0104 g, 0.015 mmol), nonadecane as the 

internal standard (1.0 equiv, 0.206 g, 0.77 mmol) and 7.7 mL of THF. After 30 seconds of stirring 

inside the glovebox, an aliquot was withdrawn from the solution and subjected to GC-MS to 

determine the initial ratios of starting material to the internal standard. The vial was removed 
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from the glovebox and immersed in an oil bath at 60 °C. After 24 hours, the reaction was cooled 

to room temperature. A second aliquot was removed and GC-MS was performed to determine the 

relative ratio of 3'-hexyl-2,2':5',2''-terthiophene and the two bithiophene isomers, as well as to 

confirm the consumption of 2-trimethylstannylthiophene. 

General polymerization procedure. In a N2 filled glovebox, a 40 mL scintillation vial equipped 

with a Teflon screw cap was charged with a calculated amount of Pd-PEPPSI-IPr stock solution 

(5 mg/mL), CsF (2.0 equiv, 0.185 g, 1.22 mmol), nonadecane (1.0 equiv, 0.163 g, 0.61 mmol) as 

the internal standard and THF was added to bring the final solution to 10 mL. The vial was 

removed from the glovebox and immersed in an oil bath at 40 °C. 2-Bromo-3-hexyl-5-

trimethylstannylthiophene (1.0 equiv, 0.25 g, 0.61 mmol) in 4 mL of THF was injected into the 

solution to start the polymerization. After 30 s of stirring, an aliquot was withdrawn from the 

solution and subjected to GC-MS to determine the initial ratio of monomer to the internal 

standard. After a period of time, a final aliquot was withdrawn to determine the monomer 

conversion and the polymerization was quenched using 6 M methanolic HCl solution. The 

precipitate was suction filtered then washed with cold methanol, hexanes and acetone to remove 

the unreacted monomer and oligomers. The final polymer was dried in vacuo and characterized 

using GPC, 1H NMR spectroscopy, and MALDI-TOF mass spectrometry (P3HT 25, 33, and 50).  

1H NMR spectra and GPC traces of the six polymer samples (P3HT25 – P3HT400) are shown 

below and relevant data is summarized in Table 3.2. 
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Table 3.2. Detailed comparison of P3HT samples prepared by adjusting 

[monomer]/[catalyst] ratio. 

Sample 
 

[M]/
[Cat] 

Time 
(min) 

Conversiona 
(%) 

Mn
b (GPC) Đ Mn

c (NMR) Yield d 
(%) 

P3HT25 25 80 73 7000 1.14 5100 42.5 
P3HT33 33 110 89 9500 1.18 6600 52.7 
P3HT50 50 120 90 14000 1.24 8600 62.3 
P3HT100 100 125 84 23800 1.30 14200 63.8 
P3HT200 200 140 81 45600 1.43 27300 60.9 
P3HT400 400 150 74 73300 1.53 45000 62.5 

aConversion was determined by GC-MS using nonadecane as the internal standard. bGPC was 
completed at 40 °C in chloroform versus polystyrene standards. cMn was calculated based on end-
group analysis using 1H NMR spectroscopy where Mn = [(Integration of HT-HT and TT-HT 
triads signal + 2 end groups) × 166.284] + 1.0078 + 79.904. dIsolated yields. 
 
Procedure of sequential monomer addition experiment 

In a N2 filled glovebox, a 40 mL scintillation vial equipped with a Teflon screw cap was charged 

with 1.69 mL of Pd-PEPPSI-IPr stock solution (5 mg/mL, 2 mol %), CsF (4.0 equiv, 0.37 g, 

2.44 mmol) and nonadecane (1.0 equiv, 0.163 g, 0.61 mmol) as the internal standard. THF was 

added to bring the final solution to 10 mL. The vial was removed from the glovebox and 

immersed in an oil bath at 40 °C. 2-Bromo-3-hexyl-5-trimethylstannylthiophene (1.0 equiv, 0.25 

g, 0.61 mmol) in 4 mL of THF was injected into the solution to start the polymerization. After 30 

s of stirring, an aliquot was withdrawn from the solution and subjected to GC-MS to determine 

the initial ratio of monomer to the internal standard. Several aliquots (~0.3 mL) were withdrawn 

after 25, 40, 55, 75, 100 and 130 min to determine the monomer conversion (GC-MS) and 

polymer molecular weight (GPC). After 130 min, a second monomer feed (1.0 equiv, 0.25 g, 0.61 

mmol) in 1.68 mL of THF was added to the solution and an aliquot was withdrawn immediately 

and analyzed by GC-MS to determine the second initial ratio of monomer to the internal standard. 

After 15, 30, 45, 60, 85 and 110 min, another series of aliquots (~0.3 mL) were withdrawn and 

analyzed using GC-MS and GPC. All data is summarized in Tables 3.3 and 3.4.  
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Table 3.3. Data used to construct monomer conversion versus Mn from first monomer feed. 

Monomer Conversion (%) Mn Đ 
6.74 3670 1.28 

14.55 6879 1.13 
36.12 8778 1.16 
58.18 11200 1.19 
79.62 13938 1.24 
100 14674 1.21 

 

Table 3.4. Data used to construct monomer conversion versus Mn from second monomer 

feed. 

Monomer Conversion (%) Mn Đ 
0 14674 1.21 

36.72 19076 1.21 
56.91 22606 1.20 
73.97 25081 1.19 
83.87 26573 1.19 
92.92 28224 1.20 
100 29277 1.20 
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CHAPTER 4 

Nickel-Catalyzed Suzuki Polycondensation for Controlled Synthesis of Ester-Functionalized 

Conjugated Polymers 

4.1 Introduction 

Rational design of catalysts and monomers has been crucial in the development of 

precision polymerization protocols; and this can afford materials with control over size, topology, 

and functionality.1 Catalyst-transfer polycondensation (CTP) in particular, is used to prepare well-

defined π-conjugated polymer materials.2 However, the highly reactive monomers typically 

employed in CTP (e.g, organomagnesium or organozinc reagents) often limit the selection of 

solubilizing substituents tethered to the aromatic ring (Figure 4.1). The substituents appended to 

any π-conjugated backbone not only impart solubility, but are also crucial for tuning the chemical 

and physical properties of the desired polymer.3 The combination of side chain engineering with 

controlled polymerization will afford a wide range of new π-conjugated architectures where 

electronic structure and physical properties can be manipulated along with shape, size and solid-

state organization. 

 

Figure 4.1. Cross-coupling methods used in catalyst-transfer polycondensation. 

Beyond Kumada and Negishi cross-coupling, Stille and Suzuki-Miyaura cross-coupling 

reactions have also attracted attention to prepare conjugated polymers with controlled molecular 

weights and narrow molecular weight distributions.4 The lower nucleophilicity of the SnMe3 and 

B(OR)2 transmetalating agents (Figure 4.1) make these methods well-suited to enhance the 

substrate scope of CTP. Controlled polycondensations with these transmetallating agents are 

generally achieved using a Pd catalyst paired with a bulky σ-donating phosphine ligand (PtBu3) or 

Reprinted with permission from Macromolecules, 2016, 49, 4757-4762. 
Copyright 2016 American Chemical Society. 
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an N-heterocyclic carbene (NHC).5 However, there is an interest to explore Ni catalysts for Stille 

and Suzuki CTP due to the lower cost as compared to Pd, and the facile oxidative addition 

observed with a diverse range of pseudo-halides or non-activated halides.6 Additionally, the 

chain-growth mechanism for conjugated polymers is proposed to occur via a catalyst polymer π-

complex to facilitate intramolecular oxidative addition at the polymer chain-end. The stronger Ni 

binding interaction as compared to Pd may be important for achieving enhanced control in chain-

growth polymerizations.7  

Ni-catalyzed Suzuki cross-coupling to form biaryl compounds has been reported with 

relatively mild reaction conditions and moderate catalyst loadings.6c This led us to investigate the 

possibility of Suzuki CTP with -accepting ester groups as the side chain substituent. We chose the 

ester moiety since it can increase the ambient stability of polythiophene,8 and can also be 

exploited in post-polymerization modification.9  

To our knowledge, CTP with π-accepting groups in conjugation with the monomer is 

unknown, though protection-deprotection strategies have been employed to synthesize similar 

polymers.10 We used model compound studies to determine if hexyl thiophene-3-carboxylate was 

a suitable monomer for polycondensation.  These experiments were then used as a guide for 

polymerization of the ester-functionalized thiophene. Finally, alternating and block copolymers of 

hexyl thiophene-3-carboxylate and 3-hexylthiophene were synthesized and characterized. 

4.2 Results and Discussion 

We first explored three nickel catalysts to couple methyl-2,5-dibromothiophene-3-

carboxylate and thiophene-2-boronic acid pinacol ester (ThBpin). Ni(PPh3)IPrCl2 and 

Ni(dppp)Cl2 were selected since both have been successful in Kumada CTP,11 while Ni(1-

Naph)(PCy3)2Br  has been successfully used in Suzuki cross-coupling to form biaryl 

compounds.12 Only half an equivalent of the ThBpin was used to explore whether intramolecular 

oxidative addition is favored and if terthiophene formation is preferred. Similar studies have been 

used previously to provide indirect evidence for metal π-complex formation with the substrate.11b  
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The catalysts were screened initially at moderate loadings (5 mol %) and all reactions 

were conducted for 24 h. All three nickel catalysts: Ni(PPh3)IPrCl2, Ni(1-Naph)(PCy3)2Br  and 

Ni(dppp)Cl2 afforded the terthiophene with greater than 90% selectivity and high conversion 

(Table 4.1, entries 1, 3 and 5). This suggested the nickel systems have potential in Suzuki CTP 

with π-accepting groups. When lower catalyst loadings (1 mol %) were explored, Ni(PPh3)IPrCl2 

and Ni(dppp)Cl2 retained good selectivity (Figure 4.7), though complete consumption of the 

ThBpin was not observed with Ni(dppp)Cl2 (Table 4.1, entry 6). By contrast, a marked decrease 

in conversion and selectivity was observed with 1 mol % Ni(1-Naph)(PCy3)2Br (Table 4.1, entry 

4). Similar catalyst loading limitations with this type of catalyst have been noted previously12b 

and suggest potential complications in polymerization.  

