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Abstract 
 

Catalyst-transfer polymerization (CTP) is a useful living, chain-growth polymerization 

method for synthesizing conjugated polymers with targetable molecular weights, narrow 

dispersities, and controllable copolymer sequences—all properties that significantly influence 

their performance in devices. Several phosphine- and N-heterocyclic carbene (NHC)-ligated Ni- 

and Pd-based precatalysts have been shown to be effective in CTP. One current limitation is that 

these traditional CTP catalysts lead to nonliving, non-chain-growth behavior when polymerizing 

complex monomers. Because these monomers are found in high-performing materials, there is a 

need to identify alternative CTP catalysts. Mechanistic insight has laid the foundation for 

designing new CTP catalysts. Building off this insight, we have designed and implemented 

model systems to identify catalysts by understanding their mechanistic behaviors and 

systematically modifying catalyst structures to improve their chain-growth behavior. 

In Chapter 1, we describe how each catalyst parameter influences CTP. Ancillary ligands 

can be used to promote the key intermediate (a metal–arene associative complex) and its 

reactivity. Reactive ligands can improve catalyst solubility and accelerate initiation. While most 

CTP catalysts contain nickel, palladium-based catalysts exhibit a higher functional group 

tolerance and broader substrate scope. Overall, we anticipate that applying the tools and lessons 

detailed in Chapter 1 to other monomers should facilitate a better “matchmaking” process that 

will lead to new CTPs. 
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Few studies have elucidated the impact of these identities on the stability and reactivity of 

the key intermediate, especially under polymerization-relevant conditions. In Chapter 2, we 

developed a simple experiment to identify catalyst stability and ring-walking ability using in 

situ-generated polymers. The combined results show that the ancillary ligand, metal, and 

polymer identity all play a crucial role. While each catalyst studied walks efficiently over large 

distances in poly(thiophene), the trends observed for poly(phenylene) highlight the differing 

roles of transition metal and ancillary ligand identities. The insights gained herein should be 

useful for extending CTP to other monomer and copolymer scaffolds. 

Recently, diimine-ligated Ni complexes have been employed for CTP; however, in most 

cases nonliving pathways become dominant at high monomer conversions and/or low catalyst 

loading. In Chapter 3, we report an alternative Ni diimine catalyst that polymerizes 3-

hexylthiophene in a chain-growth manner at low catalyst loading and high monomer conversion. 

In addition, we elucidate the chain-growth mechanism as well as one chain-transfer pathway. 

Overall, these studies provide insight into the mechanism of conjugated polymer synthesis 

mediated by Ni diimine catalysts. 

 There are a limited number of living polymerization methods for generating copolymers 

from dissimilar monomers. In Chapter 4 we describe a model system to identify potential 

precatalysts for synthesizing thiophene/olefin block copolymers. We identified a potential living 

copolymerization systems involving a ligand-switch from a diimine ancillary ligand to an NHC. 

Currently, this method generates homopolymers rather than the desired copolymers. Future 

efforts are focused on elucidating potential termination pathways to circumvent them and enable 

future copolymerizations.  
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 In Chapter 5 we highlight palladium precatalysts with promise for polymerizing complex 

monomers. Palladium precatalysts demonstrate good functional group tolerance and can 

polymerize monomers with various transmetalating groups. Few ancillary ligands have been 

explored for palladium-catalyzed CTP. Here, we describe ancillary ligands used in small-

molecule cross-couplings that should be evaluated for CTP. Precatalysts capable of cross-

coupling motifs found in complex monomers are highlighted. We anticipate the mechanistic 

insight and precatalysts discussed herein should facilitate designing future CTPs.  
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Chapter 1: Introduction – Matchmaking in Catalyst-Transfer Polymerization: Optimizing 
Catalysts based on Mechanistic Insight 

 
 

Portions of this chapter have been published: 

Leone, A. K.; McNeil, A. J. Matchmaking in Catalyst-Transfer Polycondensation: Optimizing 

Catalysts based on Mechanistic Insight. Acc. Chem. Res. 2016, 49, 2822–2831.  

 

1.1 Introduction 

Living, chain-growth polymerization methods are attractive because they provide a 

streamlined route to polymers with specific molecular weights, sequences, and end groups as 

well as narrow dispersities (i.e., Đ approaching 1.00). These structural parameters influence the 

polymer’s physical, optical, and morphological properties, ultimately impacting its performance 

in devices.1 Living, chain-growth methods have been predominantly developed for monomers 

that can be polymerized via radical and anionic pathways. In contrast, for conjugated polymers, 

living, chain-growth methods are nascent and have a much narrower monomer scope.2,3 

Catalyst-transfer polymerization (CTP) is a living, chain-growth polymerization method 

used to generate conjugated (hetero)arene polymers using transition metal catalysis. The CTP 

reaction begins when a metal precatalyst reacts with 1–2 equiv of monomer to generate a 

bis(arene)-functionalized metal complex (Scheme 1-1). Subsequent biaryl reductive elimination 

generates a metal–biaryl associative intermediate, which then undergoes an intramolecular 

oxidative addition. The catalytic cycle continues as monomers are enchained into the growing 
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polymer. This pathway is chain-growth because the intramolecular oxidative addition ensures 

catalyst association with the same chain throughout the polymerization. 

Scheme 1-1. CTP Mechanism 

 

The CTP pathway can undergo unproductive reactions when the catalyst’s electronic and 

steric properties are mismatched for a specific monomer (Scheme 1-1). For example, if the 

metal−π associative intermediate is weakly associated, other species in the reaction mixture (e.g., 

a coordinating solvent or un/activated monomer) can displace the growing polymer from the 

catalyst, resulting in chain-transfer.4,5 Alternatively, polymer chains can be exchanged between 

catalysts, producing two new active catalysts along with a polymer of twice the molecular weight 

via disproportionation.6 Finally, slow precatalyst initiation continuously generates new chains 

throughout the polymerization.7 All three pathways lead to undesirable, broad dispersities (Đ > 

1.00). Although some of these undesired reactions can be minimized by adjusting the catalyst 

concentration, solvent identity, or reaction temperature, a better approach is to modify the 

catalyst structure, as it has the largest influence over the living, chain-growth behavior. 

Our studies have shown that instead of searching for a universal catalyst, one should tune 

the catalyst’s electronic and steric properties for each monomer. Three parameters can be altered 

to tune a catalyst’s reactivity: the ancillary ligand, the reactive ligand, and the transition metal. 
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We describe herein our efforts to understand how each parameter influences initiation, 

propagation, and the unproductive pathways. We have focused our efforts on bisphosphine-

ligated nickel catalysts because they are widely utilized in CTP (cf. Chart 1-1), their steric and 

electronic properties are easily modified, and the catalyst resting state can be monitored in situ. 

We have developed both model systems and direct methods to interpret the effects of catalyst 

tuning and present general trends to assist future catalyst design. 
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Chart 1-1. Representative Examples of Ni-Catalyzed CTP (Examples with DP > 15 and Đ < 1.5 
in a Homopolymerization Are Included; Bolded References Report Đ ≤ 1.25)4–6, 8–58 

 

 

1.2 Ancillary Ligand 

The ancillary ligand(s) often remains coordinated to the transition metal throughout the 

polymerization, influencing initiation, propagation, and the unproductive pathways. As described 



 5 

in detail below, the ancillary ligand has the greatest impact on the turnover-limiting step (for 

both initiation and propagation) and on the stability/reactivity of the metal–polymer associative 

intermediate. 

While carbene,18,25,46 diimine,19,34,59,60 and N/P5 ancillary ligands have been reported in 

Ni-mediated CTP, phosphine-based ligands are the most widely used (Chart 1-1). Of these 

ligands, both 1,3-bis(diphenylphosphino)propane (dppp) and 1,2-bis(diphenylphosphino)ethane 

(dppe) have been employed for many different monomers (Chart 1-1). As a consequence, many 

researchers use either dppe or dppp without further optimization. However, with some 

monomers, these ligands are not simply interchangeable. For example, different ancillary ligands 

were optimal for synthesizing poly(3-hexylthiophene) (P3HT) with narrow dispersities when 

only the transmetalating agents were different (Scheme 1-2). Other seemingly minor variations, 

such as changing the monomer side-chain length or identity5 as well as its location61,62 have also 

led to different optimized ancillary ligands. These results emphasize the need to understand how 

the properties of the ancillary ligand influence the polymerization mechanism for each specific 

monomer. To accomplish this goal, we examined the effects of the ancillary ligand on the chain-

growth polymerization of 2,5-bis(hexyloxy)phenylene (hereafter referred to as “phenylene”) as a 

paradigm for new catalyst development. 
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Scheme 1-2. Optimal Ancillary Ligand Depends on the Transmetalating Agent9,10,12,18 

 

To evaluate the impact of ancillary ligand electronic properties, two modified dppe-based 

ligands were prepared by functionalizing the para position of the phenyl ring with electron-

withdrawing or electron-donating groups (Scheme 1-3).51 We found that the most electron-

withdrawing ancillary ligand (p-Cl-dppe) exhibited the highest polymerization rates. This trend 

is consistent with turnover-limiting reductive elimination, as removing electron density from Ni 

facilitates the formal reduction from Ni(II) to Ni(0).63 Additional rate studies were consistent 

with turnover-limiting reductive elimination for all three ligands. Similar reactivity trends were 

observed during initiation, with the highest rates obtained from the most electron-withdrawing 

ancillary ligands. On the other hand, the most electron-donating ancillary ligand (p-OMe-dppe) 

led to the narrowest dispersities. This result is likely due to both a strengthened Ni–arene π 

interaction via metal−π* back-donation and increased reactivity toward oxidative addition due to 

additional electron density on Ni. Overall, these results suggest that electron-rich ancillary 

ligands are more beneficial for CTP of phenylene. 
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Scheme 1-3. Impact of the Ancillary Ligand on Phenylene Polymerization51 

 

On the basis of these results, we designed a small-molecule model system to establish 

whether increasing the ancillary ligand’s donating ability would promote Ni–arene π-complex 

formation and reactivity and, ultimately, improve CTP.64 Although it is widely believed that CTP 

proceeds through this metal–arene intermediate,2 it is difficult to observe in situ because of rapid 

intramolecular oxidative addition. Using a competition experiment, we can quantify the fractions 

of starting materials that proceed through the intra- and intermolecular pathways by measuring 

the product ratios (Scheme 1-4): The intramolecular pathway leads to a triaryl product via the 

Ni–arene π-complex, with a subsequent intracomplex oxidative addition and coupling with the 

Grignard reagent. The intermolecular pathway generates two biaryl products, one from 

dissociation and one from the competitive agent trapping the dissociated catalyst, followed by 

oxidative addition and coupling with the Grignard reagent. In all cases examined, the 

intramolecular product was dominant, providing strong evidence for an associative Ni–arene π 

intermediate. Significantly, the more electron-donating ancillary ligands gave the highest 

proportion of intramolecular products, implying stronger Ni–arene associative intermediates 

and/or increased reactivities in the subsequent oxidative additions. As an example, the most 

electron-donating ligand examined, 1,2-bis(diethylphosphino)ethane (depe), gave an 800-fold 

preference for the intramolecular products when low concentrations of competitive agent were 

used (i.e., most similar to the polymerization conditions). Finally, these studies revealed that 

bidentate phosphine ligands yield more intramolecular products than monodentate phosphine 
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ligands. These results align well with the improved chain-growth behavior observed in 

standard43,65 and surface-initiated CTP66 with bidentate phosphines. 

Scheme 1-4. Support for an Intermediate Ni–Arene π-Complex64 

 

Having provided indirect support for π-associative intermediates in the small-molecule 

system, we evaluated the same ligands in phenylene polymerization by comparing the polymer 

dispersities.64 This analysis is complicated, however, by the fact that precatalyst initiation rates 

also impact the dispersity.7 As a result, we compared the dispersities with and without the 

competitive agent. We expected that the intermolecular, chain-transfer process could be “turned 

on” with added competitive agent. Consistent with the small-molecule studies, we found that the 

most electron-donating ancillary ligand (depe) was the most resistant to the intermolecular 

reaction even at high competitive agent concentrations. Overall, these results indicate that 

stabilizing the Ni–arene π-complex and increasing its reactivity in the oxidative addition reduces 

the likelihood of chain transfer, improving CTP. 

Given the effect of ancillary ligand electronic properties on the chain-growth behavior, 

we also investigated the impact of their steric properties (Scheme 1-5).40 We anticipated that 

increasing the cone angle using 1,2,-bis(dicyclohexylphosphino)ethane (dcpe) would hinder 

additional molecules from interfering with the Ni–arene π-complex, further reducing chain 



 9 

transfer. Instead, we continuously observed Ni(dcpe)Cl2 (along with other species) in the 31P 

NMR spectra during polymerization, stemming from either unreacted precatalyst or a process 

that regenerates it (e.g., disproportionation). In contrast, reducing the cone angle with 1,2-

bis(dimethylphosphino)ethane (dmpe) resulted in decreased catalyst activity and stability during 

polymerization. In contrast to the results with phenylene, Higashihara found that dcpe gave the 

narrowest dispersity in Negishi-type CTP of 3-hexylthiophene compared with ligands with 

smaller cone angles (i.e., depe and dppe).12 Combined, these experiments demonstrate that the 

ancillary ligand cone angle should be optimized for each monomer, with a dual focus on 

reducing catalyst decomposition and facilitating chain-growth behavior. 

Scheme 1-5. Influence of the Cone Angle on Ni-Mediated Phenylene Polymerization40 

 

Although this work focuses on the specific case of phosphine-ligated catalysts in 

phenylene polymerizations, the lessons learned should be broadly applicable: (i) ancillary ligand 

electronic properties should be optimized to stabilize the π-complex and increase its subsequent 

reactivity in oxidative addition (note that a too-strong π-complex could inhibit chain walking and 

catalyst turnover54) and (ii) ancillary ligand steric properties show a “goldilocks” effect (i.e., not 

too big and not too small) on the relative productive/unproductive pathways as well as on the 

catalyst stability. For phenylene polymerization, we found that a bisphosphine ancillary ligand 

that is electron-donating with a moderate cone angle (i.e., depe) led to the “matched” case with 

greatest chain-growth behavior. This ligand is not without limitations, however, as precatalyst 

initiation (with Ni(depe)Cl2) is slower than propagation. Although reactive ligands can be 
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introduced to accelerate the initiation, the corresponding precatalyst structures are more 

challenging to synthesize and handle. 

1.3 Reactive Ligand 

The reactive ligand (RL), if present, is initially bound to the precatalyst but after one 

turnover becomes the ω-end of the polymer chain. As such, the reactive ligand can be used to 

tune precatalyst solubility, stability, and reactivity without influencing propagation. In addition, 

the reactive ligand can be used to selectively functionalize one chain end for postpolymerization 

use.67 

Precatalysts containing reactive ligands can be prepared either by aryl halide oxidative 

addition with Ni(0) or by reacting Ni(II) precursors with an organometallic reagent; however, in 

many cases a subsequent ligand exchange reaction is necessary to generate the desired 

precatalyst.66,68,69 The alternative one-step approach involves reacting aryl Grignard reagents 

directly with a dihalide precatalyst already containing the ancillary ligand. For chelating 

ancillary ligands, this approach requires an ortho substituent on the reactive ligand to prevent 

two consecutive transmetalations.70 Ortho-substituted reactive ligands have become standard 

practice as they also improve precatalyst stability, generating polymers with the largest fraction 

of RL/H end groups.68 This effect is caused by a favorable overlap between the ortho 

substituent’s π* orbital and the Ni dxy orbitals.71 This interaction is further stabilized by the 

reactive ligand’s restricted rotation due to steric interactions with the ancillary ligand.72 

Precatalysts with tailored reactive ligands have been used for postpolymerization modification,67 

reaction monitoring,7 and synthesis of polymers directly off surfaces.65,66 However, designing 

reactive ligands specifically to accelerate initiation has been overlooked until recently. 
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The precatalyst initiation rate can have a significant influence on dispersities, polymer 

length, and sequence. Rate studies of several Ni-mediated polymerizations revealed that 

initiation and propagation proceed through the same turnover-limiting steps and that in many 

cases initiation was slower than propagation.51 In such cases, the ancillary ligand cannot be used 

to selectively accelerate initiation over propagation. Slow initiation by dihalide catalysts is 

attributed to poor catalyst solubility and, in some cases, unfavorable transmetalations due to 

monomer/monomer side-chain interactions.61 Preinitiation of dihalide catalysts with >2 equiv of 

monomer has been used to separate initiation from propagation8,10 (Scheme 1-6); nevertheless, 

precatalyst insolubility remains problematic. A superior approach is to design reactive ligands 

that selectively accelerate initiation and at the same time enhance the precatalyst stability and 

solubility (Scheme 1-6). 

Scheme 1-6. Initiation through Preinitiation (top) or Use of Reactive Ligands (bottom) 

 

We targeted reactive ligands that would selectively accelerate precatalyst initiation for 

phenylene polymerization. Our inspiration came from work by Hartwig,63 who showed that 

electronically mismatched arenes exhibited the highest reductive elimination rates in Pt 

complexes. We began our studies with reactive ligands that were electronically dissimilar to the 

monomer and measured the rate of biaryl reductive elimination (Scheme 1-7).7 The reactive 

ligand contained an o-trifluoroethoxy group, which provides stability and enables reaction 
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monitoring by in situ 19F NMR spectroscopy. The reactive ligand’s electronic properties had a 

significant rate effect, with a 132-fold difference between the slowest (p-F) and fastest (p-NMe2). 

The large range of rates that can be achieved simply by modifying the para-position of the 

reactive ligand is impressive and represents an easy target for future catalyst design. 

Scheme 1-7. Effect of the Reactive Ligand on Initiation Rates and Phenylene Polymerization7 

 

To understand these rate trends, computational studies were used to evaluate the 

activation barriers (ΔG⧧) for reductive elimination as a function of reactive ligand structure 

through collaboration with Wheeler.7 We found that the determining factor for initiation rates is 

the change in charge redistribution between the RL and monomer in going from the ground state 

to the transition state, with the fastest-initiating precatalyst exhibiting the smallest change. 

Notably, this model is not consistent with the electronic-mismatch model proposed by Hartwig.63 

However, this trend is consistent with the rates observed from our model system, wherein 

resonance-based substituents facilitated charge delocalization in the ground state and resulted in 

accelerated reductive elimination. Combined, these results suggest that reactive ligand electronic 

properties should be “matched” to the specific monomer to minimize changes in charge 

delocalization and achieve the highest initiation rates. 

Building on this foundation, we developed a streamlined approach to measure initiation 

and propagation rates simultaneously that, importantly, does not require F-labeling.73 Using the 

computational model, we targeted a second-generation precatalyst to achieve even higher 

initiation rates (Chart 1-2). All of the precatalysts bearing reactive ligands with significantly 

lower reductive elimination barriers, however, were unstable during isolation. As a consequence, 
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we instead evaluated heteroaromatic ligands with activation barriers similar to those of the first-

generation precatalysts, where the initiation rates approached those of propagation. We also 

analyzed ortho-substituted biphenyl ligands to more closely mimic the monomer/polymer 

reductive elimination occurring during propagation. The observed initiation rates were similar to 

those of our first-generation precatalysts.7 Next, we replaced the o-methyl with an o-methoxy 

because resonance-donating reactive ligands previously displayed the highest initiation rates. 

This substitution led to a dramatic increase in the initiation rate, now on par with the propagation 

rate. 

Chart 1-2. Second-Generation Reactive Ligands73 

 

To summarize, by means of a combined experimental and computational approach, a 

precatalyst was identified that demonstrates the highest measured initiation rates for phenylene 

polymerization. Given the widespread interest in using reactive ligands to drive applications,65–67 

future efforts should focus on identifying fast-initiating reactive ligands for these systems. 
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1.4 Transition Metal 

Although the field largely focuses on nickel catalysts, palladium catalysts are more 

tolerant of other activation methods and functional groups and in some cases outperform Ni 

(Chart 1-3). For example, Yokozawa and co-workers reported that Pd-based catalysts generated 

high-molecular-weight poly(p-phenylene vinylene) while the Ni catalysts gave only oligomers 

(Scheme 1-8).74 Nevertheless, even with Pd, the dispersities were quite broad, and end-group 

analysis revealed a disproportionation reaction. On the basis of our results, increasing the 

ancillary ligand’s steric properties could minimize the disproportionation, although this 

hypothesis remains untested for this system. 

Chart 1-3. Representative Examples of Pd-Catalyzed CTP (Examples with DP > 15 and Đ < 1.5 
in a Homopolymerization Are Included; Bolded References Report Đ ≤ 1.25)75–86 
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Scheme 1-8. Comparison of Nickel- versus Palladium-Catalyzed Syntheses of Poly(p-phenylene 
vinylene)74 

 

Although palladium-based catalysts are underdeveloped in CTP, their extensive use in 

small-molecule reactions can be a source of inspiration.87 For example, we discovered a Pd–

(NHC)PdCl2(3-ClPy) catalyst for CTP75 by noticing selective difunctionalization reactions 

reported by Larrosa and Goldup88 and Hu.89 In these cases, the statistically favored 

intermolecular pathway was outcompeted by an intramolecular pathway (presumably via a Pd–

arene π-complex). We hypothesized that a similar intramolecular pathway (chain-growth) might 

be observed during polymerization. This approach of looking to the vast small-molecule 

literature is important as we aim to expand the monomer scope to more complex and 

electronically varied (hetero)arene-based monomers. Moreover, the expansive library of 

commercially available Pd precatalysts provides a rich and unexplored platform for CTP that we 

believe will expand its reach and impact. 

1.5 On Using Model Systems 

Small-molecule model systems can be found throughout the CTP literature. Advantages 

include providing a mechanistic window into otherwise unobservable processes and efficient 

screening of catalysts for evidence of an intramolecular process. However, users should proceed 

with caution by acknowledging that a model system provides information only about the model 

system. We can draw inferences and inspiration from the results, but they may not always 

translate to polymerizations and in some cases can be misleading. For example, we added PPh3 
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to trap free Ni(0) generated in the model system when measuring initiation rates.7 Later, we 

discovered that the added PPh3 also accelerated the reaction,73 likely through the formation of a 

five-coordinate species in the reductive elimination transition state. Labile ligands are well-

known for their ability to associate and dissociate from transition metals, changing their 

coordination number and geometry.90 On the basis of these results, we suspect that PPh3 may 

play a noninnocent role in other polymerizations when precatalysts are prepared in situ from 

PPh3-ligated starting materials (e.g., (Ph3P)2Ni(Ar)X).68,69 At the same time, this observation 

hints at a relatively unexplored strategy to improve polymerizations by intentionally using 

additives. 

Model systems for CTP have been primarily used to identify alternative catalysts.8,25,49,77 

A common example is difunctionalization reactions, which evaluate catalysts by reacting a 

dihalide monomer with substoichiometric monofunctionalized, organometallic monomer. A 

potential chain-growth catalyst-monomer system is identified when more triarene 

(intramolecular) products than diarene (intermolecular) products are formed. Nevertheless, 

substantial triarene formation can be observed when the biaryl intermediate is simply more 

reactive than the intermediate dihalide (Scheme 1-9).91 One way to distinguish these “false 

positives” is to monitor triarene formation over time; the absence of triarene at low conversion 

suggests that its formation is due to reactivity differences and not an intramolecular pathway. An 

alternative approach is to add a competitive agent to trap the “free” catalyst after dissociation. 

With these caveats in mind, we still believe that small-molecule studies are essential tools to 

improve existing methods and to identify new catalysts for CTP. For example, Noonan and co-

workers evaluated three ancillary ligands for Suzuki polycondensation of thiophene-3-

carboxylate (Scheme 1-9).95 Using dihalogen and monoborylated monomer analogues, they 
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found that strong σ-donating NHC-ligated Ni catalysts gave high triarene formation with nearly 

complete monomer conversion, indicating a good catalyst–monomer system. Consistent with 

these results, the NHC-ligated Ni catalysts generated polymers with the narrowest dispersity and 

fewest side reactions among the catalysts tested. Overall, the success of these model systems 

demonstrates their effectiveness as a simple method to screen catalysts for new CTP systems. 

 

Scheme 1-9. (left) Two Pathways That Form Triarene;91 (right) Small-Molecule 
Difunctionalization To Identify CTP for Thiophene-3-carboxylate.25 

 

1.6 Conclusion 

Overall, we have summarized our work on identifying effective catalysts for the living, 

chain-growth polymerization of phenylene by understanding the mechanistic impact of the 

ancillary and reactive ligand structures as well as the identity of the metal. We have used model 

systems to obtain unprecedented mechanistic insight that has facilitated systematic tuning of 

catalyst parameters (Scheme 1-10). We believe that the tools presented herein, and the lessons 

learned, will guide future catalyst development to tackle the field’s biggest challenges: electron-

deficient and/or structurally complex monomers. Although we are still a long way from 

achieving the efficiency and broad monomer scope displayed by other living, chain-growth 

polymerization methods, recent CTP developments forecast its increasing relevance to the 

synthesis and applications of conjugated polymers. 
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Scheme 1-10. Summary of Precatalyst Parameters and Their Impact 

 

1.7  Outlook 

The mechanistic understanding presented above demonstrates how catalyst design can 

influence the productive and unproductive pathways during CTP. Nevertheless, a strong 

understanding of the metal-polymer pi-bound intermediate remained elusive. Therefore, in 

Chapter 2 of this thesis we designed a method to evaluate the metal-polymer p-bound 

intermediate and its ring-walking abilities.  Using in situ end-capping, we could specifically 

identify the impact of the ancillary ligand, transition metal, and polymer identity. Three catalysts 

and two polymer scaffolds were evaluated and provide trends to facilitate designing future 

catalyst/monomer pairs. 

As discussed in this introduction, phosphine-based ancillary ligands are the most 

frequently used ancillary ligands for CTP (cf. Chart 1–1 & 1-3). In Chapter 3 we explore an 

alternative class of ancillary ligands, a-diimines, for CTP.  We identified a sterically 

encumbering ancillary ligand that outperforms previously used a-diimines. Evaluating the 

polymerization mechanism revealed that the a-diimine-ligated Ni precatalyst polymerizes via a 

pseudo-living, chain-growth method. Because a-diimine-ligated precatalysts also generate 

poly(olefin) in a living manner, this precatalyst was subsequently used to synthesize 

thiophene/olefin block copolymers in one-pot. A high barrier for sp3/sp2 reductive elimination 
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during mechanism-switching however resulted in dissociated, active catalysts that would initiate 

thiophene homopolymers. 

In Chapter 4, we describe using a model system to develop a copolymerization method 

using catalysts that are efficient in sp3/sp2 reductive elimination. The model system simulates 

chain-extension from the olefin macroinitiator with thiophene by evaluating catalysts on their 

ability to end-cap in situ generated poly(thiophene) with methyl Grignard. While in practice, 

these models show promise for generating block copolymers, when applied to the 

copolymerization macroinitiator termination occurs.    

Ultimately, this thesis aims to use mechanistic insight to enable CTP to be used for 

synthesizing high-performing materials. Chapters 2–4 elucidate mechanistic insight to facilitate 

catalyst design, identify alternative catalyst scaffolds for CTP, and attempt to generate high-

performing materials in a streamlined, one-pot system. For CTP to continue to evolve, we 

believe additional precatalysts will need to be discovered. High-performing conjugated polymers 

with complex architectures are continually being developed, but have not been synthesized in a 

living manner. In Chapter 5, we provide insight on palladium precatalyststs that have promise for 

generating these complex, high-performing polymers.   
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Chapter 2: Ring-Walking in Catalyst-Transfer Polymerization 
 

 

Portions of this chapter have been published: 

Leone, A. K.; Goldberg, P. K.; McNeil, A. J. Ring-Walking in Catalyst-Transfer 

Polymerization J. Am. Chem. Soc., 2018, 140, 7846–7850.  

 

Goldberg, P. K ran preliminary experiments, identified the M(0) scavengers, and synthesized the 

phenylene monomer. 

 

2.1 Introduction  

Transition metal-catalyzed cross-coupling reactions are ubiquitous for forming carbon–

carbon bonds.1–4 Decades of research on these reactions have informed researchers as to which 

transition metals, ancillary ligands, and reactive ligands are “optimal” for each substrate class.5 

Far fewer studies have been done in the analogous (and newer6−8) field of cross-coupling-based 

chain-growth polymerizations. Although the catalytic cycles are similar, the polymerizations rely 

on a key intermediate (i.e., a metal–polymer π-complex) to achieve chain-growth behavior.9−11 

Catalyst ring-walking via this complex enables catalyst migration to the chain-end where 

intramolecular oxidative addition occurs (Scheme 2-1). These CTPs9−11 have enabled polymers 

with specified molecular weights12 and end-groups to be synthesized,13,14 as well as provided 

access to alternating, random, block, and gradient copolymers,15–18 transforming the field. Both 
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the π-complex and its ring-walking process distinguish CTP from the more conventional metal-

catalyzed step-growth polymerizations reported decades earlier.19,20 

Scheme 2-1. Propagation via Ring-Walking versus Catalyst Dissociation during CTP 

 

While previous efforts have elucidated the impact of ancillary ligand and monomer 

structure on reductive elimination and transmetalation rates,11 little is known about the π-

complex and ring-walking steps. Both experimental and computational studies have suggested 

that the metal–polymer π-complex stability influences the frequency of chain-growth (ring-

walking) versus step-growth (dissociation) pathways.21–24 A complex that is too stable stalls 

propagation,22 while a complex that is unstable undergoes dissociation. Identifying the optimal 

catalyst has been challenging because the monomer, ancillary ligand, and metal identities all 

impact the π-complex stability.9 Moreover, little is known about how these parameters affect 

ring-walking. Therefore, we set out to elucidate the impact of the transition metal, ancillary 

ligand, and polymer identity on the π-complex’s stability and its ring-walking ability. We 

hypothesized that a generalizable approach to evaluate these π-complexes would facilitate 

matchmaking catalysts for future CTPs. For example, the efficient ring-walking catalysts 

identified herein have the potential to polymerize larger, heteroarene monomers while the 

inefficient ring-walking catalysts might be useful for unidirectional block copolymer synthesis. 