Table 4.1. Model Compound Reactions with Methyl 2,5-Dibromothiophene-3-carboxylate 

 
 

Entry Catalyst (mol %)a 
% Conv. 
GC–MSb 

% Terthiophene 
GC–MS (NMR)c 

1 Ni(PPh3)IPrCl2 (5) 99 99 (99) 
2 Ni(PPh3)IPrCl2 (1) 99 99 (99) 
3 Ni(1-Naph)(PCy3)2Br (5) 99 94 (97) 
4 Ni(1-Naph)(PCy3)2Br (1) 72 44 (72) 
5 Ni(dppp)Cl2 (5) 99 95 (96) 
6 Ni(dppp)Cl2 (1) 82 97 (95) 
7 PEPPSI-IPr (5) 99 52 (72) 
8 PEPPSI-IPr (1) 99 64 (78) 

aRelative to ThBpin. bConversion of ThBpin was determined by GC-MS using 
trimethoxybenzene as the internal standard. cRelative ratio of products determined via GC-MS 
and 1H NMR spectroscopy. 
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A Pd-NHC precatalyst (PEPPSI-IPr), was also explored in these model compound studies 

(Table 4.1, entries 7 and 8) for comparison with Ni(PPh3)IPrCl2. PEPPSI-IPr produced good 

conversion at either 5 or 1 mol % loading, but selectivity for the terthiophene product was lower 

than that observed with Ni(PPh3)IPrCl2. This type of comparison though informative, should be 

used with caution since the other ligands (3-chloropyridine for Pd and PPh3 for Ni) may not be 

innocent in the catalytic cycle.13 To further probe the limits of the Ni-NHC catalyst,14 two 

separate experiments were conducted: one at 65 °C and one with a larger deficiency of the 

ThBpin (5:1 ratio, carboxylate:ThBpin). Greater than 90% selectivity for the terthiophene was 

still observed in both cases, suggesting this catalyst is highly suited for exploration in CTP with 

the ester-functionalized thiophene. 

Poly(hexylthiophene-3-carboxylate) referred to as poly(3-hexylesterthiophene) (P3HET) 

has been prepared previously.15 However, to our knowledge, progress on the controlled synthesis 

of this polymer has not been reported.16 Additionally, most reports of these materials have not 

proceeded to higher molecular weights until recently, when a direct arylation protocol was 

employed.15a The Suzuki monomer (4.1) used in this study was prepared using a three-step 

synthesis starting from 3-thiophenecarboxylic acid (Scheme 4.2). Borylation of the thiophene ring 

with pinacolborane was achieved using an iridium-catalyzed C-H borylation reaction.17  

Scheme 4.1. Polymers Prepared using Nickel-Catalyzed Suzuki CTP 
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Polymerization of monomer 4.1 proceeded smoothly in THF with Ni(PPh3)IPrCl2 and 

K3PO4·H2O (Scheme 4.1). A previous report from Yokozawa and coworkers on Pd-catalyzed 

Suzuki CTP indicated that added water was essential in promoting the controlled synthesis of 

poly(3-hexylthiophene) (P3HT).18 Interestingly, the water from the K3PO4·H2O is sufficient to 

promote the controlled reaction for monomer 4.1. When additional water is added to the 

polymerization reaction, low conversion and lower molecular weight materials are obtained 

which we suspect is due to competitive protodeborylation. Stability issues of 2-heterocyclic 

boronic acids are known,19 particularly those containing electron withdrawing groups.20 We noted 

some small variations in reaction rate and dispersity (1.2-1.3) between monomer batches and we 

suspect this discrepancy is linked to trace water in the monomer. Molecular weights can be 

modulated according to catalyst loading (Table 4.2, entries 1-3) though in the GPC traces, we 

sometimes observe a small shoulder which is approximately double the molecular weight of the 

primary distribution. We suspect this shoulder is a consequence of disproportionation.2b,2c A 

polymer sample was also analyzed using MALDI-TOF mass spectrometry to explore the end 

group fidelity of the P3HET polymer. Mass spectrometry confirmed the primary distribution is 

H/Br (Figure 4.2) with a smaller H/H distribution also present. 

 

Figure 4.2. MALDI-TOF mass spectrum of P3HET prepared using Ni(PPh3)IPrCl2. 
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The efficiency of Ni(1-Naph)(PCy3)2Br was also evaluated, and low dispersity polymers 

were obtained using 5 mol % of the catalyst (Table 4.2, entry 4). The 1H NMR spectrum of the 

final polymer exhibited the expected signals for the napthyl end group. However, a broadened 

distribution was obtained when the catalyst loading was lowered to 2 mol %, indicative of early 

termination or chain transfer (Table 4.2, entry 5). This observation correlates well with the model 

compound studies in Table 4.1 and with the prior report.12b Polymerization of 4.1 with PEPPSI-

IPr and Ni(dppp)Cl2 (Table 4.2, entries 6 and 7) resulted in relatively slow polymerization 

reactions and higher dispersities. The use of additional water with these two catalysts improved 

the dispersity of the final polymer, but produced macromolecules with lower molecular weights 

and low conversion, which again, is likely due to protodeborylation. 

We also explored this protocol to polymerize a 3-hexylthiophene monomer (2, Scheme 

4.1).  When employing Ni(PPh3)IPrCl2 and K3PO4·H2O, the reaction was dramatically different 

than the polymerization of monomer 4.1 and produced low molecular weight P3HT with higher 

dispersity. The addition of water drastically increased both the reaction rate and molecular weight 

while narrowing the dispersity (Table 4.2, entry 8), which is consistent with the previous report.18 

The differences between monomer 4.1 and 4.2 are striking. The water from the K3PO4H2O seems 

to be sufficient for promoting the reaction of the ester-functionalized monomer with good control. 

However, with the alkyl side group, additional water is needed to achieve the desired chain-

growth behavior (Table 4.3). It is plausible that the ester group in monomer 4.1 stabilizes the 

Ni(Ar)X intermediate via chelation, which may alter the polymerization behavior of 4.1 as 

compared to 4.2.21  

The added water also revealed a significant sensitivity of Ni(PPh3)IPrCl2 to the reaction 

conditions. The final molecular weight of P3HT was much greater than expected (Table 4.2, entry 

8), likely from conversion of some precatalyst to Ni(OH)2.
21-22 In all experiments where water is 

added to Ni(PPh3)IPrCl2, polymers with higher than expected molecular weights were obtained, 
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though controlled behavior was still observed. Recent reports have highlighted the sensitivity of 

Ni-NHC catalysts to water,22 and this will impact Suzuki CTP reactions using this system.  

To probe the combination of Ni(dppp)Cl2 with monomer 4.2, we conducted two 

experiments: with and without additional water. Without water, the polymerization of 4.2 

proceeded slowly, similar to the experiment using the Ni-NHC catalyst.  However, additional 

water with Ni(dppp)Cl2 produced P3HT with excellent control over molecular weight and 

dispersity (Table 4.2, entry 9). 

Table 4.2. Polymerization Studies for Monomers 4.1, 4.2, and 4.3 

Entry M Cat. (mol %) 
Yield 
(%) 

Mn (GPC)a
 Đ 

1 4.1 Ni(PPh3)IPrCl2 (5) 53 7600 1.19 
2 4.1 Ni(PPh3)IPrCl2 (2) 75 16400 1.25 
3 4.1 Ni(PPh3)IPrCl2 (1) 79 30600 1.30 
4 4.1 Ni(1-Naph) (PCy3)2Br (5) 58 4500 1.14 
5 4.1 Ni(1-Naph) (PCy3)2Br (2) 69 10500 1.60 
6 4.1 PEPPSI-IPr (2) 20 5500 1.28 
7 4.1 Ni(dppp)Cl2 (2) 69 13600 1.55 
8b 4.2 Ni(PPh3)IPrCl2 (2) 71 74400 1.30 
9b 4.2 Ni(dppp)Cl2 (2) 59 18600 1.08 
10 4.3 Ni(PPh3)IPrCl2 (2) 67 27700 1.63 
11b 4.3 Ni(dppp)Cl2 (2) 59 36500 1.13 
12b 4.3 Ni(dppp)Cl2 (1) 52 49000 1.48 

aGPC traces were recorded at 40 °C versus polystyrene standards using THF as the eluent. b0.1 
mL of H2O was added. 
 

We also evaluated how quickly these precatalysts are reduced under the polymerization 

conditions. A separate experiment was conducted with ThBPin, K3PO4 and the catalyst precursor. 

Upon addition of water, these reactions were monitored using GC-MS since reduction of the 

precatalyst should be accompanied with the formation of bithiophene. For both Ni(PPh3)IPrCl2 

and Ni(dppp)Cl2, bithiophene was observed within 2 minutes of water addition. Complete 

reduction was not quantified, but these experiments confirm that the formation of Ni(0) is 

relatively facile under the polymerization conditions employed. These results are also consistent 

with the report from Percec and co-workers which indicated fast reduction of Ni(II) under similar 
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conditions.12a When Pd-PEPPSI-IPr was explored, reduction to the active Pd(0) seemed to be 

slower, though more studies are needed to examine this in detail.  

An alternating copolymer consisting of P3HET and P3HT was also synthesized (Scheme 

4.1). This type of material is related to donor-acceptor copolymers, a common target for organic 

electronic devices. Precision synthesis of donor-acceptor materials with tunable molecular weight 

and narrow distributions has been realized only recently,23 but the scope of acceptor moieties is 

limited. Benzotriazole has been explored due to excellent compatibility with Grignard 

reagents,23a,23b and benzothiadiazole containing polymers have also been polymerized using 

Suzuki CTP.23d However, π-accepting functional groups which are often present in donor-

acceptors;24 are incompatible with Grignard reagents, though diimide monomers have attracted 

attention with Zn23c,23e and Sn25 as the transmetallating agent.  

An alternating copolymer consisting of P3HET and P3HT was prepared using Suzuki 

CTP with Ni(dppp)Cl2 as the precatalyst (Table 4.2, entries 11 and 12). The preparation of 

monomer 4.3 was shown in Scheme 4.3. Results suggest a controlled polymerization and, in the 

presence of additional water, high molecular weight P3HET-a-P3HT polymers were obtained 

with relatively short reaction times (1-2 h). Ni(PPh3)IPrCl2 performed quite poorly without added 

water and proceeded in an uncontrolled fashion (entry 10). Employing additional water produced 

a GPC trace with a bimodal distribution (Table 4.4).  