Previous efforts to probe π-complex stability and ring-walking have relied on small-molecule 

difunctionalization reactions.25–27 However, these reactions analyze ring-walking over simplified, 
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small molecules, limiting their insight and applicability to polymerizations.28 Alternatively, 

polymerizations followed by end-group analysis using NMR spectroscopy have been used as 

evidence of catalyst ring-walking.29,30 However, these experiments can be misleading if a 

scavenging agent (i.e., a molecule that reacts with dissociated catalyst) is either not used or is not 

reactive enough to prevent intermolecular oxidative addition.31 

We report herein a simple approach to analyze ring-walking over polymers using 

postpolymerization end-capping experiments (Scheme 2-2). To ensure this approach only 

elucidates ring-walking through intramolecular pathways, control experiments were used to 

exclude interchain pathways and to identify a scavenging agent and reaction conditions that 

prevent dissociated catalysts from reacting with polymers via an intermolecular process. Using 

this end-capping method, we analyzed the ring-walking abilities of three commonly utilized CTP 

catalysts9 with two distinct monomers (Chart 2-1). Analyzing the polymer end-groups by matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/MS) 

revealed how the ancillary ligand, transition metal, and polymer influence π-complex stability 

and ring-walking. 

Chart 2-1. Precatalysts and Monomers Used Herein 
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Scheme 2-2. In Situ End-Capping Experiment 

 

2.2 Results and Discussion 

To confirm that MALDI-TOF/MS is a reliable method to quantitatively report polymer 

ratios, a sample of polymers with different end-groups were synthesized, combined, and 

analyzed by both MALDI-TOF/MS and 1H NMR spectroscopy (Appendix 1). Regardless of end-

group or monomer identities, the observed ratios were consistent between the two analytical 

techniques. As a consequence, the area ratios obtained via MALDI-TOF/MS should accurately 

reflect the experimental results. 

Control experiments were performed to identify a scavenging agent as well as conditions 

where no intermolecular reactivity between dissociated catalysts and polymer chains is observed. 

A sample of isolated Br/H-terminated polymers was treated with catalyst, capping agent (p-

tolylmagnesium chloride ClMg–tol),32 and scavenging agent (Chart 2-2). This capping agent was 

chosen because each set of possible end-groups is distinguishable by MALDI-TOF/MS. Each 

scavenging agent was selected to complement the polymer in terms of both structure and 

reactivity. Initially, similar conditions were used for each catalyst. While these conditions were 

satisfactory for PBHP, a significant amount P3DT had undergone capping. These undesired 

intermolecular processes were suppressed by both reducing the ClMg–tol equiv and increasing 

the scavenging agent equivalents. After optimizing the conditions, we found that ≥96% of the 

Br/H-terminated polymers remained uncapped, indicating that these conditions inhibit catalysts 
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from reacting with dissociated polymers (Appendix 1).33 These results also indicate that most 

(≥96%) of the end-capped polymers observed in our studies have come from an intramolecular 

(ring-walking) pathway. 

Chart 2-2. Optimized Reagents and Reaction Conditions to Eliminate Intermolecular 
Reactivity34 

 

A control experiment was performed to rule out a catalyst-transfer process involving 

entangled polymer chains. To distinguish inter- from intrachain reactions, polymers with 

different side-chain lengths were added to the end-capping experiments. As anticipated, the 

exogenous Br/H-terminated polymers remained uncapped while the macroinitiators (with 

catalysts bound) were end-capped with the same efficiency and product ratios as without the 

exogenous polymers (Appendix 1). These results indicate that the end-capped polymers 

generated herein form exclusively through an intramolecular ring-walking process involving a 

single polymer chain. 

Our generalizable approach to evaluate π-complex stability and ring-walking begins with 

quantifying the amount of living, catalyst-bound chains by acid quenching an aliquot taken from 

the polymerization. Then, ClMg–tol and metal scavenging agent are added simultaneously 

(Scheme 2-2). One major polymer species is anticipated: tol/tol end-capped polymers. These 

polymers arise via two sequential capping events with efficient ring-walking over polymers of 
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length m in between. If any catalytic step during end-capping and/or ring-walking fails, polymers 

with alternative end-groups will be observed (i.e., Br/tol, Br/H, H/tol). If ring-walking fails 

because the catalyst dissociates or simply remains at the capped chain-end, Br/tol-terminated 

polymers will be generated. If the polymer-bound catalyst does not react completely with ClMg–

tol, then H/Br- and tol/H-terminated polymers will be observed. To distinguish polymers that 

were simply uncapped due to lower reactivity, the in situ end-capping conditions were optimized 

until the H/Br-terminated polymer percentage did not change, indicating that all polymer-bound 

catalysts had reacted (Appendix 1).35 The percent ring-walking was calculated by comparing the 

amount of tol/tol end-capped polymers (obtained via ring-walking) to the total number of 

polymers that arise from an active chain end at the start of the end-capping experiment (i.e., 

Br/tol- and tol/tol-terminated polymers) (eq 2-1). Each degree of polymerization (m) was 

analyzed in the mass spectrum (Appendix 1). 

Equation 2-1. Percent ring-walking 

 

Remarkably, all three catalysts ring-walk over >35 repeat units at 100% efficiency for 

poly(3-decylthiophene) (P3DT) (Figure 2-1). These results demonstrate that thiophene forms a 

robust π-complex with both Ni and Pd regardless of the ancillary ligand. However, each catalyst 

varied in the end-capping conditions used, reflecting differences in their reactivities and 

stabilities. 

% ring-walking =
[tol/tol]

[tol/tol] + [tol/Br]
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Figure 2-1. Percent ring-walking (% RW) versus degree of polymerization (m) for each catalyst 
and polymer. 

For Ni(dppp)Cl2, the end-capping experiments were run for >18 h, generating almost 

exclusively tol/tol end-capped polymers (Figures 2-1 and 2-2). These results are consistent with 

reports of Ni(dppp)Cl2 as a viable catalyst for polymerizing thiophene monomers in a living, 

chain-growth manner.18,36−38 Analyzing ring-walking for Ni(IPr)(Ph3P)Cl2 over P3DT was 

complicated by an increasing percentage of NHC/Br-terminated polymers that become prevalent 

at low transmetalating agent concentrations (Figure 2-2 & Appendix 1).39 This product is 

attributed to an instability of the polymer-bound catalyst, which undergoes ligand-based 

reductive elimination.40,41 To minimize this nonliving pathway in our experiment, a shortened 

end-capping time was used along with sequential cap/scavenger reagent additions. These 

modifications resulted in mostly tol/tol polymers and a few NHC/Br-polymers (3–12%), 

demonstrating that NHC-ligated Ni catalysts ring-walk successfully over large distances in 

P3DT. 
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Figure 2-2. (Top) Reaction conditions for 3DT end-capping experiments, involving x iterations 
of capping/scavenger reagents over y hours. (Bottom) MALDI-TOF/MS data for 3DT 
polymerization followed by end-capping.45 The observed and predicted m/z values for each 
labeled peak can be found in Appendix 1. 

In contrast, the analogous Pd catalyst (i.e., Pd(IPr)(3-Clpy)Cl2)42,43 generated far fewer 

NHC/Br-terminated polymers. Nevertheless, the major product from the end-capping 

experiments after 1 h was H/Br-terminated polymers rather than the expected tol/tol end-capped 

polymers (Appendix 1 Figure A1-27). Simply extending the capping times to 18 h led to 

NHC/Br-terminated polymers. Combined, these results indicate that catalysts are active at the 

chain-end but not reacting quickly enough with the ClMg–tol. Instead, ClMg–tol preferentially 

reacted with dissociated catalysts and scavenger. These results are consistent with those of Kiriy 

and co-workers, who showed that more hindered catalyst-bound reactive ligands undergo 

transmetalation slower than less hindered ones.44 To overcome this reactivity difference, multiple 

iterations of the end-capping/scavenging agents were used, yielding almost exclusively tol/tol 

end-capped polymers (Figure 2-2). These results demonstrate that NHC-ligated Pd is a more 

stable (albeit less reactive) alternative to Ni for thiophene polymerization, as it does not undergo 

ancillary ligand-based reductive elimination within 6 h. This difference in NHC-based reductive 

elimination rates for Ni versus Pd can be rationalized by considering the smaller atomic radius of 

Ni, which will be more congested in the (IPr)Ni(bisthienyl) complex, accelerating the reductive 

elimination. This hypothesis is supported by the reactivity differences between Ni (5 min) and Pd 
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(15 min) in polymerization rates. Overall, we observed that both the transition metal and 

ancillary ligand identities influence catalyst stability and ring-walking with P3DT. 

When we switched the monomer scaffold, the results highlighted the need for each 

catalyst to be “matched” to a monomer class. For instance, precatalyst Ni(dppp)Cl2 generated 

none of the expected tol/tol end-capped polymers with BHP, suggesting that ring-walking fails 

even over short distances (Figures 2-1 & 2-3). These results are consistent with the previously 

reported challenging syntheses of block copolymers containing BHP.46,47 For example, when 

BHP was added to a poly(3-hexylthiophene) macroinitiator, BHP/BHP end-capped poly(3-

hexylthiophene) was generated.47 Combined, these results suggest that the ring-walking 

efficiency of dppp-ligated Ni(0) decreases with a decrease in a monomer’s π-basicity. Identifying 

catalysts that are proficient at ring-walking over dissimilar monomers will be necessary to 

expand the scope of CTP to synthesize more complex materials. 

In contrast, NHC-ligated Ni and Pd catalysts both generated tol/tol end-capped polymers 

(Figures 2-1 and 2-3). However, the transition metal identity strongly influences the ring-walking 

efficiencies. For example, NHC-ligated Ni generates tol/tol end-capped polymers at all lengths 

measured, indicating a stable π-complex with efficient ring-walking. Conversely, the ring-

walking efficiency for NHC-ligated Pd decreased with increasing chain length. Interestingly, the 

Ni NHC-based reductive elimination that was observed with P3DT was not observed for 

PBHP.48 This difference could be due to a stabilizing electronic effect with BHP (i.e., due to R′O 

coordination to Ni). Overall, the NHC-ligated Ni catalyst forms a more robust π-complex with 

the PBHP and is less likely to dissociate during ring-walking or decompose relative to the 

analogous Pd. Nevertheless, the ability of the both NHC-ligated catalysts to ring-walk over both 
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P3DT and PBHP suggests these catalysts could have applications in synthesizing gradient and 

random sequence copolymers as well as polymerizing more complex monomers.49 

 

Figure 2-3. (Top) Reaction conditions for BHP end-capping experiments over y hours. (Bottom) 
MALDI-TOF/MS data for BHP polymerization followed by end-capping.45 The observed and 
predicted m/z values for each labeled peak can be found in Appendix 1. 

2.3 Conclusion 

In summary, we designed a simple, in situ end-capping experiment to evaluate catalyst 

ring-walking across polymers under polymerization-relevant conditions. The combined results 

demonstrate that the ancillary ligand, transition metal, and polymer identity all play a crucial role 

in the π-complex stability and reactivity. Thiophene forms stable π-complexes50 with all Ni and 

Pd catalysts evaluated, enabling ring-walking over impressively long distances. In contrast, 

phenylene forms less stable π-complexes,46,50 and consequently, the transition metal and 

ancillary ligand identities play a determining role. The strongly σ-donating NHC ligand51 

promotes ring-walking, whereas the less σ-donating bisphosphine enables dissociation. Although 

dissociation is less likely with the NHC ligands, we observed detrimental ancillary ligand-based 

reductive elimination pathways when transmetalating agents were absent. Overall, these 

discoveries shed light on living, chain-growth pathways, catalyst stability, and how to 

systematically select catalysts for the next generation of CTP. 
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2.4 Implications of These Discoveries – Developing Methods to Synthesize High-Performing 

Conjugated Polymers via CTP  

High-performing polymers consist of multiarene and/or fused-ring repeat units. 

Currently, these polymers are synthesized via step-growth methods, limiting the ability to target 

specific molecular weights, dispersities, and copolymer sequences. Because these polymer 

properties significantly influence device performance, we are working on developing 

catalyst/monomer pairs to generate these high-performing polymers via CTP. Our ring-walking 

studies presented above demonstrate that Ni and Pd catalysts are capable of traversing over many 

conjugated units. Inspired by the NHC-ligated precatalysts, current research efforts are underway 

to match NHC ancillary ligands with complex monomer scaffolds to ultimately synthesize these 

polymers via CTP.  
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Chapter 3: Mechanistic Insight into Thiophene Catalyst-Transfer Polymerization Mediated 
by Nickel Diimine Catalysts 

 

Portions of this chapter have been published: 

Leone, A. K.; Souther, K. D.; Vitek, A. K.; LaPointe, A. M.; Coates, G. W.; Zimmerman, P. M.; 

McNeil, A. J. Mechanistic Insight into Thiophene Catalyst-Transfer Polymerization Mediated by 

Nickel Diimine Catalysts. Macromolecules 2017, 50, 9121–9127. 

 

Souther, K. D. initially identified C3Me as a potential CTP catalyst  

Vitek, A. K. and Zimmerman, P. M conducted the computational experiments 

LaPointe, A. M. and Coates, G. W. provided C4Me and C4CF3 and helpful guidance for working 

with diimine-ligated Ni catalysts 

3.1 Introduction  

Recent advances in tuning conjugated polymer parameters (molecular weights,1 

sequences,2,3 and end-group functionalities4,5) via catalyst-transfer polymerization (CTP)6–9 have 

had a significant impact on their applications.10–13 For example, an organic solar cell with 

significantly improved thermal stability was obtained when a gradient sequence conjugated 

copolymer14,15 was used as an additive.16,17 Despite this progress, many monomers still cannot be 

polymerized via CTP (e.g., large, fused oligoarenes found in high-performing organic solar 

cells).18,19 One limitation is that the mechanistic underpinnings for failed chain-growth 

polymerizations are unknown. 
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Most catalyst-transfer polymerizations are initiated with a precatalyst that has either one 

(LnMXRL) or two (LnMX2) halide reactive ligands (X = halide; RL = reactive ligand).6,8 

Initiation from these complexes requires transmetalation by one or two monomers, followed by 

C–C bond forming reductive elimination (Scheme 3-1). The resulting species is an associative 

complex between LnM(0) and the generated biaryl (complex I).7 Subsequent ring-walking to the 

C–X terminus followed by an intramolecular oxidative addition generates a LnM(II)XAr species 

(complex II). Additional monomers are then added sequentially to the same growing polymer 

chain during propagation via consecutive transmetalation, reductive elimination, and oxidative 

addition. Unproductive pathways can occur when complex I is either too stable or unstable.20–26 

Scheme 3-1. Initiation and Propagation Mechanisms for CTP 

 

Diimines27–31 have recently emerged as a promising alternative to bisphosphines or N-

heterocyclic carbenes as ancillary ligands for CTP catalysts.8 Although these Ni diimine catalysts 

mediate chain-growth polymerizations, nonliving pathways become dominant at high monomer 

conversions and/or low catalyst loadings. For example, Stefan and co-workers used precatalyst 

C1tBu (Chart 3-1) to polymerize a 3-hexylthiophene (3HT) monomer.27 Although a chain-growth 
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process was evident at low monomer conversions (<30%), a plateau in the number-average 

molecular weight (Mn) after 30% conversion and poor end-group control suggested that 

nonliving pathways dominated (e.g., catalyst dissociation). With an alternative diimine-ligated 

precatalyst (C1OMe, Chart 3-1), Seferos and co-workers polymerized a benzotriazole monomer.28 

Again, only “quasi-living” behavior was observed: for example, a linear growth in Mn was only 

observed from 0–35% conversion. Even so, a single set of end-groups (i.e., H/Br) was observed 

after quenching, and most chains extended when a second aliquot of monomer was added. 

Combined, these results suggest that catalyst dissociation occurs, but reinsertion into existing 

chains gives the appearance of a living polymerization. 

Chart 3-1. Reported and New Nickel Diimine Precatalysts for CTP 

 

Using a different diimine scaffold (C2, Chart 3-1), Seferos and co-workers reported 

synthesizing block copolymers of benzotriazole with 3HT.29 Although living, chain-growth 

behavior was observed in this system,30 when a nonhalide reactive ligand (o-MeOPh) was used, a 

mixture of end-groups was observed after quenching.31 Some end-groups were consistent with a 

living, chain-growth process (i.e., MeOPh/H), and some end-groups were consistent with catalyst 

dissociation and termination (i.e., MeOPh/Br, Br/H, Br/Br, H/H). These unproductive pathways 

were dominant at low catalyst loadings (e.g., 2 mol %). Based on these data, precatalyst C2 
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mediates a chain-growth polymerization, with both catalyst dissociation and initiation of new 

chains occurring. 

We were inspired by the diimine-ligated Pd and Ni catalysts used for olefin 

polymerizations32–34 and began evaluating these precatalysts (e.g., C3Me,35–39 C4CF3,40, 41 and 

C4Me
40) for conjugated polymer synthesis. From these known complexes, we discovered that 

precatalyst C3Me polymerizes 3HT via a chain-growth process, even at high monomer 

conversion and low catalyst loading (<2 mol %). Detailed mechanistic studies revealed that the 

reaction proceeds via the expected associative intermediate (complex I in Scheme 1-1) with 

minimal catalyst dissociation. In addition, most of the dissociated catalysts preferentially react 

with a polymer chain due to a reactivity and a statistical preference, whereas the other 

dissociated catalysts either initiate new chains or decompose. Combined, these processes lead to 

a mechanism that is quasi-living and chain growth. Overall, these studies add mechanistic insight 

into CTP using diimine-ligated Ni complexes and highlight the role of ancillary ligand structure 

on reactivity. 

3.2 Results and Discussion 

3.2.1 Evaluating Ni Diimines for 3HT Polymerization 

Our studies began by comparing each precatalyst (C1–C4, Chart 3-1) with the same monomer 

(3HT) under identical reaction conditions (Table 3-1).42 Complex C3Me produced poly(3-

hexylthiophene) (P3HT) with approximately the theoretical Mn (theo Mn = 20.8 kg/mol, 

measured Mn = 23.8 kg/mol) and a moderate dispersity (Đ = 1.75), outperforming all other 

precatalysts. When the reaction was run at a lower temperature (0 °C), the resulting P3HT 

exhibited lower dispersity (Đ = 1.47, Table A2-5), suggesting that C3Me is a promising new 

catalyst for CTP. 
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Table 3-1. Polymerization Data for Precatalysts C1–C4a 

 
aConditions: [monomer] = 15 mM; [catalyst] = 0.12 mM. bDetermined by GC relative to an 

internal standard. cDetermined by GPC relative to polystyrene standards.43 d20−24 h. 

 

The combined polymerization results demonstrate a “Goldilocks” effect regarding the 

ancillary ligand steric properties: both the less congested Ni centers (in C1tBu and C2) as well as 

the more congested Ni centers (in C4Me and C4CF3) produce P3HT with a significantly lower 

than theoretical Mn. While C1tbu generates thiophene oligomers with a narrow dispersity (Đ = 

1.2), the molecular weight remains significantly below the theoretical Mn, generating only 

oligomers even after 20 h (Table A2-3). Consistent with results from Stefan,27 these results 

suggest that catalyst dissociates from the polymer and then initiates new chains. To understand 

the impact of the more sterically encumbering diimine ligands, we computationally evaluated the 

productive (ring walking) and unproductive (dissociation) processes for precatalysts C3Me, C4Me, 

and C4CF3 (Appendix 2). Facile chain growth was observed for all three catalysts with barriers 

between 14.4 and 16.2 kcal/mol. However, for both C4 derivatives, dissociation is competitive 

with ring walking (Scheme 3-2). When the polymer dissociates, an associative complex is 

observed between the Ni(0) center and the pendant arene on the diimine, stabilizing the Ni(0), 

likely giving rise to the low Mn and broad Đ observed experimentally for C4Me and C4CF3. A 
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similar Ni–ligand π interaction is less stabilizing for C3Me, resulting in a less favorable 

dissociation pathway. 

Scheme 3-2. Free Energy Landscape for Catalyst Dissociation versus Ring Walking for 
Precatalysts C3Me, C4Me, and C4CF3  

 

Additionally, an ancillary ligand with potentially greater electron-donating character 

(precatalyst C3OMe, see Appendix 2 for Mulliken charges) was experimentally evaluated because 

electron-rich ligands have been shown to minimize catalyst dissociation during CTP.23 No 

significant difference in Mn or Đ was observed with C3OMe compared to C3Me. Nevertheless, 

precatalyst C3Me gave higher conversions of the major 3HT regioisomer, leading to P3HT with 

higher regioregularities. Overall, these results suggest that precatalyst C3Me is promising for CTP 

of 3HT. Both the Mn and Đ data suggest that C3Me undergoes more productive turnovers, with 

fewer side reactions, than the other precatalysts. 

3.2.2 Chain-Growth Synthesis of P3HT with Precatalyst C3Me 

Under the optimized conditions, a linear relationship between Mn and monomer 

conversion was observed, even at high conversions (>90%, Figure 3-1A). In addition, the 

resulting Mn match those expected based on the catalyst-to-monomer ratios (Figure 3-1B). 
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Combined, these data are consistent with a chain-growth process, wherein each catalyst initiates 

and polymerizes a single chain. Nevertheless, we observe a modest increase in dispersity (ΔĐ = 

0.35) with monomer conversion, suggesting that competing pathways occur later during 

propagation. Further evidence of these unproductive reactions came from the analysis of polymer 

end-groups. Polymerizations initiated from a LnNiBr2 precatalyst and quenched with acid should 

yield exclusively Br/H end-capped polymers, assuming complex I is not the catalyst resting state 

(Scheme 3-1). Instead, only 75% of polymer chains have Br/H end-groups after 19% monomer 

conversion. The other 25% have end-groups consistent with catalyst dissociation (e.g., Br/Br and 

iPr/Br44) (Figure 3-1C,D). Combined, these data suggest most initiated catalysts undergo 

productive CTP while some catalysts dissociate during polymerization. 

 

Figure 3-1.  (A) Plot of Mn (●) and Đ (○) versus percent conversion (theo Mn = 13.3 kDa). (B) 
Plot of Mn (●) and Đ (○) versus monomer/precatalyst ratio (50/1, 80/1, 125/1; monomer 
conversion >80%). (C, D) MALDI-TOF-MS spectra at 19% conversion. (Note that all 
polymerizations were run under the optimized conditions with precatalyst C3Me in THF at 0 °C, 
[monomer] = 10 mM, and [catalyst] = 0.08–0.19 mM.) 
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3.2.3 Propagation Mechanism 

Although the existence of an associative complex is well supported in CTP mediated by 

bisphosphine-ligated Ni complexes,23-25,45 it is unclear if this mechanism applies to other CTP 

catalysts. As a consequence, a competition experiment was used to indirectly probe whether the 

polymerization proceeds through an associative complex (Scheme 3-3).23,24 Indeed, the major 

product (75% yield) observed in this experiment was the dicoupled product, which can only be 

obtained via the associative complex, followed by intramolecular oxidative addition (top arrow 

in Scheme 3-3). Note that an excess of the competitive agent (Br-terthiophene) was used to 

“trap” any dissociated Ni(0) species. Extrapolating these results to the thiophene polymerization 

suggests that C3Me primarily propagates via the conventional CTP mechanism. 

Scheme 3-3. Intra- versus Intermolecular Competition Experiment 

 

3.2.4 Fate of Catalysts during Propagation 

Thus far, these data suggest that competitive mechanistic pathways are occurring: some 

catalysts stay associated with the initiated polymer chains while other catalysts dissociate during 

polymerization. Quantifying the extent of dissociation gave conflicting results using different 

methods: the dispersity data at high conversion suggest the overall extent of dissociation is low 
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(Figure 3-1A,B) while end-group analysis at low conversion suggests that the dissociation is high 

due to the significant amount of Br/Br and iPr/Br44 present (Figure 3-1C,D). One possible 

explanation for both results is that dissociated catalysts react preferentially with polymer chains 

rather than monomer. To provide support for this hypothesis, we ran a series of experiments to 

determine what fraction of chains are active and associated with a catalyst during 

polymerization. 

A chain extension experiment, where a second aliquot of 3HT monomer is added after 

the first aliquot is mostly consumed, showed no new low molecular weight peaks in the GPC 

trace, suggesting that no new polymers were initiated from the second monomer addition (Figure 

3-2A). Instead, most of the chains reach their theoretical Mn as evident by the peak shift from 

low (initial) to high (final) molecular weight with only a minor low molecular weight tail and a 

modest broadening in dispersity. Further support that most chains are active came from an end-

capping experiment, wherein only catalyst-bound chains undergo capping. These experiments 

can be difficult to interpret due to complications arising from chain-walking and/or 

intermolecular reactions. However, McCullough and co-workers previously showed that 

employing vinyl Grignard as a capping agent minimizes these complications by trapping the 

Ni(0) after the first turnover.46 Adding vinyl Grignard to our polymerizations resulted in >80% 

of chains terminated with a single vinyl group (Figure 3-2B). Combined, the less than 20% of 

inactive chains (in the chain-extension and end-capping experiments) suggest that C3Me 

polymerizes 3HT in a mostly living, chain-growth fashion with some catalyst dissociation. 
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Figure 3-2. (A) GPC traces from the initial (solid line) and final (dashed line) aliquot taken 
during the chain-extension experiments. (B) MALDI-TOF-MS spectrum of end-capping 
experiments with added vinyl Grignard. All polymerizations were run at 0 °C. 

 

3.2.5 Fate of Catalysts after Dissociation 

We hypothesized that most dissociated catalysts preferentially react with polymer chains rather 

than monomers to rationalize the observed moderate dispersities as well as the apparent living 

polymerization behavior at high conversion and low catalyst loadings. This preference for the 

polymer could be due to reactivity differences47 and/or a statistical effect. To test this hypothesis, 

we ran a series of experiments aimed at elucidating if the preference is reactivity-based. 

Specifically, we evaluated whether 5,5″-dibromo-2,2′:5′,2″-terthiophene would preferentially 

react with C3Me in the presence of excess monomer analogue (i.e., 2,5-dibromothiophene, 

Scheme 4). Indeed, between 12 and 19% of the terthiophene was converted to both di- and 

monofunctionalized products when ∼50% of Grignard was consumed (Figure A2-34). The 

observed terthiophene conversion is significantly greater than what would be statistically 
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predicted (6%) if both thiophene species reacted equally.48 Extrapolating these results to the 

polymerization suggests that reassociation into a polymer chain can occur even when it is present 

in lower concentrations than the monomer. 

Scheme 3-4. Evaluating Oligomer versus Monomer Reactivity 

 

To evaluate the reactivity hypothesis in the context of a polymerization, a different 

monomer analogue (i.e., 2,5-dibromo-3,4-dimethylthiophene) was added during polymerization 

(Figure 3-3). The reactivity/statistical model predicts that the dissociated catalysts should 

preferentially react with the polymer and not initiate a new chain by reacting with the monomer 

analogue. Indeed, regardless of whether the monomer analogue was present from the beginning 

of polymerization or added in the middle, less than 5% of it was consumed (Figure 3-3). The 

observed negligible incorporation suggests that catalysts preferentially reassociate with 

dissociated chains. 
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Figure 3-3. MALDI-TOF-MS data for polymerizations run in the presence of monomer 
analogue added either (A) before initiation or (B) after initiation. 

Although there is strong evidence supporting a reactivity-based preference for reinsertion 

into growing chains, we cannot rule out the likely statistical preference for polymer association. 

The polymer can outcompete the monomer at the Ni(0) center based on having more available π-

binding sites to form an associative complex prior to oxidative addition.49,50 Overall, we suspect 

that both reactivity and statistical effects contribute to the living, chain-growth polymerization of 

3HT mediated by precatalyst C3Me (Scheme 3-5). 
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Scheme 3-5. Proposed Mechanism for CTP with C3Me 

 

3.3 Conclusion 

Diimine-ligated metal complexes have been underutilized in CTP. This work and 

others27–31 suggest that such complexes are promising for generating conjugated polymers in a 

chain-growth manner. Herein, we reported a new precatalyst (C3Me) for CTP of 3HT that 

outperforms the previously reported Ni diimine precatalysts. In addition, we demonstrated that 

the operative mechanism is similar to the conventional CTP mechanism with an associative 

complex forming after reductive elimination; the mechanism is different in that catalyst 

dissociation is followed by preferential reassociation with a growing polymer chain due to a 

reactivity- and statistical-based effect. Combined, these results suggest that diimine-ligated Ni 

catalysts warrant further investigation due to their potential to significantly expand the scope of 

materials accessible by CTP.39 

3.4 Implications of These Discoveries – Synthesizing Thiophene/Olefin Block Copolymers 

Block copolymers containing conjugated and insulating segments have been explored as 

additives in organic electronic devices to improve device performance. The insulating segment 
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facilitates macromolecular formation of the conjugated segment, improving alignment and 

charge transfer. Synthesizing these copolymers is challenging, in most cases requiring multiple 

catalysts and purification steps. Because C3Me polymerized thiophene in a chain-growth manner 

and is well known for polymerizing a-olefins through a living, chain-growth manner, we 

hypothesized that it could be used to generate thiophene/olefin block copolymers in one-pot.39 

Specifically, C3Me precatalysts would initiate a-olefins polymerization to generate a poly(olefin) 

macroinitiator. Then, adding thiophene monomer would promote mechanism-switching and 

initiate CTP to generate the thiophene block.  