Finally, a block copolymer of P3HET and P3HT was prepared. Both Ni(PPh3)IPrCl2 and 

Ni(dppp)Cl2 can generate diblock architectures regardless of the order of monomer addition, 

though high molecular weights cannot always be generated. Water was a complicating factor 

since it is needed for controlled P3HT synthesis but can promote protodeborylation of the more 

electron-deficient 4.1 and moreover, the Ni-NHC catalyst is sensitive to water. P3HT can be 

prepared using 4 mol % Ni(PPh3)IPrCl2 and 0.1 mL of water (Mn = 21100, Ð = 1.14) after which, 

addition of monomer 4.1 to the reaction mixture afforded the desired block copolymer in a 

controlled manner (P3HT-b-P3HET, Mn = 29500, Ð = 1.28, Figure 4.3).  
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Figure 4.3. GPC chromatograms for the P3HT homopolymer and P3HT-b-P3HET copolymer 

synthesized using Ni(PPh3)IPrCl2. 

The optical properties of P3HET, P3HT, P3HET-a-P3HT and P3HT-b-P3HET were 

probed both in solution and in the solid-state (Figure 4.4). P3HET is significantly blue-shifted as 

compared to P3HT, suggesting the ester side chain may be causing a more twisted polymer 

backbone as compared to the linear alkyl chain. 

The absorption profile of P3HT-b-P3HET (λmax = 445 nm) is quite close to that of P3HT 

(λmax = 453 nm) in solution and also in the solid state (P3HT-b-P3HET, λmax = 550 nm). The 

absorption profile of P3HET-a-P3HT (λmax = 452 nm) is also nearly identical to P3HT (λmax = 453 

nm) in solution. However, P3HET-a-P3HT (λmax = 627 nm, Eg
opt = 1.85 eV) is red-shifted 

compared to both homopolymers in the solid-state as the vibronic band becomes the dominant 

absorption in this spectrum. 

 

Figure 4.4. Solution (CHCl3) and solid-state UV-vis spectra for all polymers with P3HT included 

for reference. 
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End group analysis of P3HET and P3HET-a-P3HT was completed using 2D NMR 

spectroscopy. For P3HET, a tail-to-tail (TT) defect from precatalyst initiation (HA, Figure 4.5) is 

present in the spectrum along with signals that result from the H/Br polymer end groups (HB, HC 

and HD, Figure 4.5). The H terminated thiophene end group (HC, Figure 4.5) appears at 8.17 ppm 

and is correlated with a signal at 7.81 ppm (HD, Figure 4.5). The signal attributed to the tail-to-tail 

(TT) defect appears at 7.60 ppm (HA) and the Br terminated chain-end produced one 1H NMR 

signal (HB, Figure 4.5 at 7.68 ppm). Additionally, integration of the chain-end signals and the TT 

defect approximately produced a 2:1:1 ratio (HA:HB:HC) indicating good control over the end 

groups. This is consistent with the analysis by MALDI-TOF mass spectrometry (Figure 4.2).  

Signal HB did not show the expected correlations in the HMBC spectrum and to confirm 

its identity, an experiment was carried out where the polymer was reacted with Ni(COD)2 

followed by reaction with acid to selectively functionalize the C-Br bond. The signal attributed to 

HB nearly disappeared after the reaction, and provided good evidence for the assignment (Figure 

4.6).  

 

Figure 4.5. 1H NMR spectrum and end group analysis of P3HET. The star symbols (*) 

correspond to 13C satellites for the aromatic signal of the polymer and the solvent. 
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Figure 4.6. Top – 1H NMR Spectrum of P3HET. Bottom – P3HET treated with Ni(COD)2 and 

HCl illustrating the loss of the Br-terminated end group.  

2D NMR spectroscopy was also used to confirm the highly alternating nature of P3HET-

a-P3HT. Similar to P3HET, the TT defect for P3HET-a-P3HT appears at 7.55 ppm. The H 

terminated end group at 7.01 ppm is correlated with another signal at 7.32 ppm and these signals 

correspond to a regioregular 3-hexylthiophene chain-end. The Br terminated chain-end produced 

one signal in the 1H NMR spectrum at 7.17 ppm, again corresponding to a regioregular 3-

hexylthiophene. 

To investigate the suitability of this protocol for other heterocycles, an ester-stabilized 

furan monomer (4.4) was synthesized and polymerized under similar conditions yielding samples 

with controlled molecular weight and dispersity (Table 4.3). The resultant polymer was found to 

be extremely soluble in typical ‘good’ solvents (chloroform or THF) and moderately soluble in 

hexanes and diethyl ether. Moreover, storage in solution and solid-state under ambient conditions 
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led to no discernable degradation, though further photostability tests should be conducted to fully 

elucidate this matter. 

Table 4.3. Synthesis of P3HEF.  

 

Catalyst % Cat. Mn(GPC) Ð Yield (%) 
Ni(PPh3)IPrCl2 2 6700 1.10 55 
Ni(PPh3)IPrCl2 1 9200 1.26 48 

aGPC traces were recorded at 40 °C versus polystyrene standards using THF as the eluent. 
 

The end group fidelity was investigated using matrix-assisted laser desorption ionization 

time-of-flight (MALDI-TOF) mass spectrometry (Figure 4.7). The difference between adjacent 

peaks showed excellent agreement with the molecular weight of repeating unit. Moreover, the 

primary distribution of the end groups is H/Br, indicating a highly controlled CTP process. 

 

Figure 4.7. MALDI-TOF spectrum for low molecular weight P3HEF. 

4.3 Conclusions 

In summary, we have demonstrated the first example of a Suzuki catalyst-transfer 

polycondensation (CTP) using Ni precatalysts and explored this protocol with ester-

functionalized monomers. The ester-functionalized polythiophene could be obtained with 

molecular weight control, and block copolymers were synthesized with 3-hexylthiophene. 
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Furthermore, the controlled synthesis of an alternating polymer is highly valuable and this Suzuki 

CTP protocol will be used to explore more sophisticated donor-acceptor polymers. Expanding 

this protocol to other monomers such as furan with an ester group was also successful. The 

crucial role of water in the Suzuki CTP process is currently under investigation. 

4.4 Experimental 

Materials and Methods. All reactions and manipulations of air and water sensitive compounds 

were carried out under a dry nitrogen atmosphere using an mBraun glovebox or standard Schlenk 

techniques. All compounds were purchased from commercial sources and used as received. 2,5-

Dibromothiophene-3-carboxylic acid26, 2-(4-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane27 and monomer 4.228 were synthesized according to literature procedures. All 

reaction solvents (tetrahydrofuran, dichloromethane, hexanes) were degassed with argon and 

dried prior to use. All solvents and chemicals used for extraction and column chromatography 

were used as received. Polymer samples were precipitated with 6 M methanolic HCl and washed 

with both methanol and acetone for GPC, NMR, and UV-vis analysis. Monomer conversion in 

polymerization experiments was typically monitored by GC-MS comparing the protodeborylated 

monomer to an internal standard. Since deborylation was not always quantitative (mixtures of 

monomer and protodeborylated monomer) and since it can occur either as a side reaction or also 

during GC analysis, it was simply used as a rough estimate for monomer conversion. 

NMR analysis. All NMR experiments were collected at 300 K on a two-channel Bruker Avance 

III NMR instrument equipped with a Broad Band Inverse (BBI) probe, operating at 500 MHz for 

1H (126 MHz for 13C). 1H NMR spectra are referenced to residual protio solvent (7.26 for CHCl3, 

5.32 for CHDCl2, and 7.16 for C6D5H) and 13C NMR spectra are referenced to the solvent signal 

(δ 77.23 for CDCl3, 54.00 for CD2Cl2 and 128.39 for C6D6). The F2 proton-coupled HSQC was 

performed using the recently published Perfect-HSQC pulse program.29 The HMBC experiments 

were optimized for 4 and 8 Hz long-range proton-coupling (nJCH).  
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Mass Spectrometry. High Resolution Electron Impact Mass Spectrometry (HRMS), 

Electrospray Mass Spectrometry (ESI-MS) and MALDI-TOF Mass Spectrometry were 

performed in the School of Chemical Sciences Mass Spectrometry Laboratory at the University 

of Illinois, Urbana-Champaign. 

GC-MS Analysis. GC-MS analysis was performed on a Hewlett-Packard Agilent 6890-5973 GC-

MS workstation. The GC column was a Hewlett-Packard fused silica capillary column 

crosslinked with 5% phenylmethylsiloxane. Helium was used as the carrier gas. The following 

conditions were used for all GC-MS analyses: injector temperature, 250 °C; initial temperature, 

70 °C; temperature ramp, 10 °C/min; final temperature, 280 °C. Polymer aliquots were typically 

subjected to GC-MS analysis to provide rough estimates of monomer conversion by comparing 

the protodeborylated monomer to an internal standard. Since deborylation was not always 

quantitative and since it can occur either as a side reaction or also during GC analysis, conversion 

values were not reported in the main article or in the supporting information. Polymer aliquots 

were prepared by quenching ~0.2 mL of the polymer solution with ~1.0 mL of methanol in a 20 

mL scintillation vial. This was diluted with ~1.0 mL of diethyl ether and ~0.1 mL of this resultant 

solution was filtered through a 0.22 μm PTFE syringe filter into a 2 mL vial and diethyl ether was 

added to fill the vial.  

UV-vis Spectroscopy. UV-vis spectra of polymers were recorded on a Varian Cary 5000 

spectrophotometer. Solution measurements were conducted in CHCl3 at 0.01 mg/mL 

concentration. Thin film samples were prepared from a spin-coating process.  22 × 22 mm glass 

cover slips were cleaned by spraying with fresh acetone, isopropanol and dried under a jet of 

filtered, dry nitrogen. Polymer solutions (5 mg/mL) in dry toluene were heated to 80 °C in amber 

glass vials for 10 min, filtered through a 0.22 μm PTFE syringe filter using a glass syringe, and 

re-heated for 5 min prior to spin-casting from hot solutions. The spin-coating conditions consisted 

of three cycles, a 400 RPM spreading cycle for 5 s, a 1000 RPM main cycle for 30 s and a 2000 

RPM wicking cycle for 15 s. The films were annealed at 150 °C for 1 h under N2.  
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Gel-Permeation Chromatography. GPC measurements were performed on a Waters Instrument 

equipped with a 717 plus autosampler, a Waters 2414 refractive index (RI) detector and two SDV 

columns (Porosity 1000 and 100000 Å; Polymer Standard Services) with THF as the eluent (flow 

rate 1 mL/min, 40 °C). A 10-point calibration based on polystyrene standards (Polystyrene, 

ReadyCal Kit, Polymer Standard Services) was applied for determination of molecular weights. 