To develop compatible conditions to promote mechanism-switching and subsequent 

polymerization required significant optimization. Ultimately, we used precatalyst C3Me-CH2TMS 

with a boron cocatalyst to generate the desired poly(olefin)-poly(thiophene) block copolymers 

albeit with both olefin and thiophene homopolymer impurities (Scheme 3-6). Using 

computational analysis, we identified a problematic high barrier for mechanism-switching (i.e., 

Csp2–Csp3 reductive elimination), which may facilitate off-cycle, undesired reactions to occur. In 

addition, if the Ni diimine dissociates during the copolymerization, there are few p-binding sites 

to reassociate with as the olefin segment has none. Combined, these studies demonstrate the 

challenges associated with developing a multitasking catalyst, and provide good insight into 

obstacles to consider when designing these systems.39   

Scheme 3-6. Synthesizing poly(olefin)-block-poly(thiophene) copolymers via C3Me-CH2TMS 
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Chapter 4: Progress Towards Thiophene/Olefin Block Copolymers using an in-situ Ligand-
Exchange Approach 

 
 

4.1 Introduction 

Block copolymers containing conducting and insulating segments have been used in 

organic field effect transistors to improve charge mobility.1,2 Because each segment is 

synthesized through a different polymerization method, generating these copolymers, often 

requires multi-step routes with multiple catalysts, post-polymerization modifications, and 

purification steps.1–4 Both segments, however, can be synthesized through Ni and Pd-catalyzed 

living, chain-growth polymerization methods which involve similar M(II) intermediates (cf. 

Chart 4-1). Conjugated polymers can be efficiently synthesized using catalyst-transfer 

polymerization (CTP).5–7 Insulating polymers with various topologies and functional groups can 

be polymerized using an insertion and chain-walking method.8–10 We anticipated that if a single 

catalyst scaffold could undergo both methods efficiently, switching between mechanisms could 

be facile and provide a streamlined approach toward these block copolymers. 
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Chart 4-1. Selected Ni and Pd precatalysts used for insertion and chain-walking or CTP. 

 

Diimine-ligated Ni precatalysts polymerize olefins via the insertion and chain-walking 

mechanism8–10 and have recently been investigated for polymerizing conjugated monomers9–16 

(Chart 4-1). Despite identifying a diimine-ligated Ni precatalyst (C1a) efficient in both 

polymerization mechanisms, a high barrier for sp3/sp2 reductive elimination during mechanism-

switching resulted in catalyst dissociation when synthesizing poly(1-pentene)-block-poly(3-

hexylthiophene).17 As such homopolymer impurities were formed in addition to the desired 

block-copolymers. Many ancillary ligands can promote couple sp3/sp2 reductive elimination,18,19 

but are not known for polymerizing olefins in a living, chain-growth manner. To design a 

versatile copolymerization method we envisioned an approach involving a ligand-switch, such 

that ancillary ligands could be matched for each monomer and switched during the 

polymerization. Ligand-switching has been used for catalysis where air-stable precatalysts are 

premixed with an optimized ancillary ligand before adding starting material.20 To enable ligand-

switching, the added ancillary ligand is more s-donating than the initial ancillary ligand. We 

hypothesized that a similar ligand-switch approach could be used to polymerize conjugated-

block-olefin copolymers. First, a diimine-ligated precatalyst would be used to generate a 
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poly(olefin) macroinitiator through the insertion and chain-walking mechanism. Then, adding a 

strongly s-donating ligand would displace the diimine ancillary ligand, rendering the metal-

center ready for CTP (Scheme 4-1).  

Scheme 4-1. Proposed ligand-switch approach for synthesizing insulating/conducting block 
copolymers 

 

4.2 Results and Discussion 

Phosphine and N-heterocyclic carbene (NHC) ancillary ligands are stronger sigma-

donating21–23 than diimine ancillary ligands and make efficient CTP catalysts when ligated to Ni 

or Pd.5 Therefore, we began by evaluating bisphosphine- and NHC-ligated catalysts to determine 

an optimal ancillary ligand for coupling the poly(olefin) macroinitiator to thiophene through 

sp2/sp3 reductive elimination. To identify a catalyst scaffold capable of mediating this reductive 

elimination we designed a simple model system to evaluate poly(thiophene)/olefin coupling 

(Figure 4-1).24 First, precatalysts were used to polymerize thiophene monomers via CTP. 

Subsequently, methyl Grignard end-capping reagent was added to evaluate the catalysts ability to 

couple poly(thiophene) with an sp3 carbon. Concurrently, excess halogenated arene is added to 

scavenge M(0) generated after reductive elimination. The resulting polymers are then analyzed 

by MALDI-TOF/MS to determine the percentage of methyl-end capped poly(thiophene). For 

efficient sp2/sp3 reductive elimination we anticipate observing Me-end capped polymers. The 

catalyst that generates the most Me-terminated polymers will be the most efficient at coupling 

poly(thiophene) with an sp3 carbon. Furthermore, the Me/Me-terminated polymers suggest that 

the catalyst ring-walks the length of the polymer between end-capping, rather than dissociating. 
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In contrast, polymers that remain un-capped suggest the catalyst is less efficient for sp3/sp2 

reductive elimination and could lead to homopolymer impurities if applied to a 

copolymerization.  

 

Figure 4-1. (Top) Reaction conditions for 3DT polymerization followed by end-capping 
experiments. (Bottom) MALDI-TOF/MS data for 3DT polymerization followed by end-capping. 
The full MALDI-TOF/MS spectra can be found in Appendix 3.25 

 

We evaluated three commonly used CTP precatalysts5 (Ni(dppp)Cl2, Ni(IPr)(PPh3)Cl2, 

and Pd(IPr)(3-Clpyr)Cl2)) and a palladium precatalyst with a more sterically hindered ancillary 
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ligand (Pd(IPent)(3-Clpyr)Cl2), hypothesizing that the increased steric properties could facilitate 

sp2/sp3 reductive elimination. The Ni precatalysts outperformed the Pd precatalysts generating 

97–99% Me-terminated polymers. The NHC-ligated Ni precatalyst generated 99% Me-

terminated polymers with gave 95% having Me/Me end-groups. In contrast, the bisphosphine-

ligated Ni precatalyst, 97% of polymers were Me-terminated (3% remaining Br/H). Of the Me-

terminated polymers, only 88% contained Me/Me end-groups, with the remaining 12% 

consisting of Me/H- and Me/Br-terminated polymers. Observing polymers with only one methyl 

group indicates that the catalyst failed to ring-walk the length of the polymer (Me/Br-terminated 

polymers) or was quenched before a second capping event occurred (Me/H-terminated 

polymers). The increased percentage of Me/Me-terminated polymers via the NHC-ligated 

precatalyst suggests it is more efficient at the sp3/sp2 coupling than the bisphosphine-ligated 

precatalyst. The sterically hindered precatalyst, Pd(IPent)(3-Clpyr)Cl2, generated polymers with 

a relatively broad dispersity (Ð = 1.76) and the fewest Me-terminated polymers (Figures 1, A3-7, 

& A3-11). These results could be attributed to sluggish turnover caused by the increased steric 

properties at Pd or unproductive pathways which generate inactive catalysts.  

Having identified a potential ancillary ligand (IPr) and metal (Ni) for mechanism-

switching and CTP, we next optimized the ligand-switching step. To evaluate ligand-switching, a 

second methyl-end capping model system was used (Figure 4-2). First, a diimine-ligated Ni 

precatalyst is treated with IPr to initiate ligand-switching and prepare the catalyst for CTP, which 

begins when the thiophene monomer is added. Then, methyl Grignard and the M(0) scavenger 

are added. Under optimized ligand-switch conditions, we expect to observe similar Me-end 

capping results, indicating that the sp3/sp2 reductive elimination occurs with the same efficiency 

after ligand-switching as with the commercially available precatalysts. Treating the diimine-
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ligated Ni precatalyst (C2) with IPr before initiating thiophene polymerization and subsequent 

end-capping, however, generated no detectable Me end-capped polymers (Figure 4-2). 

Furthermore, as demonstrated by GPC, the resulting polymer was multimodal suggesting that 

polymerizations were occurring through disparate pathways, either through multiple catalytic 

species or that the formed catalysts were undergoing unproductive pathways. Combined these 

results suggest displacing the diimine ancillary ligand with IPr alone will not be sufficient. One 

significant difference between initiating CTP with IPr-treated C2 versus the commercial 

precatalyst, Ni(IPr)(PPh3)Cl2, is the stabilizing ligand, PPh3. Treating C2 with IPr and PPh3 

however generated polymers with an extremely broad dispersity (Ð = 17.1) (Figure 4-2). In this 

case, both PPh3 and IPr are stronger s-donating ligands than the initial diimine ancillary ligand, 

enabling both added ligands to displace the diimine. Coupled with the multimodal GPC trace and 

broad dispersity, these results suggest various Ni species are present and polymerizing thiophene.  
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Figure 4-2. (left) MALDI-TOF/MS data and (right) GPC traces for 3DT polymerization 
followed by end-capping via a ligand-switched precatalyst. All Mn are reported in kg/mol. The 
full MALDI-TOF/MS spectra can be found in Appendix 3.25,26 
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To avoid generating multiple catalytic species, we next evaluated adding a stabilizing 

ligand that would not displace the diimine ancillary ligand. Diimines are known to displace 

pyridine from Ni,27 suggesting that pyridine would not displace the diimine ancillary ligand. In 

addition, pyridine derivatives have precedent as stabilizing ligands for IPr-ligated 

precatalysts.28,29 Adding both IPr and pyridine to C2 prior to initiating thiophene polymerization 

and subsequent end-capping resulted in polymers with a narrow dispersity and efficient (90%) 

Me-end capping, suggesting ligand-switch, mechanism switching, and thiophene polymerization 

could all work in a multitasking catalyst system using IPr and pyridine (Figure 2). For our initial 

C1a-based multitasking catalyst system, 1-hexene was a competitive p-binding agent during 

CTP, which resulted in chain-transfer reactions and thiophene oligomers.17 This trend was not 

observed with IPr as the ancillary ligand, which promoted CTP and efficient end-capping (91% 

Me-terminated polymers) even in the presence of 1-hexene (Figure A3-17). In addition, the 

polymers generated using IPr and pyridine-treated C2 are approximately the theoretical 

molecular weight and narrow dispersities (Mntheo = 5.6 kg/mol and Mn = 4.3–4.4 kg/mol; Ð = 1.2) 

These results suggest that the IPr ancillary ligand enable Ni to resist chain-transfer pathways 

instigated by excess olefin.  

Having optimized ligand-switch conditions we next attempted copolymerization. We 

previously identified that a boron cocatalyst (B(C6F5)3) activates (diimine)Ni(bisalkyl) 

complexes for polymerizing olefins and concomitantly does not disrupt CTP.17 Using this same 

catalyst system, C1b was activated to generate a poly(1-pentene) macroinitiator in neat 1-

pentene (Figure 4-3A). Then, THF is added to bind to Ni’s open coordination site and stall 

propagation.17 Ligand-switching was induced by adding both pyridine and the IPr ancillary 
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ligand.  Evaluating the GPC traces before (POi) and after ligand-switching (POLS) indicates no 

further olefin insertion occurs after adding THF (Figure 4-3B). The Grignard thiophene 

monomer was subsequently added and a color change indicative of poly(thiophene) enchainment 

was observed. If chain-extension with thiophene monomers had occurred, an increase in 

molecular weight from the poly(olefin) macroinitiator to the final polymer should be evident. 

Instead, the RI trace does not shift to higher molecular weight suggesting that chain-extension 

did not occur. In addition, if chain-extension with thiophene monomers had occurred, the final 

UV and RI traces should overlay. Here, the final RI and UV traces do not overlay. Because no 

chain-extension occurs, the UV trace represents only poly(thiophene) and has a lower molecular 

weight than the poly(olefin) macroinitiator (Figure 4-3C). 

If ligand-switching had not occurred the Ni would still be ligated with the initial diimine 

ancillary ligand, which can only generate thiophene oligomers in the presence of 1-hexene.17 

Using this ligand-switch copolymerization approach, we observed that increasing the relative 

ratio of thiophene to Ni did increase the poly(thiophene)’s MW, suggesting the ancillary ligand 

switching step was not the mechanistic flaw (Figures A3-17–A3-20). Coupled with low 

thiophene monomer conversion, these data suggest catalyst dissociates from the poly(olefin) 

macroinitiator after ligand switching, generating mostly inactive catalyst species. After 

dissociating from the olefin macroinitiator, some catalysts do remain active and initiate CTP 

through oxidative addition into a thiophene C–Br bond. We hypothesized that although the IPr 

ancillary ligand switch enables living, chain-growth thiophene polymerization, it may be 

promoting olefin chain-termination pathways through b-hydride elimination.    
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Figure 4-3. (A) Reaction conditions for ligand-switch copolymerization attempt. (B) GPC trace 
of the poly(olefin) macroinitiator before and after ligand-switch. (C) GPC traces showing the RI 
and UV curves of the final polymers. 

In summary, here we present our progress towards developing a generalizable approach 

for generating poly(olefin)-block-poly(thiophene) copolymers. We developed a ligand-switching 

method that can be used to efficiently polymerize conjugated monomers. However, the strong s-

donating IPr ancillary ligand appears to promote chain-termination with poly(olefins). Currently, 

this ligand-switch only generates homopolymers, but with further optimization there is potential 

for developing a facile method for synthesizing copolymers.  
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Chapter 5: Outlook - The History of Palladium-catalyzed Cross-couplings Should Inspire 
the Future of Catalyst-Transfer Polymerization 

 

This work has been done in collaboration with Mueller, E. A. who significantly contributed to 

the history of CTP, device performance, and Pd-catalyzed CTP sections of this perspective.  

5.1  Introduction 

Designing novel materials for fuel cells, batteries, and solar panels is central to meeting 

society’s growing needs for alternative energy sources. Semiconducting polymers are widely 

explored in these applications due to their inherent ability to absorb light and conduct charge. 

These polymers can be accessed through either oxidative coupling or transition-metal catalyzed 

polymerization. For the latter approach, the polymerizations proceed either through a step-

growth1,2 or chain-growth3–6 mechanism. Living, chain-growth polymerizations are ideal because 

monomers are sequentially added to the polymer without termination, which enables polymers 

with precise molecular weights, dispersities, sequences, and end-groups to be synthesized.7 

Despite the promise of this approach, advances in catalyst-transfer polymerization (CTP) have 

been slow relative to other polymerization types. 

Transition-metal catalyzed syntheses for conjugated polymers were first reported as early 

as 1978.8 Remarkably, the chain-growth mechanism of some of these transformations was not 

revealed until 26 years later.9,10 Thiophene polymerization catalyzed by Ni(dppp)Cl2 was first 

reported by Heeger and Wudl in 1984.11 Eight years later, McCullough demonstrated that this 

polymerization yielded regioregular poly(3-alkylthiophene).12 However, it was not until 2004 

that McCullough9 and Yokozawa10 concurrently reported that this polymerization was living and 
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chain-growth. These seminal reports revealed for the first time that conjugated polymers have the 

potential to be synthesized with control over their length, sequence and end-group functionality – 

an exciting advancement in the field. These discoveries lured the corresponding authors and 

several others to start exploring the method’s potential.  

This metal-catalyzed chain-growth method for synthesizing conjugated polymers is 

referred to as CTP. To date, CTP is still most frequently used to polymerize simple thiophene 

monomers with Ni(dppp)Cl2.3–5 Over the last decade, the majority of advances in CTP have been 

mechanistic in nature: demonstrating how the  ancillary ligands, reactive ligands, and transition 

metal identity influence initiation and propagation.8,9,15–19 In contrast, during the same time 

period most of the advances in organic electronic materials have been in structural 

diversification: developing new monomers to optimize optical and conductive properties as well 

as solid-state packing.1,2,20–26 There is an enormous mismatch between the mechanistic insight 

gained for CTP and its ability to polymerize state-of-the-art, structurally diverse monomers.  

To overcome this limitation, we draw inspiration from the delayed “discovery” of CTP 

and urge the catalysis community to ask: what are we overlooking? What potential ligands and 

precatalysts for CTP might already exist in the small-molecule or polymerization literature? 

Fortunately, the mechanistic insight developed over the last decade provides a detailed road map 

for how to identify precatalysts for CTPs. This Perspective highlights what we think should be 

the path forward. We begin by describing the CTP mechanism and how it enables conjugated 

polymers to be systematically tuned. Then, we outline why we consider palladium precatalysts 

the most promising mediators for advancing CTP. Finally, ancillary ligands that have already 

been explored for Pd-mediated CTP are highlighted and used as inspiration to identify 
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precatalysts from the small-molecule literature that we believe should be explored in future 

polymerizations. 

5.2 Mechanism.  

In CTP, propagation proceeds through a M(0)/M(II) catalytic cycle, including 

transmetalation, reductive elimination, and oxidative addition (Scheme 5-1). The biggest 

difference between CTP and step-growth polymerizations is ring-walking,28,29 wherein the 

catalyst forms a metal–polymer π-bound intermediate that migrates to the C–X terminus. 

Intramolecular oxidative addition at the C–X bond primes the catalyst for subsequent monomer 

transmetalation. The cycle continues until all monomers have been added to the polymer chain. 

Ring-walking enables each catalyst to enchain monomers along a single polymer; therefore, 

polymers with targeted molecular weights, sequences, and narrow dispersities can be obtained. 

For propagation to proceed without unproductive pathways (e.g., chain-transfer27 and/or 

termination), the catalyst and monomer identities must be matched sterically and electronically 

to promote stable, yet reactive, π-complexes which can efficiently ring-walk for many turnovers. 

Scheme 5-1. CTP mechanism 
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5.3 Why CTP for organic electronics?  

CTP is advantageous for organic electronics because it enables polymers with specific 

molecular weights,28 narrow dispersities, and precise sequences to be synthesized reproducibly.7 

Each of these properties can significantly impact performance, but the degree to which each 

parameter affects different devices is less well understood. In the past, conjugated polymers have 

been predominantly used in organic light-emitting diodes (OLEDs),29,30 organic photovoltaics 

(OPVs),29,25,31 and organic field-effect transistors (OFETs).32,33,34  More recently, research efforts 

are focused on using conjugated polymers for energy storage applications such as 

supercapacitors,35,36,37,38 and batteries20,39,40,41 (Chart 5-1). The highest-performing conjugated 

polymers in these applications are almost exclusively synthesized via step-growth methods. 

These methods suffer from batch-to-batch variability42 and the researcher has little control over 

the polymer molecular weight, dispersity, and sequence. Nevertheless, these variables can have 

an enormous impact in organic electronic applications.  

It is well established that increasing polymer molecular weight correlates with improved 

organic electronic device performance, especially for OFETs and OPVs.43,44 McGeehee and 

coworkers showed that increasing the Mn of regioregular poly(3-hexylthiophene)’s by 10 times 

increased charge mobility in OFETs by 10,000 times.45 Similar trends have been observed in 

high-performing donor–acceptor polymers.23 However, to synthesize high molecular weight 

donor–acceptor polymers using step-growth methods, long reaction times,46 precise monomer 

stoichiometry,47 and polymer purification48 are required. In contrast, simply altering the initial 

catalyst-to-monomer ratio with CTP would enable high molecular weight polymers to be 

targeted and obtained.  
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Chart 5-1. High-performing polymers synthesized via step-growth polymerization methods 

 

Similarly, it is challenging to target precise dispersities using step-growth methods, and 

therefore difficult to parse their influence on device performance. However, recent examples 

have shown that a broad dispersity correlates to decreased device performance. Yu and 

coworkers found that doubling polymer dispersity decreased device efficiency by 65% in PTB7-

based OPVs (c.f., Chart 5-1).49 They proposed that undesired homocoupled oligomers, 

containing donor–donor or acceptor–acceptor couplings, act as charge-trapping sites and 

facilitate charge recombination. The identities of these homocoupled defects were confirmed by 

analyzing low-performing batches using matrix assisted laser desorption-ionization time of flight 

mass spectrometry (MALDI-TOF-MS).50 These homocoupled oligomer defects are challenging 

to remove from product mixtures even with time- and labor-intensive purifications. Identifying 

an optimal CTP catalyst for synthesizing donor–acceptor polymers would reduce these 

oligomeric contaminants and instead yield predominantly high molecular weight polymers. In 
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addition, by initiating with a precatalyst containing an aryl reactive ligand (e.g., LnM(X)(Ar)), 

one can eliminate homocoupled defects altogether.51 

Hawker and coworkers evaluated the effect of dispersity on emission by meticulously 

purifying thiophene oligomers to obtain monodisperse samples.52 To evaluate dispersity effects, 

emission spectra from pure (Ð = 1.0) and blended (Ð =1.1–1.4) samples with the same effective 

molecular weight were compared. The blended samples exhibited red-shifted emission, 

suggesting that using conjugated polymers with even moderate dispersities could result in 

OLEDs with reduced color precision compared to the monodisperse samples. Combined, these 

select examples suggest that dispersity is directly related to organic electronic device 

performance. With CTP, narrow dispersities can be achieved without arduous purifications. As 

researchers begin to expand CTP to more complex scaffolds, it will be fascinating to see the full 

effect of dispersity on device performance. 

Polymer sequence dramatically influences charge mobility, active layer morphology, and 

device longevity.53,54,55 However, because non-alternating sequences are challenging to target 

with step-growth methods, there have been limited examples evaluating the effect of sequence 

(e.g., random, block, gradient) in high-performing devices.50 Currently, organic electronics are 

susceptible to performance decreases over time due to phase separation.56 We used CTP to 

synthesize thiophene-based block, random, and gradient sequence copolymers as stabilizing 

additives in OPVs.57,58 Adding 2 wt% copolymer to a poly(3-hexylthiophene):fullerene blend 

suppressed phase separation to varying degrees depending on copolymer sequence. The random 

sequence copolymer was the best additive, improving initial device power conversion efficiency 

(PCE) by 29% and maintaining 75% of initial device performance after annealing for 90 min.57 
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Here, we found that sequence had a profound effect on the stability of OPVs, even for an 

additive present only in 2 wt% of the overall blend. 

Overall, these examples stress that there should be a collective effort towards identifying 

CTP catalysts to synthesize the latest and best conjugated polymers in organic electronics. Then, 

both monomer structures and polymer sequences can be simultaneously and systematically tuned 

to enhance performance and longevity for specific devices. 

5.4 Why Palladium?  

Although CTP has many advantages, it has been largely limited to polymerizing 

monocyclic, electron-rich monomers.4,5 As organic-electronics have advanced, polymers with 

fused-arene repeat units, electron-rich (“donor”) and -deficient (“acceptor”) moieties, and 

various functional groups (e.g., F, CN) have become the new standard for devices (Chart 5-1). 

As such, until the monomer scope of CTP expands to include monomers with diverse functional 

groups and electronic properties, these complex copolymers with targeted sequences will be out 

of reach. It is therefore essential to identify CTP catalysts for each monomer’s specific structural 

demands (e.g., functional groups, fused arenes, disparate electronic properties, extended π-

systems).  

Palladium precatalysts are promising candidates to expand CTP’s monomer scope 

because they are ubiquitous in the small-molecule literature for coupling an array of 

electronically and sterically diverse substrates.59,60,61,62,63 Contrasting this precatalyst library with 

that of CTP5 begs the question, why haven’t most of these precatalysts been evaluated for 

polymerizing conjugated monomers? Most high-performing donor–acceptor polymers are 

commonly synthesized from two difunctionalized monomers (e.g., a dihalide and a distannane) 

using tetrakis(triphenyl)phosphine palladium (Pd(PPh3)4).54,55 Similar to the infancy of 
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palladium-catalyzed small-molecule cross-coupling,56,57 Pd(PPh3)4 is the workhorse precatalyst 

for conjugated polymers and is often used despite forming undesired products (e.g., 

homocoupled products). In Pd-catalyzed small-molecule cross-coupling, however, significant 

developments in catalyst design have now enabled electron-deficient and -rich substrates with 

unprotected functional groups to be synthesized with few side products.59,60.61 While hundreds of 

ancillary ligands have been screened and optimized for these small-molecule cross-coupling 

reactions, comparatively few have been explored for synthesizing conjugated polymers, leaving 

a vast range of potential Pd-precatalysts for CTP (Chart 5-2)19,28,68–126 These ligands have been 

specifically optimized for Pd and, as such, will likely be more successful on Pd than on Ni for 

CTP.127 Herein, we highlight select examples of catalysts used in small-molecule cross-couplings 

as inspiration for expanding CTP.  

In addition to the many potential CTP precatalysts, Pd is advantageous because it has 

been reported to have lower ring-walking barriers than commonly used Ni catalysts.19 This lower 

barrier to ring-walking could be favorable for polymerizing high-performing monomers, where 

the catalyst will be required to ring-walk over multiple p-bonds without dissociating. We 

recently developed a simple method to evaluate ring-walking over polymers and found that both 

Ni and Pd precatalysts demonstrated efficient ring-walking over electron-rich polymers.18 

Compared to the analogous Ni precatalysts, however, Pd precatalysts were less likely to undergo 

unproductive pathways (i.e., ancillary ligand-based reductive elimination) at high monomer 

conversions when polymerizing thiophene. Additional computational evaluation by Yokozawa 

and coworkers indicated that Pd(IPr)(3-Clpyr)Cl2 has lower ring-walking barriers than 

Ni(dppp)Cl2, Pd(dppp)Cl2, or Ni(IPr)PPh3Cl2.19 Combined with the small-molecule precedent for 

coupling electron-deficient and functionalized arenes, these ring-walking mechanistic studies all 
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suggest that Pd precatalysts should be capable of ring-walking over and polymerizing fused-

arene repeat units, especially when catalyst stability is a determining factor. 

Chart 5-2. The limited scope of ancillary ligands used in Pd-CTP since 2008. Each ligand 
was counted once per publication. 

 

Although rare, there are some reports of Pd precatalysts outperforming commonly used 

Ni precatalysts in CTP. In one example, Kiriy and coworkers screened various commercial Ni 

and Pd precatalysts for polymerizing a fused-arene monomer, fluorene.75 The phosphine-ligated 

Ni precatalyst (Ni(dppp)Cl2) undergoes unproductive reactions, whereas the phosphine-ligated 

Pd precatalyst (tBu3PPdX2) proceeded through a chain-growth pathway. Yokozawa and 

coworkers found that Pd outperforms Ni when synthesizing poly(p-phenylenevinylene) (PPV). 

They hypothesized that the Ni became ‘trapped’ on the C=C bond in a π-complex that was too 

stable.70,72 Similarly, Koeckelberghs and coworkers showed that a tBu3P-ligated Pd precatalyst 

could polymerize thieno[3,2-b]thiophene where Ni precatalysts with a variety of ancillary 

ligands (e.g., dppp, dppe, depe, IPr) failed.74 This failed polymerization was attributed to Ni 
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trapping via a strong π-complex with the thienothiophene dimer formed in the initial reductive 

elimination. These examples highlight how Pd precatalysts are particularly advantageous for 

polymerizing repeat units that bind too strongly with Ni precatalysts.  

Many complex polymers contain coordinating atoms such as N and O (c.f., Chart 5-1), 

which are rarely present in monomers polymerized by CTP.93,128,130–133 Previous efforts to 

polymerize N-containing monomers via CTP led to deleterious chain-transfer events.27,93 

Palladium has reduced oxophilicity relative to Ni which should reduce both its affinity to N and 

O and could therefore promote CTP. Therefore, we anticipate that palladium precatalysts will be 

useful for polymerizing monomers with coordinating atoms. 

Below, we highlight recent examples of Pd-catalyzed CTP and use small-molecule cross-

coupling examples as inspiration for future CTP catalyst testing. It is our hope that this 

Perspective will encourage polymer chemists to evaluate these precatalysts for CTP of complex 

monomer scaffolds, and at the same time, encourage the small-molecule catalysis community to 

attempt polymerizations when developing new precatalysts. 

5.5 Identifying new catalysts.  

We and others have used small-molecule cross-coupling as inspiration for identifying 

new CTP precatalysts.116,124,126,139 Specifically, we view difunctionalization of polyhalogenated 

substrates as indicative of potential CTP precatalysts. For example, in 2012 we were inspired by 

a report by Goldup and Larrosa showing that Pd(IPr)(3-Clpyr)Cl2 sequentially couples two 

PhMgBr to various dihalogenated arenes.135 Because PhMgBr was the limiting reagent, these 

results suggested that the catalyst couples the arenes via ring-walking without dissociating. Had 

dissociation occurred, mono-functionalized starting material would have been observed. By 

expanding these difunctionalization studies to the analogous polymerization, we found that the 
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same precatalyst polymerizes both thiophene and phenylene monomers in a living, chain-growth 

manner.126  

Difunctionalization reactions can be misleading, however, if excess organometallic 

coupling partner is used or if a reactivity bias preferentially generates difunctionalized products 

(Scheme 5-2).136 In both cases, difunctionalized products can form even if the catalyst does not 

proceed through a metal–arene p-bound intermediate. When screening catalysts to polymerize a 

phenylene ethynylene monomer we used a small-molecule difunctionalization model system. 

Although one precatalyst formed di- to mono-functionalized products in a 98:2 ratio, the 

resulting polymerization proceeded in a step-growth manner.136 Here, dissociated catalysts 

preferentially reacted with the mono-functionalized intermediate because it was more reactive 

than the initial dihalogenated arene. Translating these small-molecule results to polymerizations, 

catalyst dissociation results in a step-growth mechanism rather than the desired chain-growth 

CTP. 

To help ensure difunctionalized products are formed through ring-walking and 

intramolecular oxidative addition, a few precautionary steps should be taken. First, using 

substoichiometric organometallic coupling partner can reduce the number of false positives. 

However, reactivity differences can still lead to difunctionalized products.137 In addition, we 

recommend adding a M(0) scavenger to stop dissociated catalysts from further reacting.18 These 

protocols should facilitate identifying potential CTP catalysts through small-molecule 

difunctionalization reactions. 
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Scheme 5-2. Identifying potential CTP precatalysts using small-molecule 
difunctionalization reactions. 

 

5.6 The most popular Pd-CTP precatalyst.  

Most Pd-CTP examples use tBu3P as the ancillary ligand for Suzuki polymerization.5,6 

The reactive ligands in tBu3P-ligated Pd precatalysts can be easily modified, providing an 

accessible handle for post-polymerization modification, or tuning the polymer’s electronic 

properties.28,83,85 Nevertheless, tBu3P-ligated Pd suffers from inconsistent initiation28,83,85,87,90,101  

and turnover stability during propagation.77 Unproductive pathways become especially 

detrimental if copolymer syntheses are attempted because inactive chains lead to oligomeric 

and/or homopolymer impurities, which are difficult to separate from the product mixture.137 To 

circumvent these shortcomings, recent research efforts have been directed towards identifying 

alternative ancillary ligand scaffolds. 

Tris(1-adamantyl)phosphine (Ad3P) was identified as a promising ancillary ligand for Pd-

catalyzed Suzuki-CTP of fluorene- and phenylene-based monomers with a range of steric 

properties.119 The Ad3P ancillary ligand is sterically similar to tBu3P but it is more Lewis 

basic.138 This property could improve CTP relative to tBu3P because increased electron-donation 

has been shown to stabilize the metal–polymer p-bound intermediate and promote productive 

CTP pathways.13,14 Using an Ad3P-Pd precatalyst, polymers with approximately theoretical 

molecular weights could be synthesized with narrow dispersities, suggesting that the 
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polymerization proceeds via CTP.114 Furthermore, polymers could be end-capped in situ to 

generate a single detectable set of end-groups, indicating the catalyst was still polymer-bound 

and stable at high monomer conversions. These initial results using Ad3P-ligated Pd to 

polymerize a relative range of monomers indicate potential for synthesizing structurally diverse 

polymers. Nevertheless, alternative electronically diverse monomer scaffolds have yet to be 

explored with this precatalyst. 

A small-molecule cross-coupling precedent also supports the potential that Ad3P-ligated 

Pd precatalysts have for polymerizing diverse monomer scaffolds. Carrow and coworkers 

generated an air-tolerant Ad3P-ligated precatalyst that was used to synthesize various fluorinated 

bi- and triaryls under mild, Suzuki conditions (Scheme 5-3).139 Heteroarenes could be 

difunctionalized with fluorinated arenes in excellent yields (>95%). Although these 

difunctionalization experiments were done using excess ArF[B], these methods were expanded 

to various fluorinated substrates, which could translate to fluorinated monomers for CTP. 

Fluorine-functionalized monomers are important in organic electronics because the fluorine 

substituents lower the polymer’s highest occupied molecular orbital (HOMO) levels, which 

facilitates charge transfer. For example, Yan and coworkers developed a 

benzothiadiazole/thiophene polymer with fluorinated thiophenes for OPVs which resulted in an 

overall PCE of 10.8% (c.f., Scheme 5-3).140 
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Scheme 5-3. (top) Ad3P-ligated Pd-catalyzed small-molecule difunctionalization reaction of 
benzothiadiazole and fluorinated arenes. (bottom) High-performing polymer containing 
benzothiadiazole and fluorinated-thiophene units.  

 

The Ad3P ligand is one example of how modifying ancillary ligand electronic properties 

may significantly improve polymerization efficiency and potentially expand monomer scope. 

However, Ad3P-ligated Pd is relatively nascent even for small-molecule cross-coupling.138,139 In 

contrast, there have been decades of research on biarylphosphine (Buchwald ligands)59 and N-

heterocyclic carbenes (NHCs).61 Many modifications to the original compounds have been made 

to optimize their small-molecule cross-coupling efficiency.59,60 Nevertheless, these ancillary 

ligands have scarcely been used in CTP. Based on preliminary CTP examples (discussed below), 

it is evident that these tunable ligands could be exactly what is needed to match 

catalyst/monomer pairings and significantly advance CTP. 

5.7 The future: Buchwald ligands.  

Dialkylbiarylphosphine ancillary ligands developed by Buchwald and co-workers are 

widely used for cross-coupling sterically hindered and/or electronically dissimilar small 

molecules.59 Buchwald ancillary ligand modularity has enabled them to be designed to meet the 

demands of various substrates, promoting highly efficient cross-coupling systems (Chart 5-2). 

We expect that Buchwald ancillary ligands could also promote CTP of electron-poor and 

complex monomers. The few examples using Buchwald-type ligands in CTP108–113 should inspire 
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both the small-molecule and polymer communities to start evaluating more of these catalysts for 

CTP.  

Chart 5-3. Select Buchwald precatalysts and ancillary ligands. 

 

Recently, Choi and coworkers showed that both RuPhos and SPhos G3 Pd precatalysts 

outperformed XPhos- or tBu3P-ligated Pd precatalysts when polymerizing BPin-thiophene 

monomers.108 Mechanistic analysis revealed that when ligated to Pd, both RuPhos and SPhos 

mediated a living, chain-growth polymerization, affording polymers with consistently narrow 

dispersities (Ð ≥ 1.16), and excellent end-group fidelity (>95%), indicating each catalyst 

polymerizes a single polymer and is stable throughout polymerization. In addition, an SPhos-

ligated Pd precatalyst was also used to polymerize MIDA-boronate-based thiophene monomers. 

For Suzuki-CTP to occur using a protected boron-transmetalating agent (e.g., BPin or MIDA 

boronate), the protecting group must be hydrolyzed. The resulting boronic acid is then capable of 

transmetalating to the precatalyst. In small-molecule cross-coupling, there are examples of using 

boron-transmetalating groups that hydrolyze at different rates to control the coupling order.141 

Similarly, Choi and coworkers used these rate differences to generate block copolymers in one 

pot (i.e., without sequential monomer addition). Here, adding SPhos-ligated Pd to a solution of 

MIDA boronate-thiophene and BPin-thiophene resulted in block copolymers because BPin-

thiophene hydrolyzes faster and is polymerized first (Scheme 5-4). Then, the MIDA boronate-
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thiophene hydrolyzes and is added to the polymer chain. Although these examples are limited to 

thiophene monomers, they use relatively unexplored precatalysts and copolymerization methods. 

Future efforts should focus on exploring the versatility of these hydrolysis rate-dependent 

methods with alternative monomer scaffolds.  

Scheme 5-4. Generating block copolymers based on monomer reactivity differences using 
SPhos-ligated Pd. 

 

There are also several examples using Buchwald ancillary ligands in the postulated 

“preferential oxidative addition” chain-growth polymerizations.109–113 Here, after reductive 

elimination the catalyst is believed to dissociate from the polymer but preferentially undergo 

oxidative addition back into a polymer’s terminal C–X bond due to reactivity differences 

between the polymer and monomer. The dissociated catalysts react with polymers rather than 

monomers because of either “monomer deactivation” or diffusion control. In the monomer 

deactivation approach, the monomer’s electron-rich metal-carbon bond decreases the reactivity 

of the neighboring C–Br bond towards oxidative addition with Pd. In contrast, the polymers no 

longer have a deactivating Zn–C bond, enabling the catalyst to react more quickly with the C–Br 

bond. The monomer-deactivation approach has been used by Koeckelberghs and coworkers to 

synthesize homopolymers, diblock, and triblock copolymers consisting of various combinations 

of thiophene, selenophene, and fluorene via a RuPhos-ligated Pd catalyst.110–113 In the diffusion 

control mechanism, immediately after dissociating, the Pd(0) species is closer to polymer than 

monomer and therefore preferentially reacts with and continues extending the polymer. Moore 

and coworkers used an SPhos-ligated Pd catalyst to polymerize an extended arene monomer via 

the diffusion method which yields a hyperbranched polymer (Scheme 5-5).109 Similar branched, 
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porous polymers are advantageous for Li ion battery cathodes (Scheme 5-5).20 In both the 

monomer deactivation and diffusion control examples, Buchwald ancillary ligands outperformed 

others (e.g., PPh3, dppf, P(o-tolyl)3, IPr) for promoting pseudo-chain growth behavior. If the 

catalyst does dissociate, Buchwald ligands are advantageous because they can stabilize the Pd(0) 

center before re-association and continue monomer enchainment on the active polymer chain.  

Scheme 5-5. (top) Synthesizing extended arene polymers using Buchwald ancillary ligand 
SPhos. (bottom) Example of an extended arene polymer in Li ion batteries. 

 

While these examples both expand the Pd-CTP ancillary ligand scope and generate 

interesting polymer sequences/architectures, they are still limited to polymerizing electron-rich 

monomers. To polymerize donor–acceptor monomers, it will be important to identify 

precatalysts capable of polymerizing monomers with diverse electronic properties. For this, we 

turn to the small-molecule literature for inspiration. 

Electron deficient units are desirable for organic electronics but they are challenging to 

couple in both the polymer and small molecule literature. Since most Pd-catalyzed CTPs are 

Suzuki-type polymerizations, we looked to the Suzuki coupling small molecule literature for 

inspiration. A key challenge for Suzuki cross-coupling is that electron-deficient boronates are 

prone to protodeborylation.142,143 Precatalysts that quickly couple electron-deficient boronates 

result in fewer undesired byproducts and, therefore, are promising candidates for improving CTP 
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of electron-deficient monomers. In a select small-molecule example, Huber and Bulfield found 

that strong σ-donating Buchwald ancillary ligands with cyclohexyl (c.f., see Chart 5-3) could 

enable Pd-catalyzed cross-coupling of perfluoroarene boronic acids in high yields with few 

undesired products.143 This method could be extended to neopentyl glycol boronic esters and 

MIDA-boronates as well (Scheme 5-6). The more sterically demanding and slower-hydrolyzing 

boron nucleophiles required less sterically encumbered ancillary ligands (e.g., DavePhos, 

CyJohnPhos, and MePhos) to achieve high yields. Similarly, the less hindered ancillary ligands 

DavePhos and CyJohnPhos were optimal for coupling ortho- or meta-substituted substrates. 

These examples demonstrate how matching the ancillary ligand steric and electronic properties 

to the substrate resulted in successful cross-couplings for challenging substrates. These ancillary 

ligand trends should be considered when designing hydrolysis-rate dependent 

copolymerizations108 and polymerizing fluorinated monomers, which feature prominently in 

high-performing OVPs and OFETs. For example, adding fluorine to a carbazole/thieno[3,2-

b]thiophene-diketopyrrolopyrrole-based monomer increased charge mobility in OFETs as well 

as PCE in OPVs by >2 times.31 Combined with the increasing number of fluorinated high-

performing materials, these cross-coupling examples suggest that Buchwald ligands could 

promote polymerizing fluorinated units via CTP. 
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Scheme 5-6. (top) Matching Buchwald ligands to fluoroarene, boronic acids. (bottom) 
Example of a high-performing polymer with fluorine substituents. 

 

Polymers with nitrogen-containing repeat units are used in organic electronics (e.g., 

battery anodes144) but have been challenging to polymerize via CTP128–133 because the standard 

Ni-based precatalysts are susceptible to chain-transfer.27,93 In contrast, Buchwald-ligated Pd-

precatalysts have been used extensively to couple nitrogen-containing small molecules.145 The 

sterically encumbering ancillary ligands SPhos and XPhos are both efficient at coupling 

halogenated pyridine and indole moieties with boronic acids and varying electronic parameters in 

good to excellent yields (Scheme 5-7). When the N-containing heterocycle is the nucleophilic 

coupling partner (either boron- or zinc-based), the more sterically hindered XPhos ligand 

improves coupling efficiency.146 Accordingly, SPhos- and/or XPhos-ligated Pd provide potential 

routes to polymerize N-containing monomers via CTP.  

For Suzuki cross-coupling reactions, water is typically added to facilitate 

transmetalation.147 but can be disadvantageous for catalyst stability. Adding sulfonate groups to 

ligands improves their solubility in aqueous solutions. The sulfonated-SPhos (sSPhos)-ligated 

Pd-precatalyst efficiently couple substrates containing various unprotected functional groups in 
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excellent yields.148 These small-molecule cross-coupling examples with sSPhos-ligated Pd 

suggests that monomers with reactive functional groups (e.g., OH) could be polymerized without 

protection in a living, chain-growth manner, eliminating the need for post-polymerization 

modifications.  

Sonogashira-76,115,136 and Heck78-CTP examples are rare; however, alkynyl and alkenyl 

moieties are found in organic electronics. One challenge when polymerizing these functionalities 

is catalyst trapping at the triple or double bond. A mechanistic study conducted by Yokozawa 

and coworkers suggested that Pd precatalysts were less likely to get trapped on these π-bonds 

than Ni precatalysts.72 However, when applying tBu3P-ligated Pd, disproportionation occurred. 

Using more sterically encumbering Buchwald ancillary ligands could destabilize these Pd-π 

interactions and facilitate ring-walking. Recently, a HandaPhos-ligated Pd precatalyst was used 

in di- and tri-functionalization reactions (Scheme 5-8).149 Although excess alkynyl-coupling 

partner was used, these results suggest HandaPhos could be a good ancillary ligand for 

Sonogashira-CTP. 

Overall, these select examples demonstrate the versatility and promise of Buchwald 

ancillary ligands for polymerizing electron-deficient and N-containing monomers as well as 

those with reactive functionalized groups. 
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Scheme 5-7. (top) Identifying optimal Buchwald ligands for coupling arenes with 
coordinating atoms. (bottom) Examples of polymers containing N and reactive functional 
groups. 

 

Scheme 5-8. (top) HandaPhos-ligated Pd catalyzed difunctionalization reaction. (bottom) 
Examples of conjugated polymers that could be accessed through Sonogashira-CTP. 
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5.8 The future: N-Heterocyclic Carbenes (NHCs).  

N-heterocyclic carbenes are promising ancillary ligands for CTP because their tunable 

properties have enabled sterically hindered and electronically dissimilar small molecules to be 

coupled.62,151 The steric and electronic properties of N-heterocyclic carbene ligands can be easily 

modified, which has resulted in a library of compounds with a range of Tolman electronic 

parameters and buried volumes (Chart 5-4).152,153 In most cases, NHCs are more Lewis basic 

(electron-donating) than phosphines154 which indicates, based on previous mechanistic 

insight,13,14 that NHCs should be good ancillary ligands for CTP. There are even fewer NHC 

than Buchwald ligand examples that exist in the CTP literature. We believe that this area is ripe 

for further exploration.  

Currently, the only NHC ancillary ligands used in Pd-CTP are IPr18,19,74,126,119,120–125 and 

SIPr.119 The unsaturated analogue, IPr, promotes CTP of various simple monomer scaffolds 

including a range of transmetalating agents (e.g., magnesium, boron, and tin). Additionally, 

AuPtBu3 and ZnCl-based thiophene have been polymerized, but these systems deviate from 

living, chain-growth behavior at high monomer conversions.125 As the field advances towards 

complex monomer scaffolds, this versatility in transmetalating-agent nucleophilicity will be 

advantageous for polymerizing electrophilic functional groups. In addition, IPr-ligated Pd 

precatalysts are often air-stable, which is an advantageous yet relatively unexplored property in 

the CTP field. The saturated analogue, SIPr, outperformed IPr in Murahashi-CTP of thiophene, 

however this result has not been explored further.119  

Polymerizing alternative monomers with a more expansive range of electronic properties 

will likely require tuning the NHCs’ electronic and steric properties. For example, altering s-

donating and p-accepting abilities of the ancillary ligand could have a dramatic impact on the 
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stability and reactivity of the metal-polymer p-complex. When studying ring-walking, we 

observed that increasing electron density in the metal/ancillary ligand pair promoted ring-

walking along higher molecular weight polymers.18 Despite this data and other mechanistic 

insight,13,14,17,19 the orbital-electronic demands during ring-walking and propagation remain 

relatively undefined. 

Chart 5-4. NHC-ligated Pd precatalysts 

 

Designing precatalysts for CTP based on their p-accepting ability alone is unexplored, 

but ligands with these properties have already been synthesized. For example, Cavello and 

coworkers have deconstructed the effects of both p-accepting and s-donating properties for 

many NHCs (Chart 5-5).155 Alternatively, replacing one N with a quaternary carbon yields cyclic 

(alkyl)(amino)carbene (CAACs) which have both increased s-donating and p-accepting 

properties relative to most NHC ancillary ligands, both of which could be  advantageous for ring-

walking (Chart 5-6).156 Replacing the alkyl substituent in CAACs with an aryl group yields 

cyclic (aryl)(amino)carbene (CAArCs), which demonstrate similar electronic but different steric 

properties relative to CAACs.157 Combined, both CAACs and CAArCs provide a range of 
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ancillary ligand parameters for both small-molecule cross-coupling and CTP that have yet to be 

explored by either communities (Chart 5-6).   

Chart 5-5. Examples of NHCs with varied electronic properties. 

 

Fully conjugated block copolymers have been underutilized in organic electronics in part 

because they are inaccessible through step-growth methods. In addition, block copolymer 

synthesis via CTP has been mostly limited to electronically similar monomers. However, the IPr-

ligated Pd precatalyst Pd(IPr)(3-Clpyr)Cl2 has shown promise for copolymerizing electronically 

diverse monomers. For example, block copolymers of thiophene and phenylene have been 

synthesized using this precatalyst126 a process for which bisphosphine-Ni precatalysts fail.158 The 

ability of IPr-ligated Pd to transition between monomers with different electronic properties 

suggests it could polymerize donor–acceptor monomers or gradient sequence copolymers.  

Chart 5-6. Select examples of CAACs and CAArCs. 

 

In light of these promising initial results with a single NHC ancillary ligand, we have 

identified alternative NHC scaffolds with potential for CTP. For example, Goldup and Larrosa 

have demonstrated that in addition to IPr-ligated Pd, increasing the steric encumbrance around 
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Pd using IPent results in a precatalyst optimal for difunctionalizing a range of substrates with 

substoichiometric PhMgBr, outperforming IPr, IMes, IEt, and IPr* (c.f., Chart 5-4 and Scheme 

5-9).159 One particularly promising example formed difunctionalized carbazole, a commonly 

used motif in high-performing polymers,2,21 in 85% yield. These experiments suggest IPent-

ligated Pd forms a stable π-bound intermediate and should be evaluated for CTP.  

Scheme 5-9. (top) IPent-ligated Pd-catalyzed difunctionalization reaction. (bottom) 
Examples of structurally diverse polymers containing carbazole for high performing 
organic electronics. 

 

When selecting an ancillary ligand, it is critical to identify steric properties that will 

match each monomer’s demands. The IPr-ligated Pd precatalyst has precedent for polymerizing 

both 3HT regioisomers18 which suggests that NHC ancillary ligands could polymerize monomers 

with bulky side-chains. Side-chains are used to solubilize high molecular weight polymers and 

influence solid-state packing.2,141–143 Furthermore, adding functional groups (e.g., thiophenes,22 

esters,24 cyanides25) to side-chains can improve device performance or stability.57 In some cases, 

electron-deficient monomers are less soluble than analogous electron-rich monomers and 

therefore require sterically encumbering, branched side chains.27 Here, we highlight a potential 

precatalyst that has demonstrated efficient coupling of sterically hindered arenes. Liu and 

coworkers recently reported an NHC-ligated precatalyst (IPentAn) that demonstrated similar 

steric properties but increased electron-donating ability relative to IPr.144 Although no 

difunctionalization reactions were reported, IPentAn coupled various heteroaromatic and 
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sterically encumbered substrates in high yields. When coupling two, bis-ortho-substituted 

substrates, IPentAn generated the desired product in 92% yield whereas using IPr or IPent 

ancillary ligands resulted in considerably less efficient systems (0% and 50% yield, 

respectively), suggesting that increased electron-donation could facilitate sterically encumbered 

couplings. Further increasing the NHC’s steric properties yields CNHC1An (c.f., Chart 5-4), 

which affords difunctionalized heteroaromatic compounds in excellent yields via Suzuki cross-

coupling, albeit using excess boron-coupling partners (Scheme 5-10).165 Combined, these results 

suggest that increasing the steric encumbrance around Pd could facilitate CTP of more hindered 

and even N-containing monomers. This progression in NHC ligand design also demonstrates 

how modest adjustments to the ancillary ligand framework can significantly influence reaction 

outcomes.  

Scheme 5-10. (top) Examples of bulky yet flexible NHCs for cross-coupling N-containing 
and sterically hindered substrates. (bottom) Example of a conjugated polymer containing 
sterically encumbered side-chains. 
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5.9 Reflection.  

This Perspective was borne out of frustration. Fourteen years after the initial discovery, 

CTP is still extraordinarily limited in its scope.7 All the mechanistic insight gained during this 

time has not translated efficiently into better catalysts. We wrote this call-to-action with the hope 

that it will inspire others to work on these challenges with us. Why not just do it ourselves? The 

reality is that synthesizing the more complex monomers for evaluating a potential precatalyst is 

challenging and time-consuming. For example, to synthesize a donor–acceptor monomer, each 

unit needs to first be desymmetrized (to prevent oligomerization or polymerization) and then 

coupled (Scheme 5-11). Then, another desymmetrization needs to take place so that a reactive 

C–X bond and a transmetalating agent can be located on opposing ends. The cartoon version 

seems simple, but the challenges lie in both over- or under-functionalization, and its resulting 

impact on the subsequent polymerization. 

Scheme 5-11. Generic depiction of routes to an AB-functionalized donor/acceptor monomer 
and potential starting reagents. 

 

The vast and impressive work in ligand design and evaluation performed by the small-

molecule cross-coupling community serves as inspiration for the future of CTP. Here, we 

presented ways to find these catalysts and we matched specific Pd-precatalysts with high-

performing monomers. Great strides will be necessary to develop these polymerizations. We 

encourage the catalysis field, small-molecule and polymer chemists alike, to help us develop the 

next generation of CTP. The impact of this collective effort will be enormous. Polymer 

macrostructure impacts device performance, with molecular weight, dispersity, and sequence 

each playing a significant role. Developing living, chain-growth methods for accessing these 
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materials should enable polymers to be optimized for each device. Someday we imagine 

commercial, conjugated polymer-based devices that help meet the world’s growing energy 

demands.  
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Appendix 1: Supporting information for Chapter 2. Ring-Walking in Catalyst Transfer 
Polymerization 

 

A1.1 Materials 

Flash chromatography was performed on SiliCycle silica gel (40–63 µm). Thin layer 

chromatography was performed on Merck TLC plates (pre-coated with silica gel 60 F254). 

iPrMgCl (2 M in THF) was purchased from Aldrich and titrated using salicylaldehyde 

phenylhydrazone.1 Ni(IPr)(PPh3)Cl2 (PPh3 = triphenylphosphine, IPr = 1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene)  was purchased from TCI America. Pd(IPr)(3-Clpy)Cl2 

(3-Clpy = 3-chloropyridyl) was purchased from Sigma Aldrich. Ni(dppp)Cl2 (dppp = 1,3-

bis(diphenylphosphinopropane)) was purchased from Strem Chemicals Inc. 2,5-Dibromo-3-

decylthiophene (DB3DT) and 2,5-dibromo-3-hexylthiophene (DB3HT) were purchased from 

TCI America and purified by column chromatography with hexanes as the eluent. p-

Toluenemagnesium chloride (2 M in THF) was purchased from Acros Organics. 5,5'-Dibromo-

2,2'-bithiophene was purchased from Ark Pharm Inc. Compounds S1,2 S2,2 and S32 were 

prepared according to modified literature procedures. All other reagent grade materials and 

solvents were purchased from Aldrich, Acros, or Fisher and were used without further 

purification unless otherwise noted. Tetrahydrafuran (THF) and hexanes were dried and 

deoxygenated using an Innovative Technology (IT) solvent purification system composed of 

activated alumina, copper catalyst, and molecular sieves. The glovebox in which specified 

procedures were carried out was an MBraun LABmaster 130 with a N2 atmosphere.  
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A1.2 General Experimental 

NMR Spectroscopy: Unless otherwise noted, 1H, and 13C NMR spectra for all compounds were 

acquired at rt. Chemical shift data are reported in units of δ (ppm) relative to tetramethylsilane 

(TMS) and referenced with residual solvent. Multiplicities are reported as follows: singlet (s), 

doublet (d), doublet of doublets (dd), triplet (t), quartet (q), multiplet (m), broad resonance (br). 

Residual water is denoted by an asterisk (*).  

 

Mass Spectrometry: High-resolution mass spectrometry data were obtained on a Micromass 

AutoSpec Ultima Magnetic Sector mass spectrometer. 

 

Gel-Permeation Chromatography (GPC): Polymer molecular weights were determined by 

comparison with polystyrene standards (Varian, EasiCal PS-2 MW 580–377,400) at 40 °C in 

THF on a Malvern Viscotek GPCMax VE2001 equipped with two Viscotek LT- 5000L 8 mm 

(ID) × 300 mm (L) columns and analyzed with Viscotek TDA 305 (with RI, UV-PDA Detector 

Model 2600 (190–500 nm), RALS/LALS, and viscometer). Data presented correspond to the 

absorbance at 254 nm normalized to the highest peak. Peaks are normalized to the polymer peak, 

when traces are presented in series, the normalized peaks are offset vertically. The peaks at ~21 

min represent monomer which include unreacted, quenched Grignard monomers and/or 

unactivated dibromo monomer (see monomer activation procedures).  

 

Polymer work-up for GPC: Polymerizations were quenched using aq. HCl (12 M). The organic 

layer was extracted with CHCl3, dried over MgSO4, and filtered through a PTFE filter (0.2 µm), 
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concentrated under reduced pressure to dryness and then redissolved in THF/toluene (99:1 v/v) 

with mild heating and filtered through a PTFE filter (0.2 µm) into a GPC vial.  

 

Gas Chromatography: Gas chromatographic (GC) analysis was done using a Shimadzu GC 2010 

containing a Shimadzu SHRX5 (crossbound 5% diphenyl – 95% dimethyl polysiloxane; 15 m, 

0.25 mm ID, 0.25 µm df) column.  

 

Polymer work-up for GC: Polymerizations were quenched using aq. HCl (12 M). The organic 

layer was extracted with CHCl3, dried over MgSO4, and filtered through a PTFE filter (0.2 µm) 

into a GC vial.  

 

Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry: Matrix-Assisted Laser 

Desorption/Ionization Mass Spectrometry (MALDI-TOF/MS) was done on a Bruker AutoFlex 

Speed MALDI-TOF in positive-ion reflectron mode using trans-2-[3-(4-tert-butylphenyl)-2-

methyl-2-propenylidene]malononitrile (DCTB) as a matrix. Samples were prepared by mixing 

polymer dissolved in THF/toluene (99:1 v/v) (~1 mg polymer/1 mL THF) with DCTB dissolved 

in CHCl3 (~1 M). Samples were diluted with varying polymer/DCTB ratios ([2.5–10 µL]/[2.5 

µL] to ensure good signal/noise) and then spotted on a MALDI 96-well plate and air-dried. The 

data were analyzed using flexAnalysis. The MALDI-TOF/MS spectra shown represent the 

polymer distribution as well as a zoomed spectra from the center of the curve unless otherwise 

noted. 

 

iPrMgCl titration:1 In a glovebox, a precise amount of salicylaldehyde phenylhydrazone was 

dissolved in a precise amount of THF. For titration, iPrMgCl was added dropwise using a 100 
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µL syringe into the salicylaldehyde phenylhydrazone solution. Titration was complete when the 

solution turned bright orange.  

A1.3 Synthetic Procedures 

 
1,4-bis(hexyloxy)phenylene (S1).2 To a 500 mL flask equipped with a stirbar, the following 

were added sequentially, hydroquinone (20. g, 0.18 mol, 1.0 equiv), DMF (120 mL), potassium 

carbonate (63 g, 0.46 mol, 2.6 equiv), and 1-bromohexane (63 mL, 0.45 mol, 2.5 equiv) and 

stirred under N2 at 80 °C for 5 d. The reaction mixture was cooled to rt, then poured into DI H2O 

(400 mL). The organic layer was extracted with hexanes (3 x 200 mL), washed with DI H2O (2 x 

200 mL), and brine (1 x 200 mL), dried over MgSO4, filtered, and concentrated under reduced 

pressure. The resulting oil was passed through silica gel using DCM as the eluent. 

Recrystallization from hot MeOH (minimal ~75 mL) gave a white, crystalline solid (29 g, 56% 

yield). HRMS (EI): [M+] Calcd. for C18H30O2, 278.2246; found, 278.2242.  