All polymer aliquots subjected to GPC analysis were prepared by quenching ~0.2 mL of the 

polymer solution with ~2.0 mL of 6 M methanolic HCl. The precipitate was filtered and washed 

with methanol and acetone to remove any monomer and low molecular weight oligomers. The 

resultant polymer was dissolved in ~1 mL of THF, filtered through a 0.22 μm PTFE syringe filter 

and analyzed. 

methyl-2,5-dibromothiophene-3-carboxylate. An oven-dried 250 mL Schlenk flask 

was charged with 2,5-dibromothiophene-3-carboxylic acid (4.56 g, 15.9 mmol), 15 

mL of thionyl chloride and catalytic dimethylformamide (~0.05 mL). The solution was heated to 

40 °C and stirred overnight. Excess thionyl chloride was removed in vacuo and the residue was 

triturated with diethyl ether to afford an off-white solid that was used without further purification. 

An oven-dried 100 mL Schlenk flask was charged with a portion of the crude acid chloride (3.04 

g, 10.0 mmol) and 25 mL of dichloromethane. The flask was cooled to 0 °C using an ice bath, 

then methanol (0.8 mL, 19.8 mmol) and triethylamine (2.78 mL, 19.9 mmol) were added to the 

flask. The mixture was stirred at room temperature for 2 h and, an aliquot was removed and 

analyzed using GC-MS to confirm formation of the product. The reaction mixture was then 

transferred to a separatory funnel and 1 M HCl solution (30 mL) was added. The organic layer 

was separated and the aqueous layer was extracted twice more with dichloromethane (2  30 

mL). The combined organic extracts were washed with a saturated NaHCO3 solution (10 mL), 

dried over MgSO4 and concentrated to yield an off-white solid. The compound was purified on a 

short path of silica, eluting with hexanes:ethyl acetate (5:1), affording the title compound as a 

white crystalline solid (2.72 g, 91%). 1H NMR (500 MHz, CDCl3) δ 7.34 (s, 1H), 3.86 (s, 3H). 
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13C NMR (126 MHz, CDCl3) δ 161.4, 131.9, 131.8, 119.5, 111.6, 52.3. HRMS (ESI-TOF) (m/z): 

[M + H]+ calculated for C6H5Br2O2S, 298.8377; found, 298.8382. 

Ni(1-Naph)(PCy3)2Br. This compound was prepared according to a modified 

literature procedure.30 In a N2 filled glove box, a 20 mL scintillation vial was 

charged with Ni(COD)2 (0.10 g, 0.36 mmol), tricyclohexylphosphine (0.30 g, 1.07 mmol), and 

THF (1.5 mL). The solution was stirred at room temperature for 30 min, turning deep red, at 

which time, 1-bromonaphthalene (0.075 g, 0.36 mmol) was added to the reaction mixture. The 

mixture was stirred overnight and a yellow precipitate formed. The precipitate was collected 

using vacuum filtration and washed with hexanes (5  5 mL). The yellow solid was transferred to 

a scintillation vial and dried in vacuo (0.16 g, 54%). 31P{1H} NMR (202 MHz, C6D6) δ 11.6. 1H 

NMR (500 MHz, C6D6) δ 10.68 (d, J = 8.3 Hz, 1H), 7.71 (d, J = 6.7 Hz, 1H), 7.62 (br t, J = 6.8 

Hz, 1H), 7.53 (d, J = 8.2 Hz, 1H), 7.32 (br t, J = 9.3 Hz, 2H), 7.14 (d, J = 7.5 Hz, 1H), 2.75 – 0.35 

(m, 66H). Note: the signal at 7.14 ppm overlaps with the solvent signal. 13C NMR (126 MHz, 

C6D6) δ 157.2 (t, JPC = 32.7 Hz), 142.9, 137.7 (t, JPC = 3.7 Hz), 135.4, 133.5 (t, JPC = 2.6 Hz), 

128.8 (d, JPC = 26.1 Hz), 125.6, 125.2 (t, JPC = 2.7 Hz), 123.6, 122.6 (t, JPC = 2.3 Hz), 34.8 (t, JPC 

= 8.5 Hz), 31.2, 30.7, 28.7 (t, JPC = 5.4 Hz), 28.4 (t, JPC = 4.3 Hz), 27.4. HR-EIMS (m/z): [M – 

Br]+ calculated for C46H73P2Ni, 745.4541; found, 745.4533. 

Scheme 4.2. Synthesis of Monomer 4.1.  
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2-bromothiophene-3-carboxylic acid (4.A). An oven-dried 500 mL Schlenk flask 

was charged with thiophene-3-carboxylic acid (15.9 g, 124 mmol) and 300 mL of 

THF. The solution was cooled to –78 °C using a dry-ice acetone bath and 2.5 M n-butyllithium in 

hexanes (100 mL, 250 mmol) was added via cannula over a 20 min period. During the addition, a 

white precipitate formed. The reaction mixture was stirred for 30 min at –78 °C and then, 
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bromine (6.67 mL, 130 mmol) was added dropwise by syringe. The flask was not removed from 

the cold bath to ensure the reaction vessel returned to room temperature slowly overnight. A small 

amount of 1 M HCl solution (5 – 10 mL) was added to quench the reaction mixture and then, the 

mixture was concentrated to approximately 50 mL. The remaining solution was transferred to a 

separatory funnel, diluted with 150 mL of 1 M HCl solution and, extracted with ethyl acetate (3 × 

150 mL). The combined organic extracts were washed with brine, dried over MgSO4 and 

concentrated to afford an off-white solid. The compound was recrystallized twice using a 

water:ethanol mixture (4:1) to furnish the title compound as faint yellow needles (16.53 g, 64%). 

The 1H and 13C NMR spectra were compared to a previous report.31 

hexyl 2-bromothiophene-3-carboxylate (4.B).  An oven-dried 100 mL Schlenk 

flask was charged with 2-bromothiophene-3-carboxylic acid (A) (6.00 g, 29.0 

mmol), K2CO3 (12.0 g, 86.8 mmol) and 40 mL of dimethylformamide. 1-Bromohexane (9.60 g, 

58.2 mmol) was subsequently added by syringe. The flask was immersed in an oil bath at 90 °C 

and the solution was stirred for 12 h under a N2 atmosphere. The reaction mixture was cooled to 

room temperature, diluted with 50 mL of water and transferred to a 500 mL separatory funnel. 

The aqueous layer was extracted with diethyl ether (3 × 100 mL) and the combined organic 

extracts were washed with water (50 mL) and brine (50 mL), then dried over Na2SO4 and 

concentrated using rotary evaporation. The crude product was purified using column 

chromatography on silica gel eluting with hexanes:ethyl acetate (50:1) to afford the final product 

as a clear liquid (6.06 g, 72%). The Rf of the product is ~0.7 in hexanes:ethyl acetate = 9:1. 1H 

NMR (500 MHz, CDCl3) δ 7.37 (d, J = 5.8 Hz, 1H), 7.21 (d, J = 5.8 Hz, 1H), 4.28 (t, J = 6.7 Hz, 

2H), 1.79 – 1.70 (m, 2H), 1.49 – 1.40 (m, 2H), 1.38 – 1.28 (m, 4H), 0.94 – 0.85 (m, 3H). 13C 

NMR (126 MHz, CDCl3) δ 162.3, 131.6, 129.7, 126.0, 119.8, 65.4, 31.6, 28.8, 25.9, 22.8, 14.2. 

HRMS (ESI-TOF) (m/z): [M + H]+ calculated for C11H16O2SBr, 291.0054; found, 291.0062. 

 

S
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hexyl 2-bromo-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-3-

carboxylate (4.1). In a N2 filled glovebox, a 40 mL scintillation vial was 

charged with pinacolborane (HBpin) (1.16 g, 9.06 mmol), di-μ-methoxobis(1,5-

cyclooctadiene)diiridium (0.045 g, 0.068 mmol) and 3 mL of dry hexanes. To this stirring 

mixture, 4,4'-Bis(di-t-butyl)-2,2'-bipyridine (dtbbpy) (0.036 g, 0.13 mmol) in 3 mL of hexanes 

was added in portions and the mixture was stirred for 15 min. The color of the reaction mixture 

went from yellow to dark brown during that period. Compound 4.B (1.32 g, 4.53 mmol) was then 

dissolved in 4 mL of hexanes and added to the mixture slowly (H2 gas evolves in this step). The 

solution was kept in the glovebox and stirred overnight. The crude mixture was then removed 

from the glovebox, loaded directly onto silica gel, and eluted with hexanes:dichloromethane 

(1:1). The Rf of the product is ~0.4 in hexanes:dichloromethane = 1:1. The final product was 

collected as a clear oil and slowly solidified after drying in vacuo to afford an off-white powder 

(1.40 g, 74%). 1H NMR (500 MHz, CDCl3) δ 7.85 (s, 1H), 4.27 (t, J = 6.7 Hz, 2H), 1.77 – 1.70 

(m, 2H), 1.47 – 1.39 (m, 2H), 1.37 – 1.28 (m, 16H), 0.93 – 0.87 (m, 3H). 13C NMR (126 MHz, 

CDCl3) δ 162.2, 139.2, 132.7, 126.3, 84.9, 65.4, 31.7, 28.8, 25.9, 25.0, 22.8, 14.2. Note: one 

aromatic signal is missing in the 13C NMR spectrum due to quadrupolar relaxation. HR-EIMS 

(m/z): [M]+ calculated for C17H26O4BrSB, 416.0828; found, 416.0832. 

Scheme 4.3. Synthesis of Monomer 4.3. 