 
1,4-bis(hexyloxy)-2,5-dibromophenylene (S2).2 To a 500 mL flask equipped with a stirbar was 

added S1 (24 g, 0.86 mol, 1.0 equiv) and CHCl3 (98 mL). The flask was cooled to 0 °C using an 

ice/water bath and fitted with an addition funnel. Bromine (11 mL, 0.21 mol, 2.5 equiv) was 

added dropwise under N2 over 10 min. The pressure was vented through an aq. solution of 10% 

Na2SO3 (150 mL). After 3 h, the reaction was quenched with sat. aq. Na2SO3 (150 mL) and 

vigorously stirred until colorless. The organic layer was extracted with DCM (3 x 100 mL), 

HO OH C6H13O OC6H13

BrC6H13
K2CO3

DMF
80 °C S1

C6H13O OC6H13
CHCl3
0 °C

C6H13O OC6H13

Br

Br

Br2

S1
S2
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washed with H2O (2 x 100 mL) and brine (1 x 100 mL), dried over MgSO4, filtered, and 

concentrated under reduced pressure. The residue was crystallized by dissolving in CHCl3 (10 

mL) and layering with MeOH (100 mL). The resulting solids were filtered to afford white 

crystals (29 g, 77% yield). HRMS (EI): [M+] Calcd. for C18H28Br2O2, 434.0451; found, 

434.0455. 
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A1.4 NMR Spectra 

 
Figure A1-1. 1H and 13C NMR spectra for S1. 1H NMR (400 MHz, CDCl3) δ 6.82 (s, 4H), 3.90 
(t, J = 6.6 Hz, 4H), 1.75 (dt, J = 14.7, 6.6 Hz, 4H), 1.50–1.39 (m, 4H),1.38–1.26 (m, 8H), 0.98–
0.80 (m, 6H). 13C NMR (176 MHz, CDCl3) δ 153.34, 115.53, 68.80, 31.77, 29.53, 25.90, 22.77, 
14.19. 
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Figure A1-2. 1H and 13C NMR spectra for S2. 1H NMR (500 MHz, CDCl3) δ 7.08 (s, 2H), 3.95 
(t, J = 6.5 Hz, 4H), 1.80 (dq, J = 8.3, 6.5 Hz, 4H), 1.52–1.43 (m, 4H), 1.38–1.31 (m, 8H), 0.95–
0.87 (m, 6H).13C NMR (176 MHz, CDCl3) δ 150.22, 118.62, 111.28, 70.46, 31.63, 29.23, 25.76, 
22.72, 14.16. 
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A1.5 Thiophene 

A1.5.1 Confirming MALDI-TOF/MS provides an accurate and quantitative description of end-

group distributions for poly(3-alkylthiophene)   

A1.5.2. Synthesis of H/Br-polymer for end-capping control reactions 

A1.5.3. End-capping control reactions  

 i. Ni(IPr)(PPh3)Cl2 and Pd(IPr)(3-Clpy)Cl2 

 ii. Ni(dppp)Cl2 

A1.5.4. Evaluating the effect of entangled chains 

A1.5.5. End-capping reactions 

 i. Ni(IPr)(PPh3)Cl2 (2 iterations of end-capping conditions) 

 ii. Pd(IPr)(3-Clpy)Cl2 (18 h end-capping and multiple iterations of end-capping 

conditions) 

 iii. Ni(dppp)Cl2 (1 h and 18 h end-capping) 

 iv. Evaluating the effect of solvent (hexane) on end-capping 

A1.5.6. 3-Decylthiophene Polymerization via Ni(IPr)(PPh3)Cl2 generating NHC/Br–polymers 
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A1.5.1 Confirming MALDI-TOF/MS provides an accurate and quantitative description of 

end-group distributions for poly(3-alkylthiophene)   

 

 
Monomer activation: In a glovebox, iPrMgCl (2.2 M in THF, 118 µL, 0.260 mmol, 0.800 

equiv) was added to a stirring solution of DB3DT (124.0 mg, 0.3240 mmol, 1.000 equiv) in THF 

(3.12 mL) and stirred for 30 min at rt.  

 
Diluting monomer solution for polymerization: Activated monomer solution (3.10 mL, 0.248 

mmol, 21.8 equiv) was diluted with THF (11.39 mL) for an overall monomer concentration of 

0.017 M.  

 

Polymerization: In a glovebox, to a 20 mL vial equipped with a stirbar was added precatalyst 

Ni(dppp)Cl2 (6.2 mg, 0.011 mmol, 1.0 equiv). While stirring, a portion of the diluted-Grignard 

monomer solution (0.017 M in THF, 2.2 mL, 0.037 mmol, 3.3 equiv) was added to the catalyst. 
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+
THF
rt
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Br MBr
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The catalyst is preinitiated once all solids are dissolved (requires ~60 sec). Then, the remaining 

monomer solution was added to the preinitiated catalyst solution and stirred for 15 min at rt.  

 

End-capping: An aliquot of the polymerization solution (7.0 mL, containing 0.00551 mmol 

catalyst, new 1.0 equiv Ni) was added to a 20 mL vial equipped with a stirbar containing p-

toluenemagnesium chloride (1.11 M in THF, 0.149 mL, 0.165 mmol, 30.0 equiv relative to Ni 

added). The solution turned from red to dark purple after 3 min, and was stirred at rt for 30 min. 

 

Quenching & work-up: The remaining (original) polymerization solution (c.f., 7.49 mL) was 

quenched outside of the glovebox with aq. HCl (12 M, 10 mL) immediately after removing the 

aliquot for end-capping, and stirred for 5 min during which time polymer precipitated generating 

a heterogeneous mixture of purple polymer in a clear supernatant. The quenched polymer was 

poured into two centrifuge tubes and diluted with MeOH (10 mL – per centrifuge tube). The 

polymers were spun on a centrifuge for 15 min. The resulting clear supernatant was decanted and 

the purple solid was washed with additional MeOH (10 mL – per centrifuge tube) and spun for 

an additional 15 min. The resulting clear supernatant was decanted and the purple solid collected 

by transferring to a 20 mL vial using CHCl3 (5 x 1 mL). The polymer solution was concentrated 

under reduced pressure, yielding 12.9 mg of poly(3-decylthiophene) (Br/H–P3DT) (56% yield – 

relative to the predicted mmol remaining after the aliquot for end-capping was removed). The 

end-capped polymer was quenched by adding MeOH (15 mL) to the purple solution which 

precipitated the polymer. The polymers were spun on a centrifuge for 15 min. The resulting clear 

supernatant was decanted and the purple solid was washed with additional MeOH (10 mL – per 

centrifuge tube) and spun for an additional 15 min. The resulting clear supernatant was decanted 
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and the purple solid collected by transferring to a vial using CHCl3 (5 x 1 mL). The polymer 

solution was concentrated under reduced pressure, yielding 22.7 mg of tol/tol–terminated poly(3-

decylthiophene) (tol/tol–P3DT) (98% yield – relative to the predicted mmol removed for end-

capping). 

 

Polymer solutions for 1H NMR spectroscopic analysis and MALDI-TOF/MS: 

Br/H–P3DT (6.7 mg) was dissolved in CDCl3 (2.68 mL), tol/tol–P3DT (3.0 mg) was dissolved in 

CDCl3 (1.2 mL). The polymer solutions were combined by injecting an aliquot of each solution 

(0.3 mL) into a single NMR tube which was analyzed by 1H NMR spectroscopy using a 3s 

relaxation delay. The NMR solution was used to prepare the MALDI-TOF/MS samples (see 

general experimental). The 1H NMR spectrum and MALDI-TOF/MS are in agreement with the 

polymers being in equal 1:1 (wt/wt) concentration as prepared.  
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Table A1-1. Percent P3DT with each end-group based on MALDI-TOF/MS. 

 
Br/H–P3DT 

(%) 

end-capped 

P3DT (%) 

combined 

(theo.) (%) 

combined 

(observed) (%) 

H/H 0 6.12 3.06 3.13 

Br/H 100 0 50 55.21 

tol/H 0 23.47 11.74 11.46 

tol/tol 0 70.40 35.20 30.20 

 

Table A1-2. Mn and Ð from Br/H–PBHP and end-capped–PBHP. 

 
Mn 

(kg/mol) 

 

Ð 

 

Br/H–P3DT 4.09 1.21 

end-capped–P3DT 4.30 1.17 
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Figure A1-3. GPC traces from Br/H–P3DT and end-capped–P3DT (left = zoomed, right = full 
GPC trace of the set of samples). Note that residual monomer elutes from 20.5–22 min, PhMe 
elutes at 23.1 min and BHT elutes at 23.8 min. 
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Figure A1-4. MALDI-TOF/MS spectra from Br/H–P3DT, end-capped–P3DT, and Br/H–P3DT 
combined with end-capped–P3DT in a 1:1 (wt/wt) ratio. Calculated using an average method, at 
signal-to-noise = 2. The degree of polymerization shown is 11.  
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Figure A1-5. 1H NMR spectrum of Br/H–P3DT (relaxation delay = 3s). 1H NMR (500 MHz, 
CDCl3-d) δ 7.01–6.76 (m, 1H), 2.92–2.42 (m, 2H), 1.83–1.56 (m, 2H), 1.48–1.07 (m, 9H), 0.88 
(t, J = 6.5 Hz, 3H).  
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Figure A1-6. 1H NMR spectrum of end-capped–P3DT (relaxation delay = 3s). The ratios of each 
polymer are predicted based on MALDI-TOF/MS data (see above). 1H NMR (500 MHz, CDCl3-
d) δ 7.39–7.31 (m, 0.25H), 7.25–7.19 (m, 0.23H), 7.06–6.77 (m, 1H), 3.54–3.44 (m, 0.25H), 
2.93–2.52 (m, 2H), 2.44–2.34 (m, 0.36H), 1.80–1.59 (m, 2H), 1.46–1.17 (m, 8H), 0.87 (t, J = 6.4 
Hz, 2H).  
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Figure A1-7. 1H NMR spectrum of Br/H–P3DT combined with end-capped–P3DT in a 1:1 
(wt/wt) ratio. The ratios of each polymer are predicted in accordance to diluting the end-capped–
P3DT (ratios determined by “homopolymer” MALDI-TOF/MS, see above) with Br/H–P3DT. 
Relaxation delay = 3s. 1H NMR (500 MHz, CDCl3-d) δ 7.38–7.32 (m, 0.13H), 7.25–7.21 (m, 
0.13H), 7.07–6.75 (m, 1H), 3.52–3.46 (m, 0.13H), 2.94–2.45 (m, 2H), 2.45–2.33 (m, 0.13H), 
1.82–1.56 (m, 2H), 1.47–1.07 (m, 8H), 0.88 (t, J = 6.4 Hz, 2H). 
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A1.5.2 Synthesis of H/Br-polymer for end-capping control reactions  

 
Monomer activation: In a glovebox, iPrMgCl (1.85 M in THF, 0.368 mL, 0.681 mmol, 0.800 

equiv) was added to a solution of DB3DT (326 mg, 0.852 mmol, 1.00 equiv) in THF (8.15 mL) 

and stirred for 30 min at rt. A portion of this Grignard monomer solution (0.08 M in THF, 8.0 

mL, 0.64 mmol, 21 equiv – relative to Ni(dppp)Cl2 below) was diluted with THF (32 mL) in a 50 

mL round-bottom flask generating a [0.016 M] diluted-Grignard monomer solution. 

 
Preinitiation of precatalyst Ni(dppp)Cl2: In a glovebox, to a 20 mL vial equipped with a 

stirbar was added precatalyst Ni(dppp)Cl2 (13.9 mg, 0.0256 mmol, 1.00 equiv). While stirring, a 

portion of the diluted-Grignard monomer solution (0.016 M in THF, 4.0 mL, 0.064 mmol, 2.5 

equiv) was added to the catalyst. The catalyst is preinitiated once all solids are dissolved 

(requires ~30 sec). 

 

Polymerization: In a glovebox, the preinitiated catalyst solution was added to the remaining 

diluted-Grignard monomer solution, using a syringe, and stirred for 20 min at rt. The 

polymerization was quenched outside of the glovebox with aq. HCl (12 M, 15 mL) and stirred 

for 5 min during which time polymer precipitated generating a heterogeneous mixture of purple 

polymer in a clear supernatant. An aliquot of the quenched polymer heterogeneous mixture (0.2 

mL) was worked up for GPC analysis (see general experimental). The remaining quenched 

polymer was poured into four centrifuge tubes and diluted with MeOH (10 mL – per centrifuge 
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Br Br iPrMgCl

THF

S

C10H21

ClMg Br S
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tube). The polymers were spun on a centrifuge for 15 min. The resulting clear supernatant was 

decanted and the purple solid was collected by transferring to a vial using CHCl3 (8 mL). The 

polymer solution was concentrated under reduced pressure, yielding 78.9 mg of poly(3-

decylthiophene) (P3DT) (55% yield).  

 
Figure A1-8. (top) GPC trace of pre-precipitated P3DT synthesized via Ni(dppp)Cl2. Mn = 7.81 
kg/mol, Ð = 1.12.  (bottom) MALDI-TOF/MS spectrum of pre-precipitated P3DT synthesized 
via Ni(dppp)Cl2. Calculated using an exact method, nd = not detected at signal-to-noise = 1. The 
degree of polymerization shown is 23. 
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A1.5.3 End-capping control reactions  

i. Ni(IPr)(PPh3)Cl2 and Pd(IPr)(3-Clpy)Cl2 

 ii. Ni(dppp)Cl2 

 
  

M(0) scavenger
(50 equiv)

LnMX2 (1.0 equiv)

H/Br-polymers
b) ClMg-tol (12 equiv)(1.0 equiv)

a)

H/Br-polymers
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H Br
n

S

C10H21

H/Br-polymers

SBr
S Br

M(0) scavenger
LnMX2 (1.0 equiv)

H/Br-polymers
b) ClMg-tol (12 equiv)(1.0 equiv)

a)
H/Br-polymers

≤4%

end-capping control (capping agent only)

end-capping experiment control

H/Tol-polymers
H/H-polymers
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i. Ni(PPh3)IPrCl2 and Pd(IPr)(3-Clpy)Cl2 (the following takes place in the glovebox until noted) 

Preparing stock solutions: 

Ni(IPr)(PPh3)Cl2: In a 4 mL vial, Ni(IPr)(PPh3)Cl2 (9.4 mg, 0.012 mmol) was dissolved in THF 

(1.2 mL) for an overall concentration of 0.01 M.  

 

Pd(IPr)(3-Clpy)Cl2: In a 4 mL vial Pd(IPr)(3-Clpy)Cl2 (11.0 mg, 0.0162 mmol) was dissolved in 

THF (1.62 mL) for an overall concentration of 0.01 M.  

 

P3DT: In a 20 mL vial, P3DT (Mn by MALDI-TOF/MS = 5195.926 g/mol – repeat unit 222.16 

g/mol, 6.6 mg, 0.030 mmol (relative to the repeat unit molecular weight)) was dissolved in THF 

(3.0 mL) with mild heating (35 °C) for an overall concentration of 0.01 M. 

 

M(0) scavenger: To a 4 mL vial was added 5,5'-dibromo-2,2'-bithiophene (26.8 mg, 0.0827 

mmol) and THF (3.3 mL) for an overall concentration of 0.025 M. 

 

Experiment vial preparation: 

End-capping experiment vial: 4 mL vials were prepared with 5,5'-dibromo-2,2'-bithiophene 

(0.025 M in THF, 0.460 mL, 0.0115 mmol, 50.0 equiv), P3DT (0.01 M in THF, 0.540 mL, 

0.000230 mmol (relative to polymer molecular weight), 1.00 equiv), precatalyst (0.01 M in THF, 

23 µL, 0.00023 mmol, 1.0 equiv), THF (0.23 mL), and a stirbar.  
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End-capping experiment control (capping agent only) vial: 4 mL vials were prepared with P3DT 

(0.01 M in THF, 0.540 mL, 0.000230 mmol (relative to polymer molecular weight), 1.00 equiv), 

precatalyst (0.01 M in THF, 23 µL, 0.00023 mmol, 1.0 equiv), THF (0.69 mL) and a stirbar.  

 

Experiments:  

p-Toluenemagnesium chloride (0.26 M in THF, 10.6 µL, 0.00276 mmol, 12.0 equiv) was added 

to each vial. The reactions were stirred for 1 h at rt before quenching outside of the glovebox 

with aq. HCl (12 M, 1 mL). Then, the organic layers were extracted with CHCl3 (3 x 1 mL) and 

samples were worked up for MALDI-TOF/MS (see general experimental). 
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Figure A1-9. MALDI-TOF/MS spectra from end-capping control reactions for P3DT and 
Ni(IPr)(PPh3)Cl2. Calculated using an exact mass method, nd = not detected at signal-to-noise = 
1. The degree of polymerizations shown are 23, 24, 23 from the top figure to the bottom one. 
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Figure A1-10. MALDI-TOF/MS spectra from end-capping control reactions for P3DT and 
Pd(IPr)(3-Clpy)Cl2. Calculated using an exact mass method, signal-to-noise = 1. The degree of 
polymerization shown is 23.  
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ii. Ni(dppp)Cl2 (the following takes place in the glovebox until noted) 

P3DT stock solution: In a 20 mL vial, P3DT (Mn by MALDI-TOF/MS = 3861.530 g/mol – 

repeat unit 222.41 g/mol, 67.4 mg) was dissolved in THF (15.2 mL) with mild heating (40–60 °C 

for 2 min) for an overall concentration of 0.02 M relative to the monomer repeat unit. 

 

Vial preparation: 

End-capping experiment vial: To a 20 mL vial equipped with a stirbar was added Ni(dppp)Cl2 

(1.8 mg, 0.0033 mmol, 1.0 equiv), 5,5'-dibromo-2,2'-bithiophene (53.8 mg, 0.166 mmol, 50.0 

equiv), P3DT (2.89 mL, 0.0033 mmol – relative to average Mn, 1.0 equiv), and THF (15.66 mL).  

 

End-capping experiment control (capping agent only) vial: To a 20 mL vial equipped with a 

stirbar was added Ni(dppp)Cl2 (1.8 mg, 0.0033 mmol, 1.0 equiv), P3DT (2.89 mL, 0.0033 mmol 

– relative to average Mn, 1.0 equiv), and THF (15.66 mL). 

 

Experiments: 

p-Toluenemagnesium chloride (0.26 M in THF, 153 µL, 0.0398 mmol, 12.0 equiv) was added to 

each vial. The reactions were stirred for 18 h at rt before quenching outside of the glovebox with 

aq. HCl (12 M, 1 mL). Then, the organic layer was extracted with CHCl3 (3 x 1 mL). Samples 

were worked up for MALDI-TOF/MS (see general experimental). 
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Figure A1-11. MALDI-TOF/MS spectra from end-capping control reactions for P3DT and 
Ni(dppp)Cl2. Calculated using an average mass method, signal-to-noise = 2. The degree of 
polymerization shown is 16. 
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A1.5.4. End-capping cross-over experiments to evaluate the impact of chain-entanglement 

for P3AT (A = alkyl).    

 
  

M(0) scavenger

ClMg-tol (20 equiv)
Br/H–P3DT (1.0 equiv)

SClMg Br
catalyst

(1.0 equiv)

THF
rt

HCl
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SH Br
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C6H13
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SH Br/tol
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Monomer activation: In a glovebox, iPrMgCl (2.2 M in THF, 92.6 µL, 0.204 mmol, 0.800 

equiv) was added to a stirring solution of DB3HT (83.0 mg, 0.255 mmol, 1.00 equiv) in THF 

(2.46 mL) and stirred for 30 min at rt.  

 

Precatalysts: 

Ni(IPr)(PPh3)Cl2: Ni(IPr)(PPh3)Cl2 (7.2 mg, 0.0092 mmol) was weighed into a 4 mL vial and 

dissolved in THF (0.92 mL) for an overall concentration of 0.01 M.   

 

Pd(IPr)(3-Clpy)Cl2: Pd(IPr)(3-Clpy)Cl2 (7.0 mg, 0.010 mmol) was weighed into a 4 mL vial and 

dissolved in THF (1.0 mL) for an overall concentration of 0.01 M.   

 

Ni(dppp)Cl2: Ni(dppp)Cl2 (6.0 mg, 0.011 mmol) was weighed into a 4 mL vial with a stirbar.  

 

Br/H–P3DT solution: Br/H–P3DT (average molecular weight by MALDI-TOF/MS = 2527.179 

g/mol, 6.2 mg, 0.0025 mmol) was dissolved in THF (6.24 mL) for an overall 0.0004 M 

concentration. 

 

M(0) scavenger stock solution: 5,5'-Dibromo-2,2'-bithiophene (23.2 mg, 0.0716 mmol) was 

dissolved in THF (2.86 mL) in a 4 mL vial for an overall concentration of 0.025 M. 

 

 

SClMg Br

C6H13

SBr MgCl

C6H13

+
THF
rt

SBr Br

C6H13

iPrMgCl

(80) (20)
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End-capping cross-over experiment vials: 

End-capping cross-over experiment vials: p-Toluenemagnesium chloride (0.26 M in THF, 15.4 

µL, 0.0040 mmol, 20. equiv), 5,5'-dibromo-2,2'-bithiophene (0.025 M in THF, 0.80 mL, 0.020 

mmol, 100 equiv), Br/H–P3DT (0.0004 M in THF, 0.50 mL, 0.0002 mmol, 1.0 equiv), and THF 

(0.36 mL) were added to a 4 mL vial equipped with a stirbar.  

 

End-capping cross-over control (only capping agent) vial: p-Toluenemagnesium chloride (0.26 

M in THF, 15.4 µL, 0.0040 mmol, 20. equiv), Br/H–P3DT (0.0004 M in THF, 0.50 mL, 0.0002 

mmol, 1.0 equiv), and THF (1.16 mL) were combined in a 4 mL vial equipped with a stirbar.  

 

Polymerizations: 

 

Polymerization procedure for precatalyst Ni(IPr)(PPh3)Cl2: In a glovebox, to a 20 mL vial 

equipped with a stirbar was added THF (3.41 mL), Grignard monomer solution (0.080 M in 

THF, 0.50 mL, 0.040 mmol, 25 equiv), and precatalyst (0.01 M in THF, 0.160 mL, 0.00160 

mmol, 1.00 equiv) and stirred at rt for 5 min. 

 

Polymerization procedure for precatalyst Pd(IPr)(3-Clpy)Cl2: In a glovebox, to a 20 mL vial 

equipped with a stirbar was added THF (3.41 mL), Grignard monomer solution (0.080 M in 

THF, 0.50 mL, 0.040 mmol, 25 equiv), and precatalyst (0.01 M in THF, 0.160 mL, 0.00160 

mmol, 1.00 equiv) and stirred at rt for 15 min. 

 

SClMg Br precatalyst

THF
rt

S

C6H13 C6H13



 163 

Preinitiating precatalyst Ni(dppp)Cl2: In a glovebox, Grignard monomer solution (0.080 M in 

THF, 0.55 mL, 0.044 mmol, 4.0 equiv) was added to the 4 mL vial containing precatalyst 

Ni(dppp)Cl2 (6.0 mg, 0.011 mmol, 1.0 equiv) and a stirbar. Dissolving the precatalyst within 60 

s.   

 

Polymerization procedure for precatalyst Ni(dppp)Cl2: In a glovebox, to a 20 mL vial 

equipped with a stirbar was added THF (3.34 mL), Grignard monomer solution (0.080 M in 

THF, 0.50 mL, 0.040 mmol, 26 equiv), and preinitiated-precatalyst (0.02 M in THF, 0.0769 mL, 

0.00154 mmol, 1.00 equiv) and stirred at rt for 30 min. 

 

In situ end-capping: After the designated time, aliquots of the polymerization solution (1.0 mL 

each containing 0.00040 mmol catalyst, 1.0 equiv) for the i) end-capping cross-over experiment 

and ii) end-capping cross-over control (capping agent only) reactions. The remaining 

polymerization solution was removed from the glovebox, quenched with aq. HCl (12 M, 1 mL), 

and worked up for analysis GC, GPC, and MALDI-TOF/MS analysis (see general experimental). 

The end-capping experiment/control reactions stirred for 1 h before quenching outside the 

glovebox with aq. HCl (12 M, 1 mL) and working up for GPC and MALDI-TOF/MS. 
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Table A1-3. GC data from the polymerization of P3HT before end-capping cross-over 
experiments via Ni(IPr)(PPh3)Cl2, Pd(IPr)(3-Clpy)Cl2, and Ni(dppp)Cl2. Initial ratio of Grignard 
isomers is 4:1 (major:minor). 

  

(% conv.) 

 

(% conv.) 

Ni(IPr)(PPh3)Cl2 quant. quant. 

Pd(IPr)(3-Clpy)Cl2 quant. 65% 

Ni(dppp)Cl2 71% 0% 

 

Table A1-4. Mn and Ð from P3HT (before end-capping cross-over experiments), end-capping 
cross-over experiment (ec), and end-capping cross-over control (only capping agent) 
experiments via Ni(IPr)(PPh3)Cl2, Pd(IPr)(3-Clpy)Cl2, and Ni(dppp)Cl2. 

Ni(IPr)(PPh3)Cl2 
Mn 

(kg/mol) 

 

Ð 

 

Pd(IPr)(3-

Clpy)Cl2 

Mn 

(kg/mol) 

 

Ð 

 

Ni(dppp)Cl2 
Mn 

(kg/mol) 

 

Ð 

 

P3HT 5.24 1.22 P3HT 5.25 1.21 P3HT 7.68 1.11 

cap only 4.65 1.39 cap only 6.48 1.21 cap only 6.10 1.29 

ec 6.13 1.28 ec 7.23 1.23 ec 8.15 1.35 

 
  

SClMg Br

C6H13

SBr MgCl

C6H13
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Figure A1-12. GPC traces from added Br/H–P3DT (left = zoomed, right = full GPC trace of the 
set of samples). Note that residual monomer elute from 20.5–22 min, PhMe elutes at 23.1 min 
and BHT elutes at 23.8 min. Mn = 4.09 kg/mol, Ð = 1.21. 

 
Figure A1-13. GPC traces from P3HT (before end-capping cross-over experiments), end-
capping cross-over experiment (ec), and end-capping cross-over control (only capping agent) 
experiments via Ni(IPr)(PPh3)Cl2. (left = zoomed, right = full GPC trace of the set of samples). 
Note that M(0) scavenging agent and residual monomer elute from 20.5–22 min, PhMe elutes at 
23.1 min and BHT elutes at 23.8 min. 
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Figure A1-14. GPC traces from P3HT (before end-capping cross-over experiments), end-
capping cross-over experiment (ec), and end-capping cross-over control (only capping agent) 
experiments via Pd(IPr)(3-Clpy)Cl2. (left = zoomed, right = full GPC trace of the set of samples). 
Note that M(0) scavenging agent and residual monomer elute from 20.5–22 min, PhMe elutes at 
23.1 min and BHT elutes at 23.8 min. 

 
Figure A1-15. GPC traces from P3HT (before end-capping cross-over experiments), end-
capping cross-over experiment (ec), and end-capping cross-over control (only capping agent) 
experiments via Ni(dppp)Cl2. (left = zoomed, right = full GPC trace of the set of samples). Note 
that M(0) scavenging agent and residual monomer elute from 20.5–22 min, PhMe elutes at 23.1 
min and BHT elutes at 23.8 min. 
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Figure A1-16. MALDI-TOF/MS traces from the added Br/H–P3DT. Values calculated using 
average mass method at signal-to-noise = 1. The degree of polymerization shown is 13. 
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Figure A1-17. MALDI-TOF/MS traces from P3HT macroinitiator (before end-capping), end-
capping cross-over experiment, and end-capping cross-over control (only capping agent) 
experiments for Ni(IPr)(PPh3)Cl2. Values calculated using average mass method, nd = not 
detected at signal-to-noise = 1. The degrees of polymerization shown are 20 and 21 for P3HT 
and 15 for P3DT. 
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Figure A1-18. MALDI-TOF/MS traces from P3HT macroinitiator (before end-capping), end-
capping cross-over experiment, and end-capping cross-over control (only capping agent) 
experiments for Pd(IPr)(3-Clpy)Cl2. Values calculated using average mass method at signal-to-
noise = 1. The degrees of polymerization shown are 18 and 19 for P3HT and 13 for P3DT. 
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Figure A1-19. MALDI-TOF/MS traces from P3HT macroinitiator (before end-capping), end-
capping cross-over experiment, and end-capping cross-over control (only capping agent) 
experiments for Ni(dppp)Cl2. Values calculated using average mass method, nd = not detected at 
signal-to-noise = 1. The degrees of polymerization shown are (left) 17 and 18 for P3HT and 13 
for P3DT and (right) 28 and 29 for P3HT and 21 for P3DT. 
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A1.5.5 End-capping reactions 

 i. Ni(IPr)(PPh3)Cl2 (2 iterations of end-capping conditions) 

 ii. Pd(IPr)(3-Clpy)Cl2 (18 h end-capping and multiple iterations of end-capping 

 conditions) 

 iii. Ni(dppp)Cl2 (1 h and 18 h end-capping) 

 
 

 iv. Evaluating the effect of solvent (hexane) on end-capping experiments 
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i. General procedure for Ni(IPr)(PPh3)Cl2 (2 iterations of end-capping conditions) 

 

Monomer activation: In a glovebox, iPrMgCl (2.0 M in THF, 0.0774 mL, 0.155 mmol, 0.800 

equiv) was added to a stirring solution of DB3DT (74.0 mg, 0.194 mmol, 1.00 equiv) and C22H46 

(~2 mg, as an internal standard) in THF (1.86 mL) and stirred for 30 min at rt.  

 

Preparing stock solutions:  

Precatalyst stock solution: To a 4 mL vial was added Ni(IPr)(PPh3)Cl2 (3.5 mg, 0.0045 mmol) 

and THF (0.45 mL) for an overall concentration of 0.01 M.  