 

hexyl 4'-hexyl-[2,2'-bithiophene]-3-carboxylate (4.C). In a N2 filled glovebox, 

a 20 mL scintillation vial was charged with compound 4.B (0.50 g, 1.72 

mmol), 2-(4-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(0.51 g, 1.73 mmol), Pd(PPh3)4 (0.10 g, 0.087 mmol), K2CO3 (0.71 g, 5.14 mmol) and 10 mL of  

dioxane. The vial was removed from the glovebox and 2 mL of water was added into the vial by 
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syringe. The vial was then immersed in an oil bath at 95 °C and the solution was stirred for 12 h 

before cooling to room temperature. The mixture was transferred to a separatory funnel, diluted 

with 100 mL of diethyl ether and washed with water and brine. The organic layer was dried using 

Na2SO4, and concentrated using rotary evaporation. The crude material was purified using 

column chromatography on silica gel, eluting with hexanes:dichloromethane (3:1) to afford the 

final product as a clear oil (0.58 g, 89%). The Rf of the product is ~0.6 in 

hexanes:dichloromethane = 1:1. 1H NMR (500 MHz, CD2Cl2) δ 7.45 (d, J = 5.5 Hz, 1H), 7.26 (d, 

J = 1.4 Hz, 1H), 7.20 (d, J = 5.4 Hz, 1H), 7.01 (q, J = 1.1 Hz, 1H), 4.20 (t, J = 6.7 Hz, 2H), 2.61 

(t, J = 7.7 Hz, 2H), 1.70 – 1.59 (m, 4H), 1.41 – 1.25 (m, 12H), 0.94 – 0.84 (m, 6H). 13C NMR 

(126 MHz, CD2Cl2) δ 163.7, 144.1, 143.6, 134.0, 131.1, 130.9, 128.7, 124.4, 122.8, 65.5, 32.3, 

32.1, 31.1, 31.0, 29.6, 29.2, 26.3, 23.22 and 23.15 (2 overlapping signals), 14.44 and 14.37 (2 

overlapping signals). HRMS (ESI-TOF) (m/z): [M + H]+ calculated for C21H31O2S2, 379.1765; 

found, 379.1772. 

hexyl 5'-bromo-4'-hexyl-[2,2'-bithiophene]-3-carboxylate (4.D). Compound 

4.C (0.58 g, 1.53 mmol) was dissolved in 100 mL of benzene and the solution 

was cooled to 0 °C. N-Bromosuccinimide (0.30 g, 1.69 mmol) was then added 

to the reaction mixture in portions while maintaining a temperature of 0 °C. The reaction mixture 

was slowly warmed to room temperature and stirred overnight. The mixture was quenched with 

50 mL of a saturated NaHCO3 solution and the entire contents of the flask were transferred to a 

separatory funnel. The aqueous layer was extracted with diethyl ether (3 × 50 mL) and the 

combined organic extracts were washed with a saturated NaHCO3 solution and brine. The 

extracts were then dried over Na2SO4 and concentrated using rotary evaporation. The crude 

product was purified using column chromatography on silica gel, eluting with 

hexanes:dichloromethane (15:1) to afford the final product as a clear oil (0.45 g, 64%). The Rf of 

the product is ~0.4 in hexanes:dichloromethane = 7:3. 1H NMR (500 MHz, CDCl3) δ 7.46 (d, J = 

5.4 Hz, 1H), 7.17 (d, J = 5.4 Hz, 1H), 7.11 (s, 1H), 4.24 (t, J = 6.7 Hz, 2H), 2.56 (t, J = 7.7 Hz, 
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2H), 1.73 – 1.64 (m, 2H), 1.64 – 1.56 (m, 2H), 1.41 – 1.24 (m, 12H), 0.94 – 0.84 (m, 6H). 13C 

NMR (126 MHz, CDCl3) δ 163.4, 142.8, 142.2, 133.6, 130.7, 130.1, 128.2, 124.0, 112.1, 65.3, 

31.8, 31.7, 29.9, 29.8, 29.2, 28.8, 25.9, 22.82 and 22.78 (2 overlapping signals), 14.3, 14.2. 

HRMS (ESI-TOF) (m/z): [M + H]+ calculated for C21H30O2S2Br, 457.0871; found, 457.0869. 

hexyl 5'-bromo-4'-hexyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

[2,2'-bithiophene]-3-carboxylate (4.3). In a N2 filled glovebox, a 40 mL 

scintillation vial was charged with pinacolborane (HBPin) (0.50 g, 3.9 

mmol), Di-μ-methoxobis(1,5-cyclooctadiene)diiridium (0.033 g, 0.050 mmol) and 2 mL of dry 

hexanes. To this stirring mixture, 4,4'-Bis(di-t-butyl)-2,2'-bipyridine (dtbbpy) (0.026 g, 0.097 

mmol) in 2 mL of hexanes was added in portions and the mixture was stirred for 15 min. The 

color of the reaction mixture went from yellow to dark brown during that period. Compound 4.D 

(1.50 g, 3.28 mmol) was then dissolved in 4 mL of hexanes and added to the reaction mixture 

slowly (H2 gas evolves in this step). The solution was kept in the glovebox and stirred overnight. 

The crude mixture was then removed from the glovebox, loaded directly onto silica gel, and 

eluted with gradient solvent conditions (hexanes:dichloromethane = 1:1, followed by 

dichloromethane). The Rf of the product is ~0.5 in hexanes:dichloromethane = 1:1. The final 

product was collected as a green oil and, upon drying, slowly solidified to a light-green solid 

(1.41 g, 74%). 1H NMR (500 MHz, CDCl3)
 δ 7.95 (s, 1H), 7.22 (s, 1H), 4.24 (t, J = 6.8 Hz, 2H), 

2.55 (t, J = 7.7 Hz, 2H), 1.75 – 1.64 (m, 2H), 1.64 – 1.53 (m, 2H), 1.43 – 1.20 (m, 24H), 0.95 – 

0.83 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 163.4, 149.0, 142.3, 140.6, 133.6, 130.4, 128.7, 

113.0, 84.8, 65.3, 31.8, 31.7, 29.8, 29.7, 29.1, 28.9, 25.9, 25.0, 22.79 and 22.76 (2 overlapping 

signals), 14.3, 14.2. Note: one aromatic signal is missing in the 13C NMR spectrum due to 

quadrupolar relaxation. HRMS (ESI-TOF) (m/z): [M + H]+ calculated for C27H41O4S2BrB, 

583.1723; found, 583.1719. 
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Scheme 4.4. Synthesis of Monomer 4.4 

 

2-bromofuran-3-carboxylic acid (4.E). An oven-dried 250 mL Schlenk flask was 

charged with furan-3-carboxylic acid (5.60 g, 50 mmol) and 150 mL THF. The 

solution was cooled to -78 °C using a dry-ice acetone bath and 2.5 M n-BuLi solution (42 mL, 

105 mmol) was added using a syringe over 20 minutes. During the addition, a white precipitate 

formed. The solution was stirred for 2 hours at the same temperature at which point, bromine 

(2.82 mL, 55 mmol) was added dropwise using a syringe. The flask was not removed from the 

cold bath to ensure the reaction vessel returned to room temperature slowly overnight. The 

reaction was quenched by adding 1M HCl solution (60 mL) and most THF was removed in 

vacuo. The remaining solution was transferred to a seperatory funnel and extracted with ethyl 

acetate (3 x 75 mL). The combined organic fractions were washed with brine, dried over 

magnesium sulfate and concentrated to reveal a brown solid. The solid was dissolved by adding 

an aqueous NaOH solution (c.a. 50 mL) and then transferred to a separatory funnel again. The 

aqueous layer was washed with diethyl ether (3 x 50 mL) and then transferred to a 125 mL 

Erlenmeyer flask and cooled to 0 °C. Concentrated HCl (37 % w/w) was added until pH < 1. The 

precipitate was collected via vacuum filtration and washed with cold water to reveal a light brown 

solid that was used directly (6.94 g, 73%). 1H NMR (500 MHz, CDCl3) δ 11.80 (br s, 1H), 7.47 

(d, J = 2.1 Hz, 1H), 6.82 (d, J = 2.1 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 167.5, 144.8, 130.9, 

117.0, 113.2. HR-EIMS (m/z): [M]+ calculated for C5H3BrO3, 189.9265; found, 189.9267. 

hexyl 2-bromofuran-3-carboxylate (4.F).  An oven-dried 100 mL Schlenk flask 

was charged with 2-bromofuran-3-carboxylic acid (4.E) (3 g, 0.016 mol), K2CO3 

(6.55 g, 0.047 mol) and 40 mL of DMF. 1-Bromohexane (5.21 g, 0.032 mol) was then added via a 

syringe. The flask was immersed in an oil bath at 90 °C and the solution was stirred for 12 h 
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under a N2 atmosphere before cooling to room temperature. The solution was diluted with 50 mL 

of water and transferred to a 500 mL separatory funnel. The aqueous layer was extracted with 

diethyl ether (100 × 3 times) and the combined organic layer was washed with water, brine, dried 

over Na2SO4 and concentrated using rotary evaporation. The final product was purified by using 

column chromatography on silica gel (hexanes: dichloromethane = 20: 3) to afford the final 

product as a clear liquid (1.75 g, 40%). The Rf of the product is ~0.5 in hexanes: dichloromethane 

= 1: 1. 1H NMR (500 MHz, CDCl3) δ 7.41 (d, J = 2.1 Hz, 1H), 6.75 (d, J = 2.1 Hz, 1H), 4.25 (t, J 

= 6.7 Hz, 2H), 1.75 – 1.67 (m, 2H), 1.47 – 1.36 (m, 2H), 1.31 (h, J = 3.5 Hz, 4H), 0.93 – 0.83 (m, 

3H). 13C NMR (126 MHz, CDCl3) δ 162.1, 144.4, 128.9, 117.8, 113.0, 65.2, 31.6, 28.7, 25.8, 

22.7, 14.1. HRMS (ESI-TOF) (m/z): [M + H]+ calculated for C11H16O3Br, 275.0283; found, 

275.0294. 

hexyl 2-bromo-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)furan-3-

carboxylate (4.4). In a N2 filled glovebox, a 40 mL of scintillation vial was 

charged with 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (HBpin) (1.16 g, 0.009 mol), (1,5-

cyclooctadiene)(methoxy)iridium(I) dimer (0.045g, 0.068 mmol) and 3 mL of dry hexanes. To 

this stirring mixture, 4,4’-di-tert-butyl-2,2’-dipyridyl (dtbbpy) (0.037g, 0.138 mmol) in 3 mL of 

hexanes was added in portions and stirred for 15 mins (the mixture color changed from yellow to 

dark brown). Compound 4.F (1.25 g, 0.005 mol) was then dissolved in 4 mL of hexane and added 

into the reaction mixture slowly (H2 gas evolution). The solution was stirred overnight inside the 

glovebox. The crude mixture was finally removed from the glovebox, directly loaded onto the 

silica gel and eluted with dichloromethane. The Rf of the product is ~0.2 in hexanes: 

dichloromethane = 1: 1. The final product was collected as a clear liquid and dried in vacuo (1.35 

g, 74%). 1H NMR (500 MHz, CDCl3) δ 7.37 (s, 1H), 4.25 (t, J = 6.6 Hz, 2H), 1.74 – 1.66 (m, 

2H), 1.46 – 1.38 (m, 2H), 1.34 (s, 12H), 1.33 – 1.29 (m, 4H), 0.92 – 0.87 (m, 3H). 13C NMR (126 

MHz, CDCl3) δ 162.0, 134.0, 125.7, 118.4, 85.1, 77.4, 65.2, 31.7, 28.8, 25.9, 24.9, 22.8, 14.2 
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Note: one aromatic signal is missing in the 13C NMR spectrum due to quadrupolar relaxation. 