 

M(0) scavenger stock solution: To a 4 mL vial was added 5,5'-dibromo-2,2'-bithiophene (25.5 

mg, 0.0787 mmol) and THF (3.15 mL) for an overall concentration of 0.025 M. 

 

Experiment vials:  

(equiv are relative to the catalyst/polymer (1.0 equiv) that will be added to each vial) 

End-capping experiment –iteration 1 (ec1): p-Toluenemagnesium chloride (0.28 M in THF, 14 

µL, 10. equiv, 0.0039 mmol), 5,5'-dibromo-2,2'-bithiophene (0.025 M in THF, 0.020 mmol, 0.79 

mL, 50. equiv) and THF (0.36 mL) 

 

End-capping experiment – iteration 2 (ec2): 5,5'-Dibromo-2,2'-bithiophene (0.025 M in THF, 

0.364 mL, 0.0091 mmol, 50.0 equiv) and p-toluenemagnesium chloride (0.28 M in THF, 6.5 µL, 

0.0018 mmol, 10. equiv) 

SClMg Br

C10H21

SBr MgCl

C10H21

+
THF
rt

SBr Br

C10H21

iPrMgCl

(80) (20)
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End-capping experiment control (capping agent only): p-Toluenemagnesium chloride (0.28 M in 

THF, 14 µL, 10. equiv, 0.0039 mmol) and THF (1.16 mL) 

 

 
Polymerization: Freshly prepared Grignard monomer (0.08 M in THF, 0.50 mL, 0.040 mmol, 

25 equiv) was diluted with THF (3.41 mL) in a 4 mL vial equipped with a stirbar. Then, 

precatalyst stock solution (0.01 M in THF, 0.16 mL, 0.0016 mmol, 1.0 equiv) was added and the 

polymerizations ran for 5 min at rt. Then, two aliquots (1.0 mL, containing 0.00039 mmol 

catalyst) were removed and added to a stirring 4 mL vial for i) end-capping experiment (ec1) or 

ii) end-capping experiment control (capping agent only). An aliquot of the remaining polymer 

solution (0.5 mL) was immediately removed from the glovebox and quenched with aq. HCl (12 

M, 1 mL).  

 

In situ end-capping: After 1 h, an aliquot (1.0 mL, 0.00018 mmol, 1.0 equiv catalyst) of the 

end-capping experiment (ec1) was added to a 4 mL vial containing second iteration of end-

capping conditions (ec2), which was stirred for an additional hour. The remaining end-capping 

experiment –iteration 1 (ec1) was immediately quenched outside the glovebox with aq. HCl (12 

M, 1 mL) and worked up for GPC and MALDI-TOF/MS. After a total time of 125 min (from the 

precatalyst initiation time zero) the remaining polymer solution, end-capping experiment (ec2) 

and end-capping control were quenched outside the glovebox with aq. HCl (12 M, 1 mL) and 

worked up for GC, GPC, MALDI-TOF/MS. 

SClMg Br
Ni(IPr)(PPh3)Cl2

(1.0 equiv)

THF
rt

(25 equiv)

S

C10H21 C10H21
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Table A1-5. GC data from the polymerization of P3DT before end-capping experiments via 
Ni(IPr)(PPh3)Cl2. Initial ratio of Grignard isomers is major:minor (4:1). 

  

(% conv.) 

 

(% conv.) 

Run 1 98 quant. 

Run 2 99 99 

 

 
  

SClMg Br

C10H21
major

SBr MgCl

C10H21
minor



 175 

Table A1-6. Mn and Ð from P3DT (before end-capping), end-capping experiment, and end-
capping control (only capping agent) experiments for Ni(IPr)(PPh3)Cl2 and P3DT. 

Run 1 
Mn 

(kg/mol) 

 

Ð 

 

Run 2 
Mn 

(kg/mol) 

 

Ð 

 

P3DT 8.41 1.16 P3DT 8.89 1.15 

cap only 6.65 1.40 cap only 7.70 1.28 

ec1 8.65 1.16 ec1* 6.45 1.31 

ec2* 6.97 1.32 ec2* 4.42 1.54 

 

 
Figure A1-20. GPC traces from P3DT (before end-capping), end-capping experiment, and end-
capping control (only capping agent) experiments for Ni(IPr)(PPh3)Cl2 and P3DT (left = 
zoomed, right = full GPC trace from Run 1). 
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Figure A1-21. MALDI-TOF/MS traces from P3DT (before end-capping t = 5 min), P3DT 
(quenched at the final end-capping experiment quench t = 125 min), and end-capping control 
(only capping agent) experiments for Ni(IPr)(PPh3)Cl2 and P3DT. Values calculated using 
average mass method, signal-to-noise = 1. The degree of polymerization shown is 24. 
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Figure A1-22. MALDI-TOF/MS traces from end-capping experiments (ec1 and ec2) for 
Ni(IPr)(PPh3)Cl2 and P3DT. Values calculated using average mass method, signal-to-noise = 1. 
The degree of polymerization shown is 24 (left) and 25 (right).  
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ii. General procedure for Pd(IPr)(3-Clpy)Cl2) - 18 h end-capping experiments 

 

Monomer activation: In a glovebox, iPrMgCl (2.0 M in THF, 72.2 µL, 0.144 mmol, 0.800 

equiv) was added to a stirring solution of DB3DT (69.0 mg, 0.180 mmol, 1.00 equiv) and C22H46 

(~2 mg, as an internal standard) in THF (1.73 mL) and stirred for 30 min at rt.  

 

Preparing stock solutions: 

Precatalyst: Pd(IPr)(3-Clpy)Cl2 (5.4 mg, 0.0079 mmol) was weighed into a 4 mL vial and 

dissolved in THF (0.79 mL) for an overall concentration of 0.01 M. 

 

M(0) scavenger: 5,5'-Dibromo-2,2'-bithiophene (14 mg, 0.043 mmol) was dissolved in THF (1.7 

mL) in a 4 mL vial for an overall concentration of 0.025 M.  

 

Preparing reaction vials: 

(equiv are relative to the catalyst/polymer (1.0 equiv) that will be added to each vial) 

End-capping experiment vials: p-Toluenemagnesium chloride (0.26 M in THF, 7.7 µL, 0.0020 

mmol, 10. equiv) and 5,5'-dibromo-2,2'-bithiophene (0.025 M in THF, 0.40 mL, 0.010 mmol, 50. 

equiv) were dissolved in THF (0.18 mL) in an 8 mL vial equipped with a stirbar.  

 

End-capping control (only capping agent) vial: p-Toluenemagnesium chloride (0.26 M in THF, 

7.7 µL, 0.0020 mmol, 10. equiv) was dissolved in THF (0.58 mL) in an 8 mL vial equipped with 

a stirbar.  

SClMg Br

C10H21

SBr MgCl

C10H21

+
THF
rt

SBr Br

C10H21

iPrMgCl

(80) (20)
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Polymerization: In a glovebox, to a 4 mL vial equipped with a stirbar was added THF (2.48 

mL), Grignard monomer solution (0.080 M in THF, 0.45 mL, 0.036 mmol, 30. equiv), and 

Pd(IPr)(3-Clpy)Cl2 (0.01 M in THF, 0.120 mL, 0.00120 mmol, 1.00 equiv) and stirred at rt for 

15 min. 

 

In situ end-capping: Aliquots (0.50 mL each containing 0.00020 mmol catalyst, 1.0 equiv) for 

the i) end-capping experiment and ii) end-capping control (capping agent only) reactions. The 

remaining polymerization solution was removed from the glovebox, quenched with aq. HCl (12 

M, 1 mL), and worked up for analysis GC, GPC, and MALDI-TOF/MS analysis (see general 

experimental). The end-capping experiment/control reactions stirred for 18 h before quenching 

outside the glovebox with aq. HCl (12 M, 1 mL) and working up for GC, GPC, MALDI-

TOF/MS. 

 

  

SClMg Br
Pd(IPr)(3–Clpy)Cl2

(1.0 equiv)

THF
rt

(25 equiv)

S

C10H21 C10H21
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Table A1-7. GC data from the polymerization of P3DT before end-capping experiments via 
Pd(IPr)(3-Clpy)Cl2. Initial ratio of Grignard isomers is major:minor (4:1). 

  

(% conv.) 

 

(% conv.) 

Run 1 quant. quant. 

Run 2 quant. 50 

 

Table A1-8. Mn and Ð from P3DT (before end-capping), end-capping experiment (ec), and end-
capping control (only capping agent) experiments for Pd(IPr)(3-Clpy)Cl2 and P3DT. 

Run 1 
Mn 

(kg/mol) 

 

Ð 

 

Run 2 
Mn 

(kg/mol) 

 

Ð 

 

P3DT 8.70 1.16 P3DT 6.93 1.22 

cap only 8.83 1.19 cap only 6.85 1.18 

ec 8.26 1.17 ec 6.67 1.21 

 
 

SClMg Br

C10H21
major

SBr MgCl

C10H21
minor
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Figure A1-23. GPC traces from P3DT (before end-capping), end-capping experiment (ec), and 
end-capping control (only capping agent) experiments for Pd(IPr)(3-Clpy)Cl2 and P3DT t = 18 h. 
(Left = zoomed, right = full GPC trace from Run 1). Note that M(0) scavenging agent and 
residual monomer elute from 20.5–22 min, PhMe elutes at 23.1 min and BHT elutes at 23.8 min. 
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Figure A1-24. MALDI-TOF/MS traces from P3DT (before end-capping), end-capping 
experiment, and end-capping control (only capping agent) experiments for Pd(IPr)(3-Clpy)Cl2 
and P3DT (t = 18 h) from Run 1. Values calculated using average mass method, nd = not 
detected at signal-to-noise = 2. The degree of polymerization shown is 23.  
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ii. General procedure for Pd(IPr)(3-Clpy)Cl2 - multiple iterations of end-capping conditions  

 

Monomer activation: In a glovebox, iPrMgCl (2.0 M in THF, 47.3 µL, 0.0946 mmol, 0.800 

equiv) was added to a stirring solution of DB3DT (45.2 mg, 0.118 mmol, 1.00 equiv) and C22H46 

(~2 mg, as an internal standard) in THF (1.13 mL) and stirred for 30 min at rt.  

 

Preparing stock solutions: 

Precatalyst stock solution: Pd(IPr)(3-Clpy)Cl2 (13.0 mg, 0.0191 mmol) was weighed into a 4 mL 

vial and dissolved in THF (1.91 mL) for an overall concentration of 0.01 M. 

 

M(0) scavenger stock solution: 5,5'-Dibromo-2,2'-bithiophene (114.3 mg, 0.3526 mmol) was 

dissolved in THF (14.11 mL) in a 20 mL vial for an overall concentration of 0.025 M.  

 

Preparing end-capping control/experiment vials: 

(equiv are relative to the catalyst/polymer (1.0 equiv) that will be added to each vial) 

 

End-capping control (only capping agent) vial: p-Toluenemagnesium chloride (0.26 M in THF, 

7.7 µL, 0.0020 mmol, 10. equiv) was dissolved in THF (0.58 mL) in an 8 mL vial equipped with 

a stirbar.  

 

  

SClMg Br

C10H21

SBr MgCl

C10H21

+
THF
rt

SBr Br

C10H21

iPrMgCl

(80) (20)
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End-capping experiment vials each equipped with a stirbar:  

Table A1-9. Vial preparation for capping/competition experiments with Pd(IPr)(3-Clpy)Cl2 and 
P3DT. 

 

  

vial 

p-toluenemagnesium 

chloride (0.26 M in 

THF) 

(µL, mmol) 

10.0 equiv 

5,5'-dibromo-2,2'-

bithiophene 

(0.025 M in THF) 

(mL, mmol) 

50.0 equiv 

prev. soln. added 

(mL, mmol catalyst added) 

1.0 equiv 

ec1 46.2, 0.0120 
2.4, 0.060 (and 1.08 mL 

THF) 
3 mL orig. polym., 0.0012 

ec2 30.8, 0.00801 1.6, 0.04 4.35 mL (of ec1), 0.0008 

ec3 20.5, 0.00533 1.06, 0.0265 3.99 mL (of ec2), 0.000533 

ec4 13.7, 0.00356 0.71, 0.018 3.38 mL (of ec3), 0.000356 

ec5 9.1, 0.0024 0.47, 0.012 2.73 mL (of ec4), 0.000237 

ec6 6.1, 0.0016 0.31, 0.0078 2.14 mL (of ec5), 0.000158 

ec7 4.1, 0.0011 0.21, 0.0053 1.64 mL (of ec6), 0.000105 
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Polymerization: In a glovebox, to a 20 mL vial equipped with a stirbar was added THF (3.41 

mL), activated monomer solution (0.08 M in THF, 0.50 mL, 0.040 mmol, 25 equiv), and 

precatalyst Pd(IPr)(3-Clpy)Cl2 (0.01 M in THF, 0.160 mL, 0.00160 mmol, 1.00 equiv) and 

stirred at rt for 15 min before taking aliquots (see below for details) for end-capping 

experiment/control reactions. The remaining solution was removed from the glovebox, quenched 

with aq. HCl (12 M, 1 mL), and worked up for GC, GPC, and MALDI-TOF/MS analysis. 

 

End-capping control (capping agent only) reaction: An aliquot (0.50 mL, 0.0020 mmol, 1.0 

equiv) of the polymerization was added to the end-capping control solution and stirred for 1 h 

before removing from the glovebox, quenching with aq. HCl (12 M, 1 mL), and working up for 

analysis GPC and MALDI-TOF/MS analysis. 

 

End-capping experiment reaction: An aliquot (3.0 mL) of the polymerization was moved to 

the first capping/M(0) scavenging agent solution (ec1, Table S9) and stirred for 1 h. Then, two-

thirds of the solution was moved to the subsequent end-capping experiment solution (ec2, Table 

S9). The remaining mother liquor (of ec1) was immediately removed from the glovebox and 

quenched with aq. HCl (12 M, 3 mL) and worked up for analysis. This process was repeated for 

7 end-capping condition experiment solutions. 

SClMg Br
Pd(IPr)(3-Clpy)Cl2

(1.0 equiv)

THF
rt

(25 equiv)

S

C10H21 C10H21
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Table A1-10. GC data from the polymerization of P3DT before end-capping experiments via 
Pd(IPr)(3-Clpy)Cl2. Initial ratio of Grignard isomers is 4:1 (major:minor). 

  

(% conv.) 

 

(% conv.) 

Run 1 quant. 75% 

Run 2 quant. 76% 

 

Table A1-11. Mn and Ð from the control, capping, and capping/competition experiments for 
Pd(IPr)(3-Clpy)Cl2 and P3DT. 

Run 1 
Mn 

(kg/mol) 

 

Ð 

 

Run 2 
Mn 

(kg/mol) 

 

Ð 

 

P3DT 7.78 1.19 P3DT 7.83 1.19 

cap only 7.73 1.19 cap only 7.86 1.19 

ec1 7.71 1.19 ec1 7.78 1.18 

ec2 7.79 1.17 ec2 7.66 1.17 

ec3 7.83 1.16 ec3 7.61 1.18 

ec4 7.70 1.19 ec4 7.65 1.19 

ec5 7.46 1.18 ec5 7.45 1.18 

ec6 7.70 1.17 ec6 7.78 1.17 

ec7 7.61 1.17 ec7 7.70 1.17 

 

SClMg Br

C10H21
major

SBr MgCl

C10H21
minor
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Figure A1-25. GPC traces from the control, end-capping control, and end-capping experiments 
for Pd(IPr)(3-Clpy)Cl2 and P3DT. (Left = zoomed, right = full GPC trace from Run 1). 
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Figure A1-26. MALDI-TOF/MS traces from P3DT (before end-capping) and end-capping 
control (only capping agent) experiments for Pd(IPr)(3-Clpy)Cl2 and P3DT from Run 1. Values 
calculated using an average mass method, nd = not detected at signal-to-noise = 2. The degree of 
polymerization shown is 18. 
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Figure A1-27. MALDI-TOF/MS traces from end-capping experiments (ec1, ec2, and ec3) for 
Pd(IPr)(3-Clpy)Cl2 and P3DT from Run 1. Values calculated using an average mass method, 
signal-to-noise = 2. The degree of polymerization shown is 18. 
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Figure A1-28. MALDI-TOF/MS traces from end-capping experiments (ec4, ec5, ec6, and ec7) 
for Pd(IPr)(3-Clpy)Cl2 and P3DT from Run 1. Values calculated using an average mass method, 
nd = not detected at signal-to-noise = 2. The degree of polymerization shown is 18. 
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iii. General Procedure for Ni(dppp)Cl2 - 1 h end-capping 

 

Monomer activation: In a glovebox, iPrMgCl (2.0 M in THF, 76.4 µL, 0.153 mmol, 0.800 

equiv) was added to a stirring solution of DB3DT (73.0 mg, 0.191 mmol, 1.00 equiv) in THF 

(1.83 mL) and stirred for 30 min at rt.  

 

Preparing stock solution: 

M(0) scavenger solution: To a 4 mL vial was added 5,5'-dibromo-2,2'-bithiophene (9.4 mg, 

0.029 mmol) and then was dissolved in THF (1.16 mL) for an overall concentration of 0.025 M. 

 

Preparing end-capping vial experiments: 

(equiv are relative to the catalyst/polymer (1.0 equiv) that will be added to each vial) 

 

End-capping experiment vial: p-Toluenemagnesium chloride (0.26 M in THF, 15.4 µL, 10.0 

equiv, 0.00400 mmol), 5,5'-dibromo-2,2'-bithiophene (0.025 M in THF, 0.800 mL, 0.0200 mmol, 

50.0 equiv) and THF (0.36 mL). 

 

End-capping control vial: p-Toluenemagnesium chloride (0.26 M in THF, 15.4 µL, 10.0 equiv, 

0.00400 mmol) and THF (1.16 mL). 

 

SClMg Br

C10H21

SBr MgCl

C10H21

+
THF
rt

SBr Br

C10H21

iPrMgCl

(80) (20)
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Polymerization: Freshly prepared Grignard monomer (0.08 M in THF, 0.969 mL, 0.0775 mmol, 

30.0 equiv) was added to a 20 mL vial containing precatalyst Ni(dppp)Cl2 (1.4 mg, 0.0026 

mmol, 1.0 equiv) and THF (5.60 mL) and stirred for 30 min at rt.  

 

In situ end-capping: Two aliquots (1.0 mL each containing 0.00040 mmol catalyst, 1.0 equiv) 

were removed from the polymerization vial and added to the end-capping control/experiment 

vials (1.0 mL to each vial). The remaining polymer solution was immediately removed from the 

glovebox and quenched with aq. HCL (12 M, 1 mL). The end-capping control/experiment 

experiments were stirred for either 1 or 18 h before quenching outside the glovebox with 12 M 

aq. HCl (1 mL). The quenched solutions were worked up for GC, GPC, MALDI-TOF/MS. 

 

Table A1-12. GC data from the polymerization of P3DT before end-capping experiments via 
Ni(dppp)Cl2. Initial ratio of Grignard isomers is 4:1 (major:minor). 

  

(% conv.) 

 

(% conv.) 

Run 1 85 3% 

Run 2 86 4% 

 

SClMg Br
Ni(dppp)Cl2
(1.0 equiv)

THF
rt

(25 equiv)

S

C10H21 C10H21

SClMg Br

C10H21
major

SBr MgCl

C10H21
minor
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Table A1-13. Mn and Ð from P3DT (before end-capping), end-capping experiment (ec), and 
end-capping control (only capping agent) (t = 1 h) experiments for Ni(dppp)Cl2 and P3DT. 

Run 1 
Mn 

(kg/mol) 

 

Ð 

 

Run 2 
Mn 

(kg/mol) 

 

Ð 

 

P3DT 4.50 1.17 P3DT 6.67 1.13 

cap only 4.65 1.16 cap only 6.91 1.13 

ec 4.23 1.17 ec 6.61 1.13 

 

 

Figure A1-29. GPC traces of P3DT (before end-capping), end-capping experiment, and end-
capping control (only capping agent) (t = 1 h) experiments for Ni(dppp)Cl2 and P3DT. (Left = 
zoomed, right = full GPC trace from Run 1). 
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Figure A1-30. MALDI-TOF/MS traces from P3DT (before end-capping), end-capping 
experiment, and end-capping control (only capping agent) experiments (t = 1 h) for Ni(dppp)Cl2 
and P3DT from Run 1. Values calculated using an average mass method, signal-to-noise = 2. 
The degree of polymerization shown is 15. 
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iii. Ni(dppp)Cl2 - 18 h end-capping 

Table A1-14. GC data from the polymerization of P3DT before end-capping experiments via 
Ni(dppp)Cl2. Initial ratio of Grignard isomers is 4:1 (major:minor). 

  

(% conv.) 

 

(% conv.) 

Run 1 75 2% 

Run 2 82 0% 

 

Table A1-15. Mn and Ð from P3DT (before end-capping), end-capping experiment (ec), and 
end-capping control (only capping agent) experiments (t = 18 h) for Ni(dppp)Cl2 and P3DT. 

Run 1 
Mn 

(kg/mol) 

 

Ð 

 

Run 2 
Mn 

(kg/mol) 

 

Ð 

 

P3DT 9.26 1.11 P3DT 7.16 1.13 

cap only 9.13 1.13 cap only 7.42 1.26 

ec 9.41 1.15 ec* 7.56 1.14 

   ec** 8.07 1.29 

*/** are from the same sample not including/including a high molecular weight shoulder 

(possibly from a quenching error).  

 

SClMg Br

C10H21
major

SBr MgCl

C10H21
minor
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Figure A1-31. GPC traces from P3DT (before end-capping), end-capping experiment, and end-
capping control (only capping agent) experiments (t = 18 h) for Ni(dppp)Cl2 and P3DT. (Left = 
zoomed, right = full GPC trace from Run 1). 
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Figure A1-32. MALDI-TOF/MS traces from P3DT (before end-capping), end-capping 
experiment, and end-capping control (only capping agent) experiments (t = 18 h) for Ni(dppp)Cl2 
and P3DT from Run 1. Values calculated using average mass method, signal-to-noise = 2. The 
degree of polymerization shown is 27. 
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iv. Evaluating the influence of solvent (hexane) on 3-decylthiophene end-capping experiments 

 

  

M(0) scavenger

ClMg-tol (10 equiv)

SClMg Br
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THF
rt
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SH Br

Stol tol
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Monomer activation: In a glovebox, iPrMgCl (2.2 M in THF, 0.112 mL, 0.247 mmol, 0.800 

equiv) was added to a solution of DB3DT (118 mg, 0.309 mmol, 1.00 equiv) in THF (2.98 mL) 

and stirred for 30 min at rt.  

 

Preparing precatalysts:  

Pd(IPr)(3-Clpy)Cl2: To an 8 mL vial was added Pd(IPr)(3-Clpy)Cl2 (12.4 mg, 0.0182 mmol) and 

dissolved in THF (1.82 mL) for a [0.01 M] solution.  

 

Ni(IPr)(PPh3)Cl2: To an 8 mL vial was added Ni(IPr)(PPh3)Cl2 (4.2 mg, 0.0054 mmol) and 

dissolved in THF (0.54 mL) for a [0.01 M] solution. 

 

Ni(dppp)Cl2: To a 20 mL vial was added Ni(dppp)Cl2 (2.2 mg, 0.0041 mmol). 

 

Preparing stock solution: 

M(0) scavenger solution: To a 4 mL vial was added 5,5'-dibromo-2,2'-bithiophene (21.4 mg, 

0.0660 mmol) and then was dissolved in THF (1.32 mL) for an overall concentration of 0.050 M. 

 

Preparing end-capping vial experiments: 

(equiv are relative to the catalyst/polymer (1.0 equiv) that will be added to each vial) 

 

SClMg Br

C10H21

SBr MgCl

C10H21

+
THF
rt

SBr Br

C10H21

iPrMgCl

(80) (20)
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End-capping experiment vial (THF only): p-Toluenemagnesium chloride (0.26 M in THF, 15.4 

µL, 10.0 equiv, 0.00400 mmol), 5,5'-dibromo-2,2'-bithiophene (0.050 M in THF, 0.400 mL, 

0.0200 mmol, 50.0 equiv) and THF (0.76 mL). 

 

End-capping experiment vial (THF and hexanes): p-Toluenemagnesium chloride (0.26 M in 

THF, 15.4 µL, 10.0 equiv, 0.00400 mmol), 5,5'-dibromo-2,2'-bithiophene (0.050 M in THF, 

0.400 mL, 0.0200 mmol, 50.0 equiv) and hexanes (0.76 mL). 

 

End-capping control vial: p-Toluenemagnesium chloride (0.26 M in THF, 15.4 µL, 10.0 equiv, 

0.00400 mmol) and THF (1.16 mL). 

 

Polymerization:  

For Ni(IPr)(PPh3)Cl2: Freshly prepared Grignard monomer (0.08 M in THF, 0.90 mL, 0.072 

mmol, 25 equiv) was diluted with THF (6.14 mL) then precatalyst (0.01M in THF, 0.288 mL, 

0.00288 mmol, 1.00 equiv) and stirred for 5 min at rt.  

 

For Pd(IPr)(3-Clpy)Cl2: Freshly prepared Grignard monomer (0.08 M in THF, 0.50 mL, 0.040 

mmol, 25 equiv) was diluted with THF (3.41 mL) then precatalyst (0.01M in THF, 0.160 mL, 

0.00160 mmol, 1.00 equiv) and stirred for 15 min at rt.  

 

For Ni(dppp)Cl2: Freshly prepared Grignard monomer (0.08 M in THF, 1.52 mL, 0.122 mmol, 

30.0 equiv) was diluted with THF (8.81 mL). An aliquot of the diluted monomer (0.0138 M in 

SClMg Br precatalyst

THF
rt

S

C10H21 C10H21
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THF, 1.03 mL, 0.0143 mmol, 2.87 equiv relative to Ni) was added to precatalyst Ni(dppp)Cl2 

(2.2 mg, 0.041 mmol, 1.0 equiv) and stirred for 60 s to preinitiate the solid precatalyst. Then, the 

remaining diluted monomer solution was added to the preinitiated catalyst and stirred for 30 min 

at rt.  

 

In situ end-capping: Aliquots (1.0 mL each containing 0.00040 mmol catalyst, 1.0 equiv) were 

removed from each polymerization vial and added to the end-capping control/experiment vials 

(1.0 mL to each vial). The remaining polymer solution was immediately removed from the 

glovebox and quenched with aq. HCL (12 M, 1 mL). The end-capping control/experiment 

experiments were stirred for either 1 h (for Ni(IPr)(PPh3)Cl2 and Pd(IPr)(3-Clpy)Cl2) or 18 h (for  

Ni(dppp)Cl2) before quenching outside the glovebox with 12 M aq. HCl (1 mL). The quenched 

solutions were worked up for GC, GPC, MALDI-TOF/MS.  
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Table A1-16. GC data from the polymerization of P3DT before end-capping experiments via 
Ni(IPr)(PPh3)Cl2, Pd(IPr)(3-Clpy)Cl2, and Ni(dppp)Cl2. Initial ratio of Grignard isomers is 4:1 
(major:minor). 

  

(% conv.) 

 

(% conv.) 

Ni(IPr)(PPh3)Cl2 97% 98% 

Pd(IPr)(3-Clpy)Cl2 quant. 50% 

Ni(dppp)Cl2 86% 0% 

 

Table A1-17. Mn and Ð from P3DT (before end-capping), end-capping control (capping agent 
only), end-capping (ec), and end-capping with hexanes (ec (hex)) experiments for 
Ni(IPr)(PPh3)Cl2, Pd(IPr)(3-Clpy)Cl2, and Ni(dppp)Cl2. 

Ni(IPr)(PPh3)Cl2 
Mn 

(kg/mol) 

 

Ð 

 

Pd(IPr)(3-

Clpy)Cl2 

Mn 

(kg/mol) 

 

Ð 

 

Ni(dppp)Cl2 
Mn 

(kg/mol) 

 

Ð 

 

P3DT 7.67 1.15 P3DT 7.49 1.18 P3DT 5.62 1.19 

cap only 7.27 1.23 cap only 7.20 1.18 cap only 5.78 1.32 

ec 10.73 1.14 ec 8.11 1.20 ec 7.29 1.42 

ec (hex) 10.60 1.14 ec (hex) 8.99 1.23 ec (hex) 7.23 1.36 

 

  

SClMg Br

C10H21
major

SBr MgCl

C10H21
minor
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Figure A1-33. GPC traces from P3DT (before end-capping), end-capping control (only capping 
agent), end-capping (ec), and end-capping with hexane (ec (hex)) experiments for 
Ni(IPr)(PPh3)Cl2 . (Left = zoomed, right = full GPC trace). Note that M(0) scavenging agent and 
residual monomer elute from 20.5–22 min, PhMe elutes at 23.1 min and BHT elutes at 23.8 min. 

 

Figure A1-34. GPC traces from P3DT (before end-capping), end-capping control (only capping 
agent), end-capping (ec), and end-capping with hexane (ec (hex)) experiments for Pd(IPr)(3-
Clpy)Cl2. (Left = zoomed, right = full GPC trace). Note that M(0) scavenging agent and residual 
monomer elute from 20.5–22 min, PhMe elutes at 23.1 min and BHT elutes at 23.8 min. 
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Figure A1-35. GPC traces from P3DT (before end-capping), end-capping control (only capping 
agent), end-capping (ec), and end-capping with hexane (ec (hex)) experiments for Ni(dppp)Cl2. 
(Left = zoomed, right = full GPC trace). Note that M(0) scavenging agent and residual monomer 
elute from 20.5–22 min, PhMe elutes at 23.1 min and BHT elutes at 23.8 min. 
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Figure A1-36. MALDI-TOF/MS traces from P3DT (before end-capping), end-capping 
experiments (THF alone, and THF & hexanes), and end-capping control (only capping agent) 
experiments for Ni(IPr)(PPh3)Cl2. Values calculated using average mass method signal-to-noise 
= 2. The repeat unit shown is 22. (Note that to reach complete tol/tol-end capped polymers 2 
iterations of ClMg–tol and M(0) scavenger should be used). 
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Figure A1-37. MALDI-TOF/MS traces from P3DT (before end-capping), end-capping 
experiments (THF alone, and THF & hexanes), and end-capping control (only capping agent) 
experiments for Pd(IPr)(3-Clpy)Cl2. Values calculated using average mass method signal-to-
noise = 2. The repeat unit shown is 19. (Note that to reach complete tol/tol-end capped polymers 
6 iterations of ClMg–tol and M(0) scavenger should be used). 
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Figure A1-38. MALDI-TOF/MS traces from P3DT (before end-capping), end-capping 
experiments (THF alone, and THF & hexanes), and end-capping control (only capping agent) 
experiments for Ni(dppp)Cl2. Values calculated using average mass method signal-to-noise = 2. 
The repeat unit shown is 14. 
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A1.5.6 3-Decylthiophene polymerization via Ni(IPr)(PPh3)Cl2 generating NHC/Br-

polymers 

 

Monomer activation: In a glovebox, iPrMgCl (2.0 M in THF, 0.069 mL, 0.14 mmol, 0.80 

equiv) was added to a solution of DB3DT (65.9 mg, 0.172 mmol, 1.00 equiv) and C22H46 (as an 

internal standard, ~4 mg)  in THF (1.65 mL) and stirred for 30 min at rt.  

 

Precatalyst stock solution: To a 4 mL vial was added Ni(IPr)(PPh3)Cl2 (6.0 mg, 0.0077 mmol) 

and THF (0.77 mL) for an overall concentration of 0.01 M.  

 

 

Polymerization: Freshly prepared Grignard monomer (0.08 M in THF, 1.20 mL, 0.0960 mmol, 

25.0 equiv) was diluted with THF (8.20 mL) in a 20 mL vial equipped with a stirbar. Then, 

precatalyst stock solution (0.01 M in THF, 0.384 mL, 0.00384 mmol, 1.00 equiv) was added to 

the diluted monomer solution. After stirring at rt for 5 min, an aliquot of the polymerization (2.0 

mL) was removed from the glovebox and quenched with aq. HCl (12 M, 5 mL), and extracted 

with CHCl3 (3 x 3 mL). The remaining polymerization solution was stirred for ≥9 h before being 

removed from the glovebox, quenched with aq. HCl (12 M, 8 mL), and extracted with CHCl3 (3 

x 3 mL). The crude polymer samples were worked up for GC, GPC, MALDI-TOF/MS (see 

SClMg Br

C10H21

SBr MgCl
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+
THF
rt

SBr Br
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(80) (20)

SClMg Br
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S
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general experimental). For 1H NMR spectroscopic analysis, the polymers (in CHCl3) were 

concentrated under reduced pressure, redissolved in a minimal amount of CHCl3 (~0.1 mL), 

precipitated in MeOH (10 mL), transferred to a centrifuge tube, and spun for 15 min generating a 

purple solid with a clear supernatant. The supernatant was decanted and the solid was washed, by 

shaking to break up the solid, with MeOH (15 mL) and centrifuged again. The supernatant was 

decanted and the solid was dried under reduced pressure.  
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Table A1-18. GC data from the polymerization of 3-decylthiophene at rt via Ni(IPr)(PPh3)Cl2. 
Initial ratio of Grignard isomers is 4:1 (major:minor). 

  

(% conv.) 

 

(% conv.) 

Run 1 99 99 

Run 2 quant. quant. 

 

Table A1-19. Mn and Ð from the polymerization of 3-decylthiophene at rt via Ni(IPr)(PPh3)Cl2. 

Run 1 
Mn 

(kg/mol) 

 

Ð 

 

Run 2 
Mn 

(kg/mol) 

 

Ð 

 

5 min 8.56 1.14 5 min 9.85 1.19 

20 h 5.52 1.52 9 h 5.33 2.11 

 

SClMg Br

C10H21
major

SBr MgCl

C10H21
minor
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Figure A1-39. GPC traces from the polymerization of 3-decylthiophene at rt via 
Ni(IPr)(PPh3)Cl2. (Left = zoomed, right = full GPC trace from Run 1). 
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Figure A1-40. MALDI-TOF/MS traces from the polymerization of 3-decylthiophene at rt via 
Ni(IPr)(PPh3)Cl2 from Run 1. Values calculated using an average mass method, signal-to-noise = 
2. The degree of polymerization shown is 23.  
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According to the MALDI-TOF/MS spectrum, the average degree of polymerization (m) is 23. 

The chemdraw below shows the theoretical 1H-distribution under the m = 23 assumption.  

 

 

Figure A1-41. 1H NMR spectra from the polymerization of 3-decylthiophene at rt via 
Ni(IPr)(PPh3)Cl2 after 20 h (relaxation delay = 2 s). 1H NMR (700 MHz, CDCl3) δ 8.31 (s, 1H), 
8.28 (s, 1H), 7.70–7.63 (m, 2H), 7.45–7.40 (m, 3H), 7.14–6.63 (multiple peaks, 23H), 6.29 (s, 
1H), 6.23 (s, 1H), 4.06–4.01 (m, 2H), 3.59–3.54 (m, 2H), 3.49 (s, 1H), 2.95–2.15 (multiple 
peaks, 44H), 2.01–1.50 (multiple peaks, 41H), 1.50–1.01 (multiple peaks, 196H), 1.01–0.69 
(multiple peaks, 45H).  
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A1.6 Phenylene 

A1.6.1. Confirming MALDI-TOF/MS provides an accurate and quantitative description of end-

group distributions for poly(2,5-bisalkoxyphenylene).   

A1.6.2. Synthesis of H/Br-polymer for end-capping control reactions 

A1.6.3. End-capping control reactions  

 i. Ni(IPr)(PPh3)Cl2  

ii. Pd(IPr)(3-Clpy)Cl2 

 iii. Ni(dppp)Cl2 

A1.6.4. Evaluating the impact of entangled chains 

A1.6.5. End-capping reactions 

 i. Ni(IPr)(PPh3)Cl2 

 ii. Pd(IPr)(3-Clpy)Cl2 

 iii. Ni(dppp)Cl2 

 iv. Evaluating the impact of solvent (hexanes) on end-capping experiments 

A1.6.6. 2,5-Bishexyloxyphenylene polymerization via Pd(IPr)(3-Clpy)Cl2 generating NHC/Br-

polymers 
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A1.6.1 Confirming MALDI-TOF/MS provides an accurate and quantitative description of 

end-group distributions for poly(2,5-bisalkoxyphenylene).   

 

Monomer activation: In a glovebox, iPrMgCl (2.2 M in THF, 1.393 mL, 0.003093 mol, 0.8000 

equiv) was added to a stirring solution of S2 (1.69 g, 0.00387 mmol, 1.00 equiv) in THF (6.3 

mL) and stirred for 17 h at rt. Titrating the resulting solution against salicylaldehyde 

phenylhydrazone (see general experimental) revealed the [Grignard] = 0.291 M.   

 

For the polymers used in this experiment, Pd(IPr)(3-Clpy)Cl2 was used to generate the end-

capped–PBHP and Ni(IPr)(PPh3)Cl2 was used to generate Br/H–PBHP.  

 

Precatalyst solutions:  

Pd(IPr)(3-Clpy)Cl2: To an 8 mL vial was added Pd(IPr)(3-Clpy)Cl2 (11.7 mg, 0.0172 mmol) and 

dissolved in THF (1.72 mL) for a [0.01 M] solution.  

 

Ni(IPr)(PPh3)Cl2: To an 8 mL vial was added Ni(IPr)(PPh3)Cl2 (10.8 mg, 0.0138 mmol) and 

dissolved in THF (1.38 mL) for a [0.01 M] solution. 

 

  

Br Br

C6H13O

OC6H13

THF
rt

iPrMgCl
Br MgCl

C6H13O

OC6H13S2
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Reaction flask preparation:  

In the glovebox, to a 25 mL Schlenk flask was added precatalyst (0.01M in THF, 1.2 mL, 0.012 

mmol, 1.0 equiv), THF (8 mL), and a stirbar. The Schlenk flask was capped with a septum, 

secured with copper wire, removed from the glovebox, and immediately placed under N2. 

  

Polymerization: In the glovebox, Grignard monomer solution (0.291 M in THF, 0.825 mL, 

0.240 mmol, 20.0 equiv) was drawn into a 3 mL syringe equipped with a long needle, headspace 

(~1.4 mL) was pulled and then the syringe/needle were removed from the glovebox. During 

transit, to the catalyst-containing flask, headspace (~1.0 mL) was evacuated from the needle 

before puncturing the septum. The monomer was added at once to the stirring precatalyst flasks. 

The polymerizations were stirred for 90 min under N2. The polymerization via Ni was quenched 

with aq. HCl (12 M, 3 mL).  An aliquot (1.0 mL, containing 0.0015 mmol Pd) of the Pd-

catalyzed polymerization was added to an 8 mL vial capped with a septum-cap containing a 

stirring solution of p-toluenemagnesium chloride (1.11 M in THF, 0.0203 mL, 0.0225 mmol, 

15.0 equiv relative to added Pd) in THF (0.5 mL) and stirred for 2 h under N2 before being 

quenched with aq. HCl (12 M, 1 mL).  

 

Work-up: The crude polymers were extracted with CHCl3 (3 x 2 mL), dried over MgSO4, 

filtered and analyzed by GPC and MALDI-TOF/MS. The remaining quenched polymer was 

concentrated under reduced pressure, redissolved in CHCl3 (0.2 mL), and precipitated using 

MeOH (10 mL). The resulting heterogeneous mixture was added to a centrifuge tube and diluted 

with additional MeOH (to fill the centrifuge tubes). The polymers were spun for 15 min. The 

Br MgCl
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(1.0 equiv)
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rt

C6H13O

OC6H13

Br MgCl

C6H13O

OC6H13

(1.0 equiv)

THF
rt

tol tol
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clear supernatant was decanted, then fresh MeOH (15 mL) was added to the centrifuge tubes to 

break up the solid, washing it, then the tubes were spun for an additional 15 min. Then, the 

supernatant was decanted and the white solid was collected by transferring to a vial using CHCl3. 

The polymer solution was concentrated under reduced pressure, yielding 3.5 mg of poly(2,5-

bis(hexyloxy)phenylene) (Br/H–PBHP) and 3.6 mg tol/tol–terminated poly(2,5-

bis(hexyloxy)phenylene) (tol/tol–PBHP). Note the mother liquor for these polymerizations were 

also used for additional experiments so yields were not calculated.  

 

Polymer solutions for 1H NMR spectroscopic analysis and MALDI-TOF/MS: 

Br/H–PBHP (3.5 mg) was dissolved in CDCl3 (0.70 mL), tol/tol–PBHP (3.6 mg) was dissolved 

in CDCl3 (0.72 mL). An aliquot (0.3 mL) of each polymer solution was injected into a single 

NMR tube and analyzed by 1H NMR spectroscopy using a 3s relaxation delay. The NMR 

solution was used to prepare the MALDI-TOF/MS samples (see general experimental). The 1H 

NMR spectrum and MALDI-TOF/MS are in agreement with the polymers being in equal 1:1 

(wt/wt) concentration as prepared.  
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Table A1-20. Percent PBHP end-groups based on MALDI-TOF/MS analysis. 

 
Br/H–PBHP 

(%) 

end-capped 

PBHP (%) 

combined 

(theo.) (%) 

combined 

(observed) (%) 

H/H 4.21 2.15 3.18 6.21 

iPr/H 4.21 0 2.11 2.07 

Br/H 89.47 0 44.73 41.89 

iPr/Br 2.11 0 1.08 0.41 

tol/H 0 2.15 1.05 0.31 

tol/Br 0 3.23 1.61 2.07 

tol/tol 0 89.25 44.62 44.46 

NHC/Br 0 3.23 1.61 2.58 
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Table A1-21. Mn and Ð from Br/H–PBHP and end-capped–PBHP. 

Ni(IPr)(PPh3)Cl2 
Mn 

(kg/mol) 

 

Ð 

 

Pd(IPr)(3-Clpy)Cl2 

Mn 

(kg/mol) 

 

Ð 

 

Br/H–PBHP 5.78 1.23 end-capped–PBHP 7.61 1.18 

 

Figure A1-42. GPC traces from Br/H–PBHP and end-capped–PHBP (left = zoomed, right = full 
GPC trace of the set of samples). Note that residual monomer elutes from 20.5–22 min, PhMe 
elutes at 23.1 min and BHT elutes at 23.8 min. 
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Figure A1-43. MALDI-TOF/MS spectra from Br/H–PBHP, end-capped–PBHP, and Br/H–
PBHP combined with end-capped–PBHP in a 1:1 wt/wt ratio. Calculated using an average 
method, at signal-to-noise = 2. The degree of polymerization shown is 16. 
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Figure A1-44. 1H NMR spectrum of Br/H–PBHP (relaxation delay = 3s). 1H NMR (500 MHz, 
CDCl3-d) δ 7.18–6.78 (m, 1H), 4.10–3.68 (m, 2H), 1.91–1.59 (m, 2H), 1.51–1.02 (m, 4H), 1.02–
0.65 (m, 2H). 
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16
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Figure A1-45. 1H NMR spectrum of end-capped–PBHP (relaxation delay = 3s). 1H NMR (500 
MHz, CDCl3-d) δ 7.54 (d, J = 7.5 Hz, 0.14H), 7.24 (d, J = 7.5 Hz, 0.14H), 7.15–6.93 (m, 1H), 
3.91 (q, J = 5.8 Hz, 2H), 2.41 (s, 0.21H), 1.83–1.58 (m, 2H), 1.45–1.02 (m, 5H), 0.86 (t, J = 5.8 
Hz, 3H). 
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Figure A1-46. 1H NMR spectrum of Br/H–PBHP combined with end-capped–PBHP in a 1:1 
(wt/wt) ratio (relaxation delay = 3s). 1H NMR (500 MHz, CDCl3-d) δ 7.54 (d, J = 7.6 Hz, 0.7H), 
7.23 (apparent s, 0.7H), 7.18–6.78 (m, 1H), 3.91 (q, J = 5.9, 5.2 Hz, wH), 2.41 (s, 0.12H), 1.90–
1.57 (m, 2H), 1.45–1.07 (m, 4H), 0.87 (t, J = 6.4 Hz, 2H).  
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A1.6.2. Synthesis of H/Br-polymer for end-capping control reactions  

 

Monomer activation: In a glovebox, iPrMgCl (2.0 M in THF, 0.526 mL, 1.05 mmol, 0.800 

equiv) was added to a stirring solution of S2 (574 mg, 1.32 mmol, 1.00 equiv) in THF (2.7 mL) 

and stirred for 17 h at rt. Titrating the resulting solution against salicylaldehyde phenylhydrazone 

(see general experimental) revealed the [Grignard] = 0.272 M.   

 

Precatalyst preparation: In the glovebox, to a 25 mL Schlenk flask was added Ni(dppp)Cl2 (16 

mg, 0.030 mmol, 1.0 equiv), THF (17.75 mL), and a stirbar. The Schlenk flask was capped with 

a septum, secured with copper wire, removed from the glovebox, and immediately placed under 

N2. 

 

Polymerization: In the glovebox, Grignard monomer solution (0.272 M in THF, 2.20 mL, 0.598 

mmol, 20.0 equiv) was drawn into a 3 mL syringe equipped with a long needle, headspace (~0.4 

mL) was pulled and then the syringe/needle were removed from the glovebox. During transit, to 

the catalyst-containing flask, headspace (~0.2 mL) was evacuated from the needle before 

puncturing the septum. The monomer was added at once to the stirring catalyst heterogeneous 

mixture which turned from red solids to yellow solution within 30 s. The polymerization was 

stirred for 90 min under N2 before being quenched with aq. HCl (12 M, 10 mL). The crude 

Br Br

C6H13O

OC6H13

THF
rt

iPrMgCl
Br MgCl

C6H13O

OC6H13S2

THF
rt

Ni(dppp)Cl2

C6H13O

OC6H13

Br H

C6H13O

OC6H13

ClMg Br
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polymer was extracted with CHCl3 (3 x 10 mL), dried over MgSO4, filtered and analyzed by GC, 

GPC, and MALDI-TOF/MS. The remaining quenched polymer was concentrated under reduced 

pressure, redissolved in CHCl3 (2 mL), and precipitated using MeOH (20 mL). The resulting 

heterogeneous mixture was divided equally into centrifuge tubes and diluted with additional 

MeOH (to fill the centrifuge tubes). The polymers were spun for 15 min. The clear supernatant 

was decanted and the white solid was collected by transferring to a vial using CHCl3. The 

polymer solution was concentrated under reduced pressure, yielding 113 mg of poly(2,5-

bis(hexyloxy)phenylene) (PBHP) (68% yield).  
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Figure A1-47. GPC trace of pre-precipitated PBHP synthesized via Ni(dppp)Cl2. Mn = 5.13 
kg/mol, Ð = 1.24. (Left = zoomed, right = full GPC trace from the same sample). 

 

 

Figure A1-48. MALDI-TOF/MS spectrum of crude PBHP synthesized via Ni(dppp)Cl2. The 
0.84 fractional corresponds to an unknown impurity. Values calculated using an average mass 
method, signal-to-noise = 1. The degree of polymerization shown is 16.  
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A1.6.3. End-capping control reactions  

i. Ni(IPr)(PPh3)Cl2  

ii. Pd(IPr)(3-Clpy)Cl2 

iii. Ni(dppp)Cl2 

 

  

M(0) scavenger
(50 equiv)

LnMX2 (1.0 equiv)

H/Br-polymers
b) ClMg-tol (17 equiv)(1.0 equiv)

a)

H/Br-polymers
≥96% H/Br-polymers

M(0) scavenger

LnMX2 (1.0 equiv)
H/Br-polymers

b) ClMg-tol (17 equiv)(1.0 equiv)

a)
H/Br-polymers

≤4%

H Br
n

C6H13O

OC6H13

Br

NC

end-capping experiment control

end-capping control (capping agent only)

H/Tol-polymers
H/H-polymers
H/Br-polymers
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i. Ni(IPr)(PPh3)Cl2 (the following takes place in the glovebox until noted) 

Polymer solution: PBHP (Mn = 5057.159 g/mol according to MALDI-TOF/MS, repeat unit = 

276.42 Da, 113.0 mg) was dissolved in THF (13.63 mL) with mild heating (40 °C) for 5 min. 

Generating a [0.03 M] solution relative to repeat unit. 

 

Vial preparation: 

End-capping experiment vial: In a glovebox, to an 8 mL vial was added 1-bromo-2-

cyanobenzene (7.4 mg, 0.041 mmol, 50. equiv), THF (0.279 mL), p-toluenemagnesium chloride 

(1.18 M in THF, 11.7 µL, 0.0138 mmol, 17.0 equiv) and a stirbar. The vial was capped with a 

septum cap and sealed with electrical tape.  

 

End-capping control experiment (capping agent only) vial:  In a glovebox, to an 8 mL vial was 

added THF (0.25 mL), p-toluenemagnesium chloride (1.18 M in THF, 10.8 µL, 0.0128 mmol, 

17.0 equiv) and a stirbar. The vial was capped with a septum cap and sealed with electrical tape.  

 

Experiments: In the glovebox, to an 8 mL vial equipped with a stirbar was added 

Ni(IPr)(PPh3)Cl2 (3.0 mg, 0.0038 mmol, 1.0 equiv), polymer solution (2.34 mL containing 19.4 

mg polymer, 0.00384 mmol, 1.00 equiv), and THF (0.22 mL). The vial was capped with a 

septum cap and sealed with electrical tape, removed from the glovebox, and immediately placed 

under N2. An aliquot (0.50 mL, i.e., 0.00075 mmol catalyst, 1.0 equiv) was removed from the 

polymer solution using a syringe and added to the capping agent only solution. A second aliquot 

(0.54 mL, i.e., 0.00081 mmol catalyst, 1.0 equiv) was removed from the polymer solution using 

a syringe and added to end-capping experiment vial. The solutions were stirred for 2 h under N2 
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at rt and then an aliquot (0.2 mL) was removed and quenched directly into aq. HCl (12 M, 1 

mL). The remaining solutions were stirred for 24 h under N2 at rt before quenching with aq. HCl 

(12 M, 3 mL). After quenching, each solution was extracted with CHCl3 (3 x 1 mL), dried over 

MgSO4, and analyzed by MALDI-TOF/MS. 



 230 

 

Figure A1-49. MALDI-TOF/MS spectra from end-capping control reactions for PBHP using 
Ni(IPr)(PPh3)Cl2. The 0.84 fractional corresponds to an unknown impurity. Values calculated 
using an average mass method, signal-to-noise = 2. The degree of polymerization shown is 16. 
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ii. Pd(IPr)(3-Clpy)Cl2 (the following takes place in the glovebox until noted) 

Polymer solution: PBHP (Mn = 5057.159 g/mol according to MALDI-TOF/MS, repeat unit = 

276.42 Da, 113.0 mg) was dissolved in THF (13.63 mL) with mild heating (40 °C) for 5 min. 

Generating a [0.03 M] solution relative to repeat unit. 

 

Vial preparation: 

End-capping experiment vial: In a glovebox, to an 8 mL vial was added 1-bromo-2-

cyanobenzene (7.4 mg, 0.041 mmol, 50. equiv), THF (0.279 mL), p-toluenemagnesium chloride 

(1.18 M in THF, 11.7 µL, 0.0138 mmol, 17.0 equiv) and a stirbar. The vial was capped with a 

septum cap and sealed with electrical tape.  

 

End-capping control experiment (capping agent only) vial:  In a glovebox, to an 8 mL vial was 

added THF (0.25 mL), p-toluenemagnesium chloride (1.18 M in THF, 10.8 µL, 0.0128 mmol, 

17.0 equiv) and a stirbar. The vial was capped with a septum cap and sealed with electrical tape.  

 

Experiments: In the glovebox, to an 8 mL vial equipped with a stirbar was added Pd(IPr)(3-

Clpy)Cl2 (1.7 mg, 0.0025 mmol, 1.0 equiv), polymer solution (1.53 mL containing 12.6 mg 

polymer, 0.00250 mmol, 1.00 equiv), and THF (0.144 mL). The vial was capped with a septum 

cap and sealed with electrical tape, removed from the glovebox, and immediately placed under 

N2. An aliquot (0.50 mL, i.e., 0.00075 mmol catalyst, 1.0 equiv) was removed from the polymer 

solution using a syringe and added to the capping agent only solution. A second aliquot (0.54 

mL, i.e., 0.00081 mmol catalyst, 1.0 equiv) was removed from the polymer solution using a 

syringe and added to the end-capping experiment vial. Each solution was stirred for 2 h under N2 
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at rt. The solutions were quenched with aq. HCl (12 M, 1 mL), extracted with CHCl3 (3 x 1 mL), 

dried over MgSO4, and analyzed by MALDI-TOF/MS. 
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Figure A1-50. MALDI-TOF/MS spectra from end-capping control reactions for PHBP and 
Pd(IPr)(3Clpy)Cl2. Values calculated using average mass method, nd = not detected at signal-to-
noise = 1. The degree of polymerization shown is 16. 

  

��������	�
���
������
���� ���� ���� ����

��������	�
���
������
���� ���� ���� ����

��������	�
���
������
���� ���� ���� ���� ����

����

�����

��������	�
���
������
���� ���� ���� ���� ����

����

�����

���

�	
��

��������	�
���
������
���� ���� ���� ����

��������	�
���
������
���� ���� ���� ���� ����

����

���	
��
��

H/Br-polymers

+ ClMg-tol

end-capping control control 
(capping agent only)

H Br
n

C6H13O

OC6H13

Br

NC
H/Br-polymers M(0) scavenger

+

ClMg-tol

end-capping experiment control

H Br
n

C6H13O

OC6H13

H/Br-polymers

H Br
n

C6H13O

OC6H13

starting material

capping agent only

m/z m/z

m/z m/z

m/z m/z

nd

Fo
un

d:
 4

50
3.

53
4

Pr
ed

: 4
50

3.
63

2

nd

Fo
un

d:
 4

50
3.

73
8

Pr
ed

: 4
50

3.
63

2

tol/H
Found: 4514.770
Pred: 4514.861

Br/H
Found: 4503.669
Pred: 4503.632

H/iPr
Found: 4466.657
Pred: 4466.817

Fo
un

d:
 4

42
4.

63
4

Pr
ed

: 4
42

4.
73

6



 234 

iii. Ni(dppp)Cl2 (the following takes place in the glovebox until noted) 

Polymer solution: PBHP (Mn = 5057.159 g/mol according to MALDI-TOF/MS, repeat unit = 

276.42 Da, 113.0 mg) was dissolved in THF (13.63 mL) with mild heating (40 °C) for 5 min. 

Generating a [0.03 M] solution relative to repeat unit. 

 

Vial preparation: 

End-capping experiment vial: In a glovebox, to an 8 mL vial was added 1-bromo-2-

cyanobenzene (16.0 mg, 0.0879 mmol, 50.0 equiv), THF (0.572 mL), p-toluenemagnesium 

chloride (1.18 M in THF, 25.2 µL, 0.0297 mmol, 17.0 equiv) and a stirbar. The vial was capped 

with a septum cap and sealed with electrical tape.   

 

End-capping control experiment (capping agent only) vial: In a glovebox, to an 8 mL vial was 

added THF (0.572 mL), p-toluenemagnesium chloride (1.18 M in THF, 25.2 µL, 0.0297 mmol, 

17.0 equiv) and a stirbar. The vial was capped with a septum cap and sealed with electrical tape.  

 

Experiments: In the glovebox, to an 8 mL vial equipped with a stirbar was added Ni(dppp)Cl2 

(4.3 mg, 0.0079 mmol, 1.0 equiv), polymer solution (4.84 mL containing 40.1 mg polymer, 

0.00793 mmol, 1.00 equiv), and THF (0.447 mL). The vial was capped with a septum cap and 

sealed with electrical tape, removed from the glovebox, and immediately placed under N2. An 

aliquot (1.17 mL, i.e., 0.00175 mmol catalyst, 1.00 equiv) was removed from the 

polymer/precatalyst flask using a syringe and added to the capping agent only solution. A second 

aliquot (1.17 mL, i.e., 0.00175 mmol catalyst, 1.00 equiv) was removed from the 

polymer/precatalyst flask using a syringe and added to the end-capping experiment vial. It should 
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be noted that Ni(dppp)Cl2 is not completely dissolved in the polymer/THF solution when 

transferred; however, Ni(dppp)Cl2 visibly enters (red solids into the clear solution) the reaction 

vials and the solution color immediately changes from clear and colorless (end-capping vials) to 

pale yellow and finally black over the course of the reaction, indicating catalyst is present and 

reacting. Each solution was stirred for 2 h under N2 at rt. The solutions were quenched with aq. 

HCl (12 M, 3 mL), extracted with CHCl3 (3 x 1 mL), dried over MgSO4, and analyzed by 

MALDI-TOF/MS. 

 

 



 236 

 

Figure A1-51. MALDI-TOF/MS spectra from end-capping control experiments for PBHP and 
Ni(dppp)Cl2. Values calculated using an average mass method, nd = not detected at signal-to-
noise = 1. The degree of polymerization shown is 16. 
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A1.6.4. End-capping cross-over experiments to evaluate the impact of chain-entanglement 

for PBAP (A = alkoxy).    
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Monomer activation: In a glovebox, iPrMgCl (2.2 M in THF, 0.912 mL, 2.01 mol, 0.800 equiv) 

was added to a stirring solution of S3 (0.953 g, 2.51 mmol, 1.00 equiv) in THF (4.11 mL) and 

stirred for 17 h at rt. Titrating the resulting solution against salicylaldehyde phenylhydrazone 

(see general experimental) revealed the [Grignard] = 0.299 M.   

 

Preparing precatalysts:  

Ni(IPr)(PPh3)Cl2: To an 8 mL vial was added Ni(IPr)(PPh3)Cl2 (7.7 mg, 0.0099 mmol) and 

dissolved in THF (0.99 mL) for a [0.01 M] solution. 

 

Br/H–PBHP solution: Br/H–PBHP (MW calculated by MALDI-TOF/MS as 5057.159 g/mol, 

41.0 mg, 0.00811 mmol) was dissolved in THF (5.41 mL) with mild heating (40 °C for 3 min) 

for a [0.0015 M] solution. 

 

Preparing end-capping experiment vials:  

(equiv are relative to the catalyst/polymer (1.0 equiv) that will be added to each vial) 

 

End-capping cross-over experiment vial: In a glovebox, to an 8 mL vial equipped with a stirbar 

was added 1-bromo-2-cyanobenzene (13.7 mg, 0.0750 mmol, 100.0 equiv), p-toluenemagnesium 

chloride (1.11 M in THF, 20.3 µL, 0.0225 mmol, 30.0 equiv), Br/H–PBHP (0.0015 M in THF, 

0.50 mL, 0.00075 mmol, 1.0 equiv), and THF (0.5 mL). The vial was sealed with a septum-cap 

Br Br

C4H9O

OC4H9

THF
rt

iPrMgCl
Br MgCl

C4H9O

OC4H9S3
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and secured with electrical tape, upon removal from the glovebox the vial was immediately 

placed under N2. 