HR-EIMS (m/z): [M]+ calculated for C17H26O5BrB, 400.1056; found, 400.1059. 

Model Compound Studies 

Representative procedure. In a N2 filled glove box, a 20 mL scintillation vial was charged with 

the dihalogenated thiophene (0.50 mmol), 4,4,5,5-tetramethyl-2-(thiophen-2-yl)-1,3,2-

dioxaborolane (ThBPin) (0.053 g, 0.25 mmol), K3PO4·H2O (0.14 g, 0.61 mmol) and either 1,3,5-

trimethoxybenzene (0.042 g, 0.25 mmol) or nonadecane (0.067 g, 0.25 mmol) as an internal 

standard. Finally, the catalyst (mol % relative to ThBPin) was added along with 3 mL of THF. 

The vial was sealed, and removed from the glovebox and an aliquot was analyzed using GC-MS 

(t = 0 h). The vial was then placed in an oil bath at 50 °C and stirred for 24 h. An aliquot (0.1 mL) 

was then removed and subjected to GC-MS analysis while another aliquot (0.3 mL) was 

concentrated, dissolved in CDCl3, filtered through a 0.22 μm PTFE filter, and analyzed using 1H 

NMR spectroscopy. For the 1H NMR spectra, the methyl [2,2':5',2''-terthiophene]-3'-carboxylate 

was isolated from one of the reaction mixtures for comparison. 1H NMR (300 MHz, CDCl3) δ 

7.53 (s, 1H), 7.49 (dd, J = 3.7, 1.2 Hz, 1H), 7.42 (dd, J = 5.1, 1.2 Hz, 1H), 7.27 (dd, J = 5.3, 1.2 

Hz, 1H), 7.20 (dd, J = 3.6, 1.2 Hz, 1H), 7.06 (ddd, J = 11.9, 5.1, 3.7 Hz, 2H), 3.85 (s, 3H). Note: 

the signal at 7.27 ppm overlapped with the solvent signal. Integration of the methyl carboxylate 

signal was used to determine the ratio of terthiophene:bithiophene. For the monosubstituted 

bithiophene product, two regioisomers are possible, but we did not identify the regioisomer 

formed.  
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Figure 4.8. Representative crude 1H NMR Spectrum (500 MHz, CDCl3) for model compound 

Suzuki-Miyaura coupling at 50 °C using methyl-2,5-dibromothiophene-3-carboxylate and 

Ni(PPh3)IPrCl2 (1 mol %). The star symbols correspond to the terthiophene product. 
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Polymerization Studies  

 

Representative procedure for P3HET synthesis. In a N2 filled glovebox, a 20 mL scintillation vial 

equipped with a Teflon screw cap was charged with a calculated amount of catalyst (mol % listed 

in Table 4.3), K3PO4·H2O (0.080 g, 0.35 mmol), nonadecane (0.080 g, 0.30 mmol) as the internal 

standard, and 5 mL of THF. The vial was capped, removed from the glovebox and the reaction 

mixture was stirred at room temperature under N2. Monomer 4.1 (0.13 g, 0.31 mmol) in 2 mL of 

THF was injected into the solution to initiate the polymerization. After 30 s of stirring, an aliquot 

(0.2 mL) was withdrawn from the solution, quenched with methanol (1 mL), diluted with diethyl 

ether (1 mL) and subjected to GC-MS analysis. The reaction mixture was stirred at room 

temperature for 30 min before being placed in an oil bath at 50 °C. A final aliquot (0.2 mL) was 

withdrawn to determine the monomer conversion and the polymerization was quenched using 6 

M methanolic HCl solution. The precipitate was collected using vacuum filtration, then washed 

with methanol and acetone to remove any unreacted monomer and oligomers. The final polymer 

was collected as a red solid and dried in vacuo. 1H NMR (500 MHz, CDCl3) δ 7.86 (br s, 1H), 

4.30 (t, J = 6.8 Hz, 2H), 1.81 – 1.67 (m, 2H), 1.44 – 1.22 (m, 6H), 0.96 – 0.81 (m, 3H). 13C NMR 

(126 MHz, CDCl3) δ 162.9, 143.1, 132.6, 132.4, 128.4, 65.6, 31.7, 28.9, 25.9, 22.8, 14.3. 

 

Representative procedure for P3HT synthesis. In a N2 filled glove box, a 20 mL scintillation vial 

equipped with a Teflon screw cap was charged with a calculated amount of catalyst (mol % listed 

in Table 4.4), K3PO4·H2O (0.080 g, 0.35 mmol), nonadecane (0.080 g, 0.30 mmol) as the internal 

standard, and 5 mL of THF. The vial was sealed, removed from the glovebox and the reaction 

mixture was stirred at room temperature under N2. Monomer 4.2 (0.114 g, 0.31 mmol ) in 2 mL of 
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THF was injected into the reaction mixture followed by degassed H2O then, the vial was 

immersed in an oil bath at 50 °C. The reaction mixture was sampled periodically and polymer 

aliquots were prepared by quenching ~0.2 mL of the polymer solution with ~2.0 mL of 6 M 

methanolic HCl. The precipitate was filtered and washed with methanol and acetone to remove 

any monomer and low molecular weight oligomers. The resultant polymer was dissolved in ~1 

mL of THF with gentle heating, filtered through a 0.22 μm PTFE syringe filter, and analyzed 

using GPC  (relative to polystyrene) with THF as the eluent.  

Table 4.4. Optimization of water content in P3HT synthesis from monomer 4.2. 

Catalyst % Cat. 
(mol) 

H2O (mL) Time (min) Mn (GPC) Ð 

Ni(PPh3)IPrCl2 2 0 1200 6200 1.65 
Ni(PPh3)IPrCl2 2 0.02 35 8100 1.54 
Ni(PPh3)IPrCl2 2 0.05 35 8700 1.50 
Ni(PPh3)IPrCl2 2 0.08 35 42100 1.37 
Ni(PPh3)IPrCl2 2 0.10 15 61300 1.13 
Ni(PPh3)IPrCl2

a 2 0.10 45 74400 1.30 
Ni(dppp)Cl2 2 0 1110 8200 1.54 
Ni(dppp)Cl2 2 0.05 140 16000 1.15 
Ni(dppp)Cl2 2 0.10 30 17100 1.09 
Ni(dppp)Cl2

b 2 0.10 60 18600 1.08 
a Isolated yield = 71%. b Isolated yield = 59%. 
 

 

Representative procedure for P3HET-a-P3HT synthesis. In a N2 filled glovebox, a 20 mL 

scintillation vial equipped with a Teflon screw cap was charged with a calculated amount of 

catalyst (listed in Table 4.5 below), K3PO4·H2O (0.080 g, 0.35 mmol) and 5 mL of THF. The vial 

was capped, removed from the glovebox and the reaction mixture was stirred at room temperature 

under N2. Monomer 4.3 (0.18 g, 0.31 mmol) in 2 mL of THF was injected into the reaction 

mixture followed by degassed H2O then, the vial was immersed in an oil bath at 50 °C. The 

reaction mixture was stirred for period of time and then, the polymerization was quenched using 6 
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M methanolic HCl solution. The precipitate was collected using vacuum filtration, then washed 

with methanol and acetone to remove any unreacted monomer and oligomers. The final polymer 

was collected as a purple solid and dried in vacuo. 1H NMR (500 MHz, CDCl3) δ 7.54 (s, 1H), 

7.38 (s, 1H), 4.30 (t, J = 6.7 Hz, 2H), 2.80 (t, J = 7.9 Hz, 2H), 1.81 – 1.57 (m, 4H), 1.49 – 1.27 

(m, 12H), 0.97 – 0.83 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 163.3, 142.3, 140.9, 133.9, 132.5, 

132.0, 129.1, 128.1, 65.5, 31.9, 31.7, 30.8, 29.6, 29.5, 28.9, 26.0, 22.9, 22.8, 14.34 and 14.26 (2 

overlapping signals). Note: only 7 of the 8 possible signals from the thiophene rings are visible 

due to similarities between chemical environments. 

Table 4.5. Synthesis of P3HET-a-P3HT from monomer 4.3. 

Catalyst % Cat. 
(mol) 

H2O (mL) Time (min) Mn (GPC) Ð Yield 
(%) 

Ni(PPh3)IPrCl2 2 0 210 27700 1.63 67 
Ni(PPh3)IPrCl2 2 0.10 60 22600 6.08 52 

Ni(dppp)Cl2 2 0.10 60 36500 1.13 59 
Ni(dppp)Cl2 1 0.10 120 49000 1.48 52 

 

 

Representative procedure for P3HET synthesis. In a N2 filled glovebox, a 20 mL scintillation vial 

equipped with a Teflon screw cap was charged with a calculated amount of Ni(PPh3)IPrCl2 

catalyst, K3PO4
.H2O (0.08 g, 0.347 mmol), and 5 mL of THF. The vial was sealed, moved from 

the glovebox and stirred at room temperature. Monomer 4.4 (0.12 g, 0.31 mmol) in 2 mL of THF 

was injected into the solution to start the polymerization. The vial was allowed to stir at room 

temperature for 30 mins before being placed in an oil bath at 50 °C and stirred for a period of 

time. The polymerization was quenched using 6 M methanolic HCl solution. The precipitate was 

suction filtered then washed with cold methanol and acetone to remove the unreacted monomer 

and oligomers. The final polymer was dried in vacuo and characterized using GPC, MALDI-TOF 

mass spectrometry. 
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CHAPTER 5 

Synthesizing Electron-Rich and Electron-Deficient  

Conjugated Polymers by Direct Catalytic Cross-Coupling of  

Organolithium AB-Type Monomers 

5.1 Introduction 

Organic π-conjugated polymers are very important components in a variety of 

optoelectronic devices such as organic light-emitting diode (OLED), organic photovoltaics (OPV), 

and thin-film transistors (OFET).1 Conjugated polymers are commonly prepared using metal-

catalyzed step-growth polymerizations (AA/BB-type route) with limited control over molecular 

weight and dispersity.   

In the last decade, there is an interest in developing chain-growth polymerization 

methods to produce conjugated architectures with enhanced complexity.2 Particularly, catalyst-

transfer polycondensation (CTP) is among the most well-established methods in the controlled 

synthesis of well-defined conjugated polymers.2c Different named cross-coupling reactions such 

as Suzuki (organoboron), Kumada (organomagnesium) and Negishi (organozinc) have been 

widely applied in CTP. However, the direct application of highly reactive and versatile 

organolithium-based AB-type monomers in a chain-growth polymerization remains elusive. 

Organolithium-based monomers can be easily generated in situ by lithium-halogen exchange or 

deprotonation using cheap, commercially available alkyllithiums and subsequent polymerization 

generates a lithium halide and a alkyl halide as stoichiometric byproducts. By contrast, other 

organometallic monomers (Sn, B, Mg, Zn) are often produced using corresponding organolithium 

compounds as precursors (Figure 5.1). The direct use of organolithium monomers in 

polymerizations not only reduces these additional procedures but also eliminate the formation of 

toxic byproducts. Therefore, a facile, fast and universal chain-growth polymerization protocol 

using organolithium-based AB-type monomers is highly desirable. 
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Figure 5.1. Summarized Cross-Coupling Reactions used in Chain-Growth Polymerizations. 

Previous studies using organolithium reagents as monomers have appeared in the 

literature and significant progress has been made by Mori’s group in 2013.3 However, the 

reported polymerization either proceeded in a step-growth fashion or was limited to electron-rich 

polymers. There is an interest to explore chain-growth polymerization for electron-deficient 

polymers and even donor-acceptor alternating copolymers. Therefore, we envision that this 

method should be widely applicable to afford functional conjugated polymers, not only restricted 

to those which are electron-rich. 

5.2 Results and Discussion 

We first tested the lithiation strategy by synthesizing polyfluorenes (a typical type of 

electron-rich polymers), since they are promising blue-emitting materials in OLED applications.4 

This polymer has been polymerized previously using organolithium-type monomers with 

Ni(dppp)Cl2 as the catalyst, however the molecular weight cannot be regulated by the 

catalyst/feed ratio, indicating a step-growth polymerization mechanism.3b The essence of 

transferring step-growth polymerizations into chain-growth polymerizations is the proper choice 

of catalysts used during the reaction. Recently, we and others have successfully demonstrated the 

feasibility of using carbene-supported palladium precatalysts in a chain-growth process.5 With the 

success of using carbene-supported palladium precatalysts in small molecule couplings,6 we 

decided to use PEPPSI-IPr to polymerize organolithium AB-type fluorene monomers. 
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Active monomers were generated by treating commercially available 9,9-dioctyl-2,7-

dibromofluorene (5.1) with n-BuLi at  ̶ 78 °C in THF for an hour. Followed with the addition of 

PEPPSI-IPr, the polymerization rapidly took place at room temperature. Simple precipitation and 

washing with methanol and acetone removed the remaining excess monomer to afford 

polyfluorenes in high yield. Surprisngly, the dispersity was high indicating a step-growth process. 

Another reason may be the presence of a small percentage of dilithiated fluorene species 

generated upon addition of n-BuLi. The similar complication has been observed previously and 

was proven to be problematic.7 To confirm this, monomer conversion experiments were 

conducted (Figure 5.14). Indeed, 89% monomers were formed along with 11% dilithiated 

fluorene byproducts. Nevertheless, molecular weight control can be realized by tuning the 

catalyst loading (enties 1-3, Table 5.1). By stark contrast, Kumada CTP using the same catalyst 

only afforded oligofluorenes.5c We also chose Ni(PPh3)IPrCl2 to initiate the same polymerization 

since it has been used previously in similar small molecule reactions8 and polymerizations.3a 

Interestingly, polymers obtained using Ni(PPh3)IPrCl2 had comparable molecular weights and 

dispersities with those using PEPPSI-IPr. This may indicate some degrees of a chain-growth 

polymerization (enties 4-6, Table 5.1), though further experiments are needed to confirm this. 

Table 5.1. Polymerization Studies for Monomer 5.1. 

 

entry Cat. (mol %) Mn
a Ða Yield (%) 

1 PEPPSI-IPr (8) 9800 1.73 85 
2 PEPPSI-IPr (4) 13500 1.82 83 
3 PEPPSI-IPr (2) 22800 1.82 85 
4 Ni(PPh3)IPrCl2 (8) 8900 1.74 94 
5 Ni(PPh3)IPrCl2 (4) 14000 2.04 93 
6 Ni(PPh3)IPrCl2 (2) 22300 1.77 83 

aGPC traces were recorded at 40 °C versus polystyrene standards using THF as the eluent. 
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To further investigate the applicability of this protocol, another electron-rich monomer 

carbazole (5.2) was polymerized under similar conditions. Like polyfluorenes, polycarbazoles are 

well-known for their interesting optical and electrical properties.9 Previous efforts on controlled 

synthesis of polycarbazoles only generated low molecular weight samples.10 To our delight, both 

catalysts PEPPSI-IPr and Ni(PPh3)IPrCl2 can produce desired polymers with similar molecular 

weights (Table 5.2). However, the dispersity was high suggesting a step-growth process. 

Table 5.2. Polymerization Studies for Monomer 5.2. 

 

entry Cat. (mol %) Mn
a Ða Yield (%) 

1 PEPPSI-IPr (2) 21200 1.99 71% 
2 Ni(PPh3)IPrCl2 (2) 20800 1.96 71% 

aGPC traces were recorded at 40 °C versus polystyrene standards using THF as the eluent. 
 

After the successful polymerization of electron-rich monomers, we sought to apply the 

same protocol to an electron-deficient benzotriazole monomer. This monomer has been 

previously polymerized in a controlled fashion where active monomers were produced by 

reacting with n-BuLi and subsequent transmetalation with MgCl2.
11 The dibromobenzotriazole 

monomer (5.3) was treated with n-BuLi at   ̶ 78 °C for an hour and polymerized at room 

temperature. When PEPPSI-IPr was used as the catalyst, polymers with controlled molecular 

weights can be produced in high yields (enties 1-3, Table 5.3). By contrast, Ni(PPh3)IPrCl2 failed 

to afford polybenzotriazoles with reasonable molecular weights. This is surprising considering 

both catalysts work for the fluorene monomer. It is conceivable that the benzotriazole monomer 

binds stronger with Ni catalyst than Pd, suppressing catalyst transfer process.12 Further 

experiments using theoretical calculations are necessary to elucidate this. 
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Table 5.3. Polymerization Studies for Monomer 5.3. 

 

entry Cat. (mol %) Mn
a Ða Yield (%) 

1 PEPPSI-IPr (8) 5100 1.92 80 
2 PEPPSI-IPr (4) 10100 1.81 90 
3 PEPPSI-IPr (2) 14400 1.87 84 
4 Ni(PPh3)IPrCl2 (2) Oligomer - - 

aGPC traces were recorded at 40 °C versus polystyrene standards using THF as the eluent. 
 

The presented method which was effective in polymerizing both electron-rich and 

electron-deficient monomers also led us to explore the synthesis of a donor-acceptor alternating 

copolymer. Donor-acceptor polymers serve as an important class of active materials in 

optoelectronic devices13 and have been recently explored in chain-growth polymerizations.14 We 

have designed, prepared a donor-acceptor monomer containing benzotriazole and thiophene (4) 

and subjected it to polymerization using PEPPSI-IPr. The targeted polymer was obtained with 

moderate molecular weight and dispersity (Table 5.4), demonstrating the broad scope of this 

protocol. 

Table 5.4. Polymerization Studies for Monomer 5.4. 

 

entry Cat. (mol %) Mn
a Ða Yield (%) 

1 PEPPSI-IPr (2) 11000 1.57 66 
aGPC traces were recorded at 40 °C versus polystyrene standards using THF as the eluent. 
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5.3 Conclusions 

In conclusion, we have demonstrated an effective system for the synthesis of electron-

rich and electron-deficient monomers through direct catalytic couplings of organolithium species. 

Polyfluorenes, polycarbazoles and polybenzotriazoles can be obtained with control over 

molecular weights in high yields. We believe that the presented method should provide 

mechanistic insights of CTP regarding different cross-coupling reactions and eventually lead to 

precise conjugated frameworks containing both electron-rich and electron-deficient moieties. 

5.4 Experimental 

Materials and Methods. All reactions and manipulations of air or water sensitive compounds 

were carried out under dry nitrogen using an mBraun glovebox or standard Schlenk techniques 

unless otherwise stated. Tetrahydrofuran was purchased from commercial sources, degassed with 

argon, and dried prior to use. N-bromosuccinimide (NBS) was recrystallized from hot water prior 

to use. All other solvents and chemicals were used as received from commercial sources. 

Monomer 211 and 315 were prepared according to literature procedures. 

Polymer samples were precipitated with 6 M methanolic HCl solution and washed with both 

methanol and acetone before GPC analysis.  

NMR Analysis. All NMR experiments were collected at 300 K on a two-channel Bruker 

AvanceTM III NMR instrument equipped with a Broad Band Inverse (BBI) probe, operating at 

500 MHz for 1H (126 MHz for 13C). 1H NMR spectra are referenced to residual protio solvent 

(7.26 for CHCl3) and 13C NMR spectra are referenced to the solvent signal (δ 77.23 for CDCl3).  

Mass Spectrometry. High-resolution mass spectrometry experiments (electrospray and electron 

impact) were performed in the School of Chemical Sciences Mass Spectrometry Laboratory at the 

University of Illinois, Urbana-Champaign. 

Gel-Permeation Chromatography. GPC measurements were performed on a Waters Instrument 

equipped with a 717 plus autosampler, a Waters 2414 refractive index (RI) detector and two SDV 

columns (Porosity 1000 and 100000 Å; Polymer Standard Services) with THF as the eluent (flow 
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rate 1 mL/min, 40 °C). A 10-point calibration based on polystyrene standards (Polystyrene, 

ReadyCal Kit, Polymer Standard Services) was applied for determination of molecular weights. 

The polymer sample was dissolved in ~1 mL of THF, filtered through a 0.22 μm PTFE syringe 

filter, and analyzed. 

Scheme 5.1. Synthesis of Monomer 5.4.  

 

2-(2-hexyldecyl)-4,7-bis(3-hexylthiophen-2-yl)-2H-benzo[d][1,2,3]triazole (5.A).  In a N2 filled 

glovebox, a 20 mL vial was charged with 4,7-dibromo-2-(2-hexyldecyl)-2H-benzotriazole (3) 

(0.81 g, 1.62 mmol), 2-(3-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1 g, 3.40 

mmol), K3PO4 (1.37 g, 6.45 mmol), PEPPSI-IPr (0.022 g, 0.032 mmol) and 10 mL of THF. The 

vial was removed from the glovebox and 1 mL of water was added into the vial by syringe. The 

vial was then immersed in an oil bath at 60 °C and the solution was stirred for 12 h before cooling 

to room temperature. The mixture was transferred to a separatory funnel, diluted with 100 mL of 

diethyl ether and washed with 2 M HCl solution and brine. The organic layer was dried using 

Na2SO4, and concentrated using rotary evaporation. The crude material was purified using 

column chromatography on silica gel, eluting with hexanes:dichloromethane (4:1) to afford the 

final product as a clear yellow oil (0.60 g, 55%). The Rf of the product is ~0.2 in 

hexanes:dichloromethane = 7:3. HRMS (ESI-TOF) (m/z): [M + H]+ calculated for C42H66N3S2, 

676.4698; found, 676.4675. 
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Figure 5.2. Compound 5.A 1H NMR Spectrum – 500 MHz, CDCl3. 

 

Figure 5.3. Compound 5.A 13C NMR Spectrum – 126 MHz, CDCl3. 
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4,7-bis(5-bromo-3-hexylthiophen-2-yl)-2-(2-hexyldecyl)-2H-benzo[d][1,2,3]triazole (5.4). In a 50 

mL round-bottom flask, compound 5.A (0.60 g, 0.89 mmol) was dissolved in 10 mL of DMF. 

The flask was cooled to 0 °C using an ice-water bath. NBS (0.33 g, 0.19 mmol) was added into 

the solution in one portion and the reaction mixture was protected from ambient light. The 

mixture was slowly warmed to room temperature and stirred overnight. The reaction was 

quenched with saturated NaHCO3 solution and transferred to a 500 mL of separatory funnel. The 

organic layer was separated and the aqueous layer was extracted two more times using diethyl 

ether (2  50 mL). The organic extracts were combined and washed with saturated NaHCO3 

solution, dried over Na2SO4 and concentrated using rotary evaporation. The crude material was 

purified using column chromatography on silica gel, eluting with hexanes:dichloromethane (23:2) 

to afford the final product as a clear yellow oil (0.68 g, 92%). The Rf of the product is ~0.7 in 

hexanes:dichloromethane = 7:3. HRMS (ESI-TOF) (m/z): [M + H]+ calculated for C42H64Br2N3S2, 

832.2908; found, 832.2947. 

 

Figure 5.4. Compound 5.4 1H NMR Spectrum – 500 MHz, CDCl3. 
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Figure 5.5. Compound 5.4 13C NMR Spectrum – 126 MHz, CDCl3. 

General Polymerization Conditions 

Polyfluorenes. The polymerization reaction was conducted under a N2 atmosphere. A 100 mL 

Schlenk flask was charged with compound 5.1 (0.5 g, 0.91 mmol) and 20 mL of THF. n-BuLi 

solution (2.5 M, 0.3 mL, 0.75 mmol) was slowly added to the reaction solution at -78 °C. After 

stirring at -78 °C for 1 h, a calculated amount of catalyst in 2 mL of THF was quickly added into 

the solution in one portion. The polymerization was stirred at room temperature for 1 h and 

subsequently quenched with 6 M methanolic HCl. 200 mL of methanol was then added to the 

polymer suspension. The final polymer was collected by filtration, dried in vacuo. 



 

107 

 

Figure 5.6. Polyfluorenes 1H NMR Spectrum – 500 MHz, CDCl3. 

 

Figure 5.7. Polyfluorenes 13C NMR Spectrum – 126 MHz, CDCl3. 
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Polycarbazoles. The polymerization reaction was conducted under a N2 atmosphere. A 50 mL 

Schlenk flask was charged with compound 5.2 (0.25 g, 0.46 mmol) and 10 mL of THF. n-BuLi 

solution (2.5 M, 0.15 mL, 0.375 mmol) was slowly added to the reaction solution at -78 °C. After 

stirring at -78 °C for 1 h, a calculated amount of catalyst in 2 mL of THF was quickly added into 

the solution in one portion. The polymerization was stirred at room temperature for 1 h and 

subsequently quenched with 6 M methanolic HCl. 200 mL of methanol was then added to the 

polymer suspension. The final polymer was collected by filtration, dried in vacuo. 

 

Figure 5.8. Polycarbazoles 1H NMR Spectrum – 500 MHz, CDCl3. 
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Figure 5.9. Polyfluorenes 13C NMR Spectrum – 126 MHz, CDCl3. 

Polybenzotriazoles. The polymerization reaction was conducted under a N2 atmosphere. A 50 

mL Schlenk flask was charged with compound 5.3 (0.225 g, 0.46 mmol) and 10 mL of THF. n-

BuLi solution (2.5 M, 0.15 mL, 0.375 mmol) was slowly added to the reaction solution at -78 °C. 

After stirring at -78 °C for 1 h, a calculated amount of catalyst in 2 mL of THF was quickly added 

into the solution in one portion. The polymerization was stirred at room temperature for 1 h and 

subsequently quenched with 6 M methanolic HCl. 200 mL of methanol was then added to the 

polymer suspension. The final polymer was collected by filtration, dried in vacuo. 



 

110 

 

Figure 5.10. Polybenzotriazoles 1H NMR Spectrum – 500 MHz, CDCl3. 

 

Figure 5.11. Polybenzotriazoles 13C NMR Spectrum – 126 MHz, CDCl3. 
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Polymerization of monomer 5.4. The polymerization reaction was conducted under a N2 

atmosphere. A 50 mL Schlenk flask was charged with compound 5.4 (0.375 g, 0.46 mmol) and 

10 mL of THF. n-BuLi solution (2.5 M, 0.15 mL, 0.375 mmol) was slowly added to the reaction 

solution at -78 °C. After stirring at -78 °C for 1 h, PEPPSI-IPr (5.1 mg, 2 mol %) in 2 mL of THF 

was quickly added into the solution in one portion. The polymerization was stirred at room 

temperature for 1 h and subsequently quenched with 6 M methanolic HCl. 200 mL of methanol 

was then added to the polymer suspension. The final polymer was collected by filtration, dried in 

vacuo. 

 

Figure 5.12. Donor-acceptor copolymer 1H NMR Spectrum – 500 MHz, CDCl3. 
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Figure 5.13. Donor-acceptor copolymer 13C NMR Spectrum – 126 MHz, CDCl3. 

 

Figure 5.14. Crude 1H NMR Spectrum (500 MHz, CDCl3) for monomer conversion experiments. 

Top – reaction mixture before adding n-BuLi. Middle – reaction mixture after adding 1 equiv. of 

n-BuLi. Bottom – reaction mixture after adding 2 equiv. of n-BuLi for comparison. 
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CHAPTER 6 

Conclusions and Outlook 

6.1 Conclusions 

The precious chapters detailed some of our efforts in developing controlled methods for 

the synthesis of conjugated polymers by expanding the scope of catalysts, monomers, cross-

coupling strategies and functional groups available. We have successfully expanded Kumada CTP 

protocol to another Group 16 heterocycle (furan) which is biorenewable and biodegradable. 

Limited photostability of these alkyl substituted polyfurans led us to explore furan containing 

polymers with an ester stabilized functional group. CTP protocols employing alternative cross-

coupling reactions (Stille and Suzuki) with broader substrate scope have been developed. The 

ability to install functional groups at the side chain allows for the preparation of conjugated 

polymers with tunable structures and band gaps. Subsequent research in our group will include 

expansion to other functional groups and the synthesis of sequence defined conjugated polymers 

by varying side chain substituents and eventually polymerizing acceptor or donor-acceptor type 

conjugated monomers in a controlled manner. 

Despite our recent effort in controlled synthesis of ester functionalized polythiophenes, 

functional groups that are amenable to CTP have remained limited. Donor-acceptor alternating 

copolymers or acceptor polymers often possess functional groups such as amide or imide (Fugure 

6.1).1 Rylene diimides and thiophene diimides are among the most commonly used building 

blocks in donor-acceptor copolymers.1 While naphthalene diimide based monomers have been 

previously polymerized in a chain-growth manner,2 the controlled synthesis of thiophene diimides 

has not been realized. 
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Figure 6.1. Selected Examples of Imide Containing Conjugated Building Blocks. 

Serving as an entry point, we plan to investigate an amide functionalized thiophene 

monomer using our recently established Ni Suzuki CTP protocol. To further examine the scope of 

this methodology, cyano substituted thiophene monomers were also designed and subjected into 

polymerization. Similar cyano containing polythiophenes have been prepared previously via step-

growth polycondensation and showed promising oxidative stability,3 highlighting the benefit of 

this particular electron-withdrawing functional group. Different designs of dimeric and trimeric 

monomers will be proposed and polymerized to further explore the sequence effect on the 

property of resultant materials (Figure 6.2), since sequence control is one of the remaining 

frontiers in polymer synthesis. 

 
Figure 6.2. Functional Groups Expansion and Side Chain Sequence Defined Conjugated 

Polymers. 
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If these amide and cyano functionalized monomers can be successfully polymerized in a 

controlled fashion, we will apply the similar protocol to more complex conjugated frameworks 

involving electron-deficient polymers and donor-acceptor copolymers consisting of thiophene 

diimide (Figure 6.3). 

 

Figure 6.3. Proposed Controlled Synthesis of Imide Functionalized Conjugated Polymers. 

We believe by controlling the composition, topology, and functionality of conjugated 

polymers, a wide range of functional materials based on conjugated polymers will emerge and 

lead to the next generation of organic electronics.  
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