 

End-capping control vial (capping agent only): In a glovebox, in an 8 mL vial equipped with a 

stirbar was added p-toluenemagnesium chloride (1.11 M in THF, 20.3 µL, 0.0225 mmol, 30.0 

equiv), Br/H–PBHP (0.0015 M in THF, 0.50 mL, 0.00075 mmol, 1.0 equiv), and THF (0.5 mL). 

The vial was sealed with a septum-cap and secured with electrical tape, upon removal from the 

glovebox the vial was immediately placed under N2. 

 

Reaction flask preparation:  

Ni(IPr)(PPh3)Cl2: In the glovebox, to a 10 mL Schlenk flask was added precatalyst (0.498 mL, 

0.00498 mmol, 1.00 equiv), THF (2.32 mL), and a stirbar. The Schlenk flask was capped with a 

septum, secured with copper wire, removed from the glovebox, and immediately placed under 

N2. 

 

 

Polymerization: In the glovebox, Grignard monomer solution (0.299 M in THF, 0.50 mL, 0.15 

mmol, 30. equiv) was drawn into a 3 mL syringe equipped with a long needle, headspace (~1.4 

mL) was pulled and then the syringe/needle were removed from the glovebox. During transit to 

the catalyst-containing flask, the headspace (~1.0 mL) was evacuated from the needle before 

puncturing the septum. The monomer was added at once to the stirring precatalyst flasks. The 

polymerizations were stirred for 90 min under N2.  

Br MgCl

C4H9O

OC4H9

Ni(IPr)(PPh3)Cl2

THF
rt

C4H9O

OC4H9
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End-capping experiments: Aliquots (each 0.5 mL, containing 0.00075 mmol catalyst, 1.00 

equiv catalyst) were added to the end-capping cross-over experiment and control vials and stirred 

under N2 for 2 h before quenching with aq. HCl (12 M, 1 mL). Immediately after aliquots were 

removed from the polymerizations, the remaining polymer solution was quenched with aq. HCl 

(12 M, 3 mL).  Samples were worked up for GC, GPC, and MALDI-TOF/MS. 

 

Monomer conversion: 93% 

 

Table A1-22. Mn and Ð from PBBP (B = butyloxy) (before end-capping cross-over 
experiments), end-capping cross-over experiment (ec), end-capping cross-over control (only 
capping agent) experiment, and the added Br/H–PBHP via Ni(IPr)(PPh3)Cl2. 

Ni(IPr)(PPh3)Cl2 
Mn 

(kg/mol) 

 

Ð 

 

PBBP 8.24 1.28 

cap only 8.28 1.27 

ec 7.54 1.27 

added PBHP 6.48 1.25 
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Figure A1-52. GPC traces from added Br/H–PBHP (left = zoomed, right = full GPC trace of the 
set of samples). Note that residual monomer elutes from 20.5–22 min, PhMe elutes at 23.1 min 
and BHT elutes at 23.8 min.   

 

Figure A1-53. GPC traces from PBBP (before end-capping cross-over experiments), end-
capping cross-over experiment (ec), and end-capping cross-over control (only capping agent) 
experiments via Ni(IPr)(PPh3)Cl2. Note that M(0) scavenging agent and residual monomer elute 
from 20.5–22 min, PhMe elutes at 23.1 min and BHT elutes at 23.8 min. 



 242 

 

Figure A1-54. MALDI-TOF/MS traces from added Br/H–PBHP added polymer in cross-over 
experiment. Values calculated using average mass method at signal-to-noise = 2. The repeat unit 
shown is 21. 
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Figure A1-55. MALDI-TOF/MS traces from PBBP macroinitiator (before end-capping), end-
capping cross-over experiment, and end-capping cross-over control (only capping agent) 
experiments for Ni(IPr)(PPh3)Cl2. Values calculated using average mass method at signal-to-
noise = 2. The repeat unit shown is 26 for PBBP and 21 for PBHP.  
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A1.6.5. End-capping reactions 

 i. Ni(IPr)(PPh3)Cl2 (2 h end-capping and 24 h end-capping) 

 ii. Pd(IPr)(3-Clpy)Cl2 

 iii. Ni(dppp)Cl2 

 iv. Evaluating the impact of solvent (hexane) on end-capping experiments 
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i. General Procedure for Ni(IPr)(PPh3)Cl2  - End-capping experiments for 2 h 

 

Monomer activation: In a glovebox, S2 (522.0 mg, 1.197 mmol, 1.000 equiv) was weighed into 

a 20 mL vial and dissolved in THF (1.92 mL). Then, iPrMgCl (2.0 M in THF, 479 µL, 0.957 

mmol, 0.800 equiv) and C22H46 (~8 mg, as an internal standard) were added and the solution was 

stirred for 17 h at rt. The activated monomer was titrated (see general experimental), revealing 

overall [Grignard] = 0.327 M.  

 

Preparing stock solutions:  

Precatalyst solution: In a glovebox, Ni(IPr)(PPh3)Cl2 (8.5 mg, 0.010 mmol) was weighed into a 4 

mL vial and dissolved in THF (1.0 mL) for an overall concentration of 0.01 M.  

 

Preparing end-capping control/experiment vials:  

(equiv are relative to the catalyst/polymer (1.0 equiv) that will be added to each vial) 

 

End-capping experiment vial: In a glovebox, to an 8 mL vial equipped with a stirbar was added 

1-bromo-2-cyanobenzene (13.7 mg, 0.0750 mmol, 50.0 equiv), p-toluenemagnesium chloride 

(1.18 M in THF, 19.1 µL, 0.0225 mmol, 15.0 equiv), and THF (0.5 mL). The vial was sealed 

with a septum-cap and secured with electrical tape, upon removal from the glovebox the vial was 

immediately placed under N2. 

 

Br Br

C6H13O

OC6H13

THF
rt

iPrMgCl
Br MgCl

C6H13O

OC6H13S2
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End-capping control vial (capping agent only): In a glovebox, in an 8 mL vial equipped with a 

stirbar was added p-toluenemagnesium chloride (1.18 M in THF, 19.1 µL, 0.0225 mmol, 15.0 

equiv) and THF (0.5 mL). The vial was sealed with a septum-cap and secured with electrical 

tape, upon removal from the glovebox the vial was immediately placed under N2. 

 

 

Polymerization: In a glovebox, to a 15 mL Schlenk flask equipped with a stirbar was added 

precatalyst Ni(IPr)(PPh3)Cl2 (0.01 M in THF, 0.654 mL, 0.00654 mmol, 1.00 equiv) and THF 

(3.21 mL). The flask was capped with a septum, sealed with copper wire, removed from the 

glovebox, and immediately placed under N2. The Grignard monomer (0.327 M in THF, 0.500 

mL, 0.164 mmol, 25.0 equiv) was removed from the glovebox in a 1 mL syringe with a long 

needle and headspace (~0.4 mL). The monomer containing syringe was removed from the 

glovebox and during transit headspace (~0.25 mL) was evacuated before puncturing the Schleck 

flask’s septum with the needle. The Grignard monomer solution was added to the catalyst flask 

at once and stirred for 90 min at rt. 

 

In situ end-capping: An aliquot (2.0 mL) was removed using a syringe and added in portions 

(1.0 mL/vial, 0.0015 mmol, 1.0 equiv) to i) the end-capping control solution and ii) the end-

capping experiment solution. The remaining polymer solution was quenched with aq. HCl (12 

M, 3 mL).  The end-capping experiments were run for 2 h before quenching with aq. HCl (12 M, 

1.0 mL). Samples were worked up for GC, GPC, and MALDI-TOF/MS.  

 

Br MgCl

C6H13O

OC6H13

Ni(IPr)(PPh3)Cl2
(1.0 equiv)

THF
rt

C6H13O
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Monomer conversion: Run 1: 87%, Run 2: 93% 

Table A1-23. Mn, and Ð from PBHP (before end-capping), end-capping experiment (ec), and 
end-capping control (only capping agent) experiments for Ni(IPr)(PPh3)Cl2 and PBHP. 

Run 1 
Mn 

(kg/mol) 

 

Ð 

 

Run 2 
Mn 

(kg/mol) 

 

Ð 

 

PBHP 8.69 1.24 PBHP 8.11 1.25 

cap control 8.82 1.26 cap control 8.28 1.24 

ec 8.77 1.25 ec 8.17 1.25 

 

 

Figure A1-56. GPC traces from PBHP (before end-capping), end-capping experiment, and end-
capping control (only capping agent) experiments for Ni(IPr)(PPh3)Cl2 and PBHP (t = 2 h). (Left 
= zoomed, right = full GPC trace from Run 1).   
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Figure A1-57. MALDI-TOF/MS traces from PBHP (before end-capping), end-capping 
experiment, and end-capping control (only capping agent) experiments (t = 2 h) for 
Ni(IPr)(PPh3)Cl2 and PBHP from Run 2. Values calculated using average mass method, signal-
to-noise = 1. The degree of polymerization shown is 23. 
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i. Ni(IPr)(PPh3)Cl2 - End-capping experiments for 20 h 

Monomer conversion: Run 1: 93%, Run 2: 93% 

Table A1-24. Mn, and Ð from PBHP (before end-capping), end-capping experiment (ec), and 
end-capping control (only capping agent) experiments (t = 20 h) for Ni(IPr)(PPh3)Cl2 and PBHP. 

Run 1 
Mn 

(kg/mol) 

 

Ð 

 

Run 2 
Mn 

(kg/mol) 

 

Ð 

 

PBHP 8.37 1.32 PBHP 8.11 1.25 

cap 

control 
8.69 1.32 cap control 8.04 1.28 

ec 8.25 1.38 ec 8.21 1.25 

 

 

Figure A1-58. GPC traces from PBHP (before end-capping), end-capping experiment, and end-
capping control (only capping agent) experiments (t = 20 h) for Ni(IPr)(PPh3)Cl2 and PBHP. 
(Left = zoomed, right = full GPC trace from Run 2). 
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Figure A1-59. MALDI-TOF/MS traces from PBHP (before end-capping), end-capping 
experiment, and end-capping control (only capping agent) experiments (t = 20 h) for 
Ni(IPr)(PPh3)Cl2 and PBHP from Run 2. Values calculated using average mass method, nd = not 
detected at signal-to-noise = 1. The degree of polymerization shown is 23. 
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ii. General Procedure for Pd(IPr)(3-Clpy)Cl2  

 

Monomer activation: In a glovebox, S2 (108 mg, 0.247 mmol, 1.00 equiv) was weighed into a 

20 mL vial and dissolved in THF (0.474 mL). Then, iPrMgCl (2.0 M in THF, 98.8 µL, 0.199 

mmol, 0.800 equiv) and C22H46 (~4 mg, as an internal standard) were added and stirred for 15 h 

at rt. The Grignard monomer was titrated (see general experimental), revealing overall 

[Grignard] = 0.274 M.  

 

Preparing stock solutions:  

Precatalyst solution: In a glovebox, Pd(IPr)(3-Clpy)Cl2 (6.8 mg, 0.010 mmol) was weighed into 

a 4 mL scintillation vial and dissolved in THF (1.0 mL) for an overall concentration of 0.01 M.  

 

End-capping experiment vial preparation:  

(equiv are relative to the catalyst/polymer (1.0 equiv) that will be added to each vial) 

 

End-capping experiment vial: In a glovebox, to an 8 mL vial equipped with a stirbar were added 

1-bromo-2-cyanobenzene (13.7 mg, 0.0750 mmol, 50.0 equiv), p-toluenemagnesium chloride 

(1.21 M in THF, 18.6 µL, 0.0225 mmol, 15.0 equiv), and THF (0.50 mL). The vial was sealed 

with a septum-cap and secured with electrical tape, upon removal from the glovebox the vial was 

immediately placed under N2. 

 

Br Br

C6H13O

OC6H13

THF
rt

iPrMgCl
Br MgCl

C6H13O

OC6H13S2



 252 

End-capping control (only capping agent) vial: In a glovebox, to an 8 mL vial equipped with a 

stirbar p-toluenemagnesium chloride (1.21 M in THF, 18.6 µL, 0.0225 mmol, 15.0 equiv) was 

diluted with THF (0.50 mL). The vial was sealed with a septum cap and secured with electrical 

tape, upon removal from the glovebox the vial was immediately placed under N2. 

 

Polymerization: In a glovebox, to a 15 mL Schlenk flask equipped with a stirbar was added 

Pd(IPr)(3-Clpy)Cl2 (0.01 M in THF, 0.480 mL, 0.00480 mmol, 1.00 equiv) and THF (2.37 mL). 

The flask was capped with a septum and sealed with copper wire, removed from the glovebox 

and immediately placed under N2. The Grignard monomer (0.274 M in THF, 0.30 mL, 0.082 

mmol, 17 equiv) was removed from the glovebox in a 1 mL syringe with a long needle and 

headspace (~0.5 mL). During transit, headspace (~0.3 mL) was evacuated before puncturing the 

Schleck flask’s septum with the needle. The monomer solution was added at once to the 

precatalyst flask and stirred for 90 min at rt.  

 

In situ end-capping: An aliquot (2.0 mL) was removed using a syringe and added in portions 

(1.0 mL/vial, 0.0015 mmol, 1.0 equiv) to a i) end-capping control vial and ii) end-capping 

experiment vial. The remaining polymer was quenched immediately with aq. HCl (12 M, 3 mL).  

The capping reactions were run for 2 h before quenching with aq. HCl (12 M, 1.0 mL). Samples 

were worked up for GC, GPC, and MALDI-TOF/MS analysis.  

 

Note, 4 runs are presented to obtain overlapping values in the %ring-walking chart. 
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 Monomer conversion: Run 1: 74%, Run 2: 69%, Run 3: 86%, Run 4: 85% 

Table A1-25. Mn and Ð from PBHP (before end-capping), end-capping experiment (ec), and 
end-capping control (only capping agent) experiments (t = 2 h) for Pd(IPr)(3-Clpy)Cl2 and 
PBHP. 

Run 1 
Mn 

(kg/mol) 

 

Ð 

 

Run 2 
Mn 

(kg/mol) 

 

Ð 

 

Run 3 

 

Ð 

 

Mn 

(kg/mol) 
Run 4 

Mn 

(kg/mol) 

 

Ð 

 

PBHP 3.45 1.22 PBHP 6.00 1.18 PBHP 1.20 4.67 PBHP 9.26 1.21 

cap 

control 
3.45 1.23 

cap 

control 
5.45 1.20 

cap 

control 
1.20 4.73 

cap 

control 
9.35 1.19 

ec 3.45 1.22 ec 5.00 1.21 ec 1.19 4.82 ec 9.30 1.20 

 

 

Figure A1-60. GPC traces from PBHP (before end-capping), end-capping experiment (ec), and 
end-capping control (only capping agent) experiments for Pd(IPr)(3-Clpy)Cl2 and PBHP. (Left = 
zoomed, right = full GPC trace from Run 2). 
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Figure A1-61. MALDI-TOF/MS traces from PBHP (before end-capping) and end-capping 
control (only capping agent) experiments for Pd(IPr)(3-Clpy)Cl2 and PBHP from Run 2. Values 
calculated using an average mass method, nd = not detected at signal-to-noise = 2. The degree of 
polymerization shown is 17. 
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Figure A1-62. MALDI-TOF/MS traces from the end-capping experiment for Pd(IPr)(3-Clpy)Cl2 
and PBHP. The zoomed MALDI-TOF/MS traces represent low–high molecular weight peaks to 
show a distribution of m from Run 2. Values calculated using average mass method, nd = not 
detected at signal-to-noise = 1. The degrees of polymerization shown are 13, 17, and 21 (from 
left to right). 
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iii. General Procedure for Ni(dppp)Cl2  

 

Monomer activation: In a glovebox, S2 (199 mg, 0.456 mmol, 1.00 equiv) and C22H46 (4 mg, as 

an internal standard) were weighed into a 20 mL vial and dissolved in THF (0.871 mL). Then, 

iPrMgCl (1.8 M in THF, 203 µL, 0.365 mmol, 0.800 equiv) was added and the solution was 

stirred for 14.5 h. The Grignard monomer was titrated (see general experimental) revealing a 

[Grignard] of 0.275 M.  

 

End-capping experiment vial preparation: 

(equiv are relative to the catalyst/polymer (1.0 equiv) that will be added to each vial) 

 

End-capping experiment: In a glovebox, to an 8 mL vial equipped with a stirbar was added 1-

bromo-2-cyanobenzene (13.7 mg, 0.0750 mmol, 50.0 equiv), p-toluenemagnesium chloride (1.21 

M in THF, 18.6 µL, 0.0225 mmol, 15.0 equiv), and THF (0.50 mL). The vial was sealed with a 

septum-cap and secured with electrical tape, upon removal from the glovebox the vial was 

immediately placed under N2. 

 

End-capping control (only capping agent) vial: In a glovebox, to an 8 mL vial equipped with a 

stirbar, p-toluenemagnesium chloride (1.21 M in THF, 18.6 µL, 0.0225 mmol, 15.0 equiv) was 

diluted with THF (0.50 mL). The vial was sealed with a septum-cap and secured with electrical 

tape, upon removal from the glovebox the vial was immediately placed under N2. 

Br Br

C6H13O

OC6H13

THF
rt

iPrMgCl
Br MgCl

C6H13O

OC6H13S2
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Polymerization: In a glovebox, to a 15 mL Schleck flask equipped with a stirbar was added 

precatalyst Ni(dppp)Cl2 (3.0 mg, 0.0055 mmol, 1.0 equiv) and THF (3.17 mL). The flask was 

capped with a septum, sealed with copper wire, removed from the glovebox and immediately 

placed under N2. The Grignard monomer (0.275 M in THF, 0.50 mL, 0.138 mmol, 25 equiv) was 

removed from the glovebox in a 1 mL syringe with a long needle and headspace (0.35 mL). 

During transit, headspace (0.2 mL) was evacuated before puncturing the precatalyst flask’s 

septum with the needle. The monomer was added at once to the precatalyst flask and stirred for 

90 min at rt.  

 

In situ end-capping: Then, using a syringe an aliquot (2.0 mL) was removed using a syringe 

and was added in portions (1.0 mL/vial, 0.0015 mmol, 1.0 equiv) to a i) end-capping control vial 

and ii) end-capping experiment vial. The remaining polymer was quenched with aq. HCl (12 M, 

3 mL).  The capping reactions were run for 2 h before quenching with aq. HCl (12 M, 1.0 mL). 

Samples were worked up for GC, GPC, and MALDI-TOF/MS.  

 

Monomer conversion: Run 1: 65%, Run 2: 74% 

  

Br MgCl

C6H13O

OC6H13

(1.0 equiv)

THF
rt

C6H13O

OC6H13

Ni(dppp)Cl2
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Table A1-26. Mn and Ð from PBHP (before end-capping), end-capping experiment (ec), and 
end-capping control (only capping agent) experiments for Ni(dppp)Cl2 and PBHP. 

Run 1 
Mn 

(kg/mol) 

 

Ð 

 

Run 2 
Mn 

(kg/mol) 

 

Ð 

 

PBHP 3.32 1.26 PBHP 7.58 1.21 

cap control 3.32 1.27 cap control 7.69 1.21 

ec 3.30 1.26 ec 7.63 1.22 
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Figure A1-63. GPC traces from PBHP (before end-capping), end-capping experiment, and end-
capping control (only capping agent) experiments for Ni(dppp)Cl2 and PBHP. (Left = zoomed, 
right = full GPC trace from Run 2). 
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Figure A1-64. MALDI-TOF/MS traces from PBHP (before end-capping), end-capping 
experiment, and end-capping control (only capping agent) experiments for Ni(dppp)Cl2 and 
PBHP from Run 2. Values calculated using average mass method signal-to-noise = 2. The degree 
of polymerization shown is 21. 
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iv. Evaluating the influence of solvent (hexane) on PBAP (A = alkoxy) end-capping experiments 

 

  

M(0) scavenger

ClMg-tol (15 equiv)

catalyst
(1.0 equiv)

THF
rt

HCl

(50 equiv)

b) HCl
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b) HCl
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Monomer activation: In a glovebox, iPrMgCl (2.2 M in THF, 1.393 mL, 0.003093 mol, 0.800 

equiv) was added to a stirring solution of S2 (1.69 g, 0.00387 mmol, 1.00 equiv) in THF (6.3 

mL) and stirred for 17 h at rt. Titrating the resulting solution against salicylaldehyde 

phenylhydrazone (see general experimental) revealed the [Grignard] = 0.291 M.   

 

Preparing precatalysts:  

Pd(IPr)(3-Clpy)Cl2: To an 8 mL vial was added Pd(IPr)(3-Clpy)Cl2 (11.7 mg, 0.0172 mmol) and 

dissolved in THF (1.72 mL) for a [0.01 M] solution.  

 

Ni(IPr)(PPh3)Cl2: To an 8 mL vial was added Ni(IPr)(PPh3)Cl2 (10.8 mg, 0.0138 mmol) and 

dissolved in THF (1.38 mL) for a [0.01 M] solution. 

 

Preparing end-capping control/experiment vials:  

(equiv are relative to the catalyst/polymer (1.0 equiv) that will be added to each vial) 

 

End-capping experiment vial (THF only): In a glovebox, to an 8 mL vial equipped with a stirbar 

was added 1-bromo-2-cyanobenzene (13.7 mg, 0.0750 mmol, 50.0 equiv), p-toluenemagnesium 

chloride (1.11 M in THF, 20.3 µL, 0.0225 mmol, 15.0 equiv), and THF (0.50 mL). The vial was 

Br Br

C6H13O

OC6H13

THF
rt

iPrMgCl
Br MgCl

C6H13O

OC6H13S2
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sealed with a septum-cap and secured with electrical tape, upon removal from the glovebox the 

vial was immediately placed under N2. 

 

End-capping experiment vial (THF and hexanes): In a glovebox, to an 8 mL vial equipped with a 

stirbar was added 1-bromo-2-cyanobenzene (13.7 mg, 0.0750 mmol, 50.0 equiv), p-

toluenemagnesium chloride (1.11 M in THF, 20.3 µL, 0.0225 mmol, 15.0 equiv), hexanes (0.20 

mL) and THF (0.30 mL). The vial was sealed with a septum-cap and secured with electrical tape, 

upon removal from the glovebox the vial was immediately placed under N2. Note this 

hexane/THF ratio included the highest percentage of hexanes that did not result in a 

heterogeneous mixture when added to the Grignard capping agent alone. A heterogeneous 

mixture was avoided to ensure all Grignard capping agent was active.  

 

End-capping control vial (capping agent only): In a glovebox, in an 8 mL vial equipped with a 

stirbar was added p-toluenemagnesium chloride (1.11 M in THF, 20.3 µL, 0.0225 mmol, 15.0 

equiv) and THF (0.5 mL). The vial was sealed with a septum-cap and secured with electrical 

tape, upon removal from the glovebox the vial was immediately placed under N2. 

 

Reaction flask preparation:  

In the glovebox, to a 25 mL Schlenk flask was added catalyst (1.2 mL, 0.012 mmol, 1.0 equiv), 

THF (8 mL), and a stirbar. The Schlenk flask was capped with a septum, secured with copper 

wire, removed from the glovebox, and immediately placed under N2. 
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Polymerization: In the glovebox, Grignard monomer solution (0.291 M in THF, 0.825 mL, 

0.240 mmol, 20.0 equiv) was drawn into a 3 mL syringe equipped with a long needle, headspace 

(~1.4 mL) was pulled and then the syringe/needle were removed from the glovebox. During 

transit, to the catalyst-containing flask, headspace (~1.0 mL) was evacuated from the needle 

before puncturing the septum. The monomer was added at once to the stirring precatalyst flasks. 

The polymerizations were stirred for 90 min under N2.  

 

End-capping experiments: Aliquots (each 1.0 mL, containing 0.0015 mmol catalyst, 1.00 equiv 

catalyst) were added to the end-capping experiment and control vials and stirred under N2 for 2 h 

(for Pd experiments) and for 24 h (for Ni experiments) before quenching with aq. HCl (12 M, 1 

mL). Immediately after aliquots were removed from the polymerizations, the remaining polymer 

solution was quenched with aq. HCl (12 M, 3 mL).  Samples were worked up for GC, GPC, and 

MALDI-TOF/MS. 

 

  

Br MgCl

C6H13O

OC6H13

precatalyst

THF
rt

C6H13O

OC6H13
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Table A1-27. GC data from the polymerization of PBAP before end-capping experiments via 
Ni(IPr)(PPh3)Cl2, Pd(IPr)(3-Clpy)Cl2, and Ni(dppp)Cl2. 

 
(% monomer 

conv.) 

Ni(IPr)(PPh3)Cl2 

(PBHP) 
90% 

Pd(IPr)(3-Clpy)Cl2 

(PBHP) 
89% 

Ni(dppp)Cl2 

(PBBP) 
74% 

 

Table A1-28. Mn and Ð from PBAP (before end-capping), end-capping control (only capping 
agent), end-capping (ec), and end-capping with hexanes (ec (hex)) experiments for 
Ni(IPr)(PPh3)Cl2, Pd(IPr)(3-Clpy)Cl2, and Ni(dppp)Cl2. 

Ni(IPr)(PPh3)Cl2 
Mn 

(kg/mol) 

 

Ð 

 

Pd(IPr)(3-

Clpy)Cl2 

Mn 

(kg/mol) 

 

Ð 

 

Ni(dppp)Cl2 
Mn 

(kg/mol) 

 

Ð 

 

PBHP 5.78 1.23 PBHP 5.36 1.22 PBBP 6.35 1.45 

cap only 8.31 1.21 cap only 7.61 1.18 cap only 7.47 1.31 

ec 7.61 1.19 ec 8.15 1.18 ec 7.78 1.31 

ec (hex) 8.31 1.21 ec (hex) 8.28 1.19 ec (hex) 7.88 1.30 
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Figure A1-65. GPC traces from PBHP (before end-capping), end-capping control (only capping 
agent), end-capping (ec), and end-capping with hexane (ec (hex)) experiments for 
Ni(IPr)(PPh3)Cl2 . (Left = zoomed, right = full GPC trace). Note that M(0) scavenging agent and 
residual monomer elute from 20.5–22 min, PhMe elutes at 23.1 min and BHT elutes at 23.8 min. 

 

Figure A1-66. GPC traces from PBHP (before end-capping), end-capping control (only capping 
agent), end-capping (ec), and end-capping with hexane (ec (hex)) experiments for Pd(IPr)(3-
Clpy)Cl2 . (Left = zoomed, right = full GPC trace). Note that M(0) scavenging agent and residual 
monomer elute from 20.5–22 min, PhMe elutes at 23.1 min and BHT elutes at 23.8 min. 
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Figure A1-67. GPC traces from PBBP (before end-capping), end-capping control (only capping 
agent), end-capping (ec), and end-capping with hexane (ec (hex)) experiments for Ni(dppp)Cl2. 
(Left = zoomed, right = full GPC trace). Note that M(0) scavenging agent and residual monomer 
elute from 20.5–22 min, PhMe elutes at 23.1 min and BHT elutes at 23.8 min. 
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Figure A1-68. MALDI-TOF/MS traces from PBHP (before end-capping), end-capping 
experiments (THF alone, and THF & hexanes), and end-capping control (only capping agent) 
experiments for Ni(IPr)(PPh3)Cl2 and PBHP. Values calculated using average mass method 
signal-to-noise = 2. The degree of polymerization shown is 20. 
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Figure A1-69. MALDI-TOF/MS traces from PBHP (before end-capping), end-capping 
experiments (THF alone, and THF & hexanes), and end-capping control (only capping agent) 
experiments for Pd(IPr)(3-Clpy)Cl2  and PBHP. Values calculated using an average mass method 
signal-to-noise = 2. The degree of polymerization shown is 15. 
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Figure A1-70. MALDI-TOF/MS traces from PBBP (before end-capping), end-capping 
experiments (THF alone, and THF & hexanes), and end-capping control (only capping agent) 
experiments for Ni(dppp)Cl2 and PBBP. Values calculated using an average mass method signal-
to-noise = 2. The degree of polymerization shown is 26. 
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A1.6.6. 2,5-Bishexyloxyphenylene polymerization via Pd(IPr)(3-Clpy)Cl2 generating 

NHC/Br-polymers 

 

Monomer activation: In a glovebox, S2 (1.016 mg, 0.00233 mol, 1.00 equiv) and C22H46 (10 

mg, as an internal standard) were weighed into a 20 mL vial and dissolved in THF (3.73 mL). 

Then, iPrMgCl (2.0 M in THF, 932 µL, 0.00186 mol, 0.800 equiv) was added and the solution 

was stirred for 20 h. The Grignard monomer was titrated (see general experimental) revealing a 

[Grignard] of 0.317 M.  

 

 

Polymerization: In a glovebox, to a 50 mL Schlenk flask equipped with a stirbar was added 

Pd(IPr)(3-Clpy)Cl2 (26.9 mg, 0.0396 mmol, 1.00 equiv) and THF (26.4 mL). The flask was 

capped with a septum and sealed with copper wire, removed from the glovebox and immediately 

placed under N2. The Grignard monomer (0.317 M in THF, 2.50 mL, 0.793 mmol, 20.0 equiv) 

was removed from the glovebox in a 6 mL syringe with a long needle and headspace (~2.5 mL). 

During transit, headspace (~2.3 mL) was evacuated before puncturing the Schleck flask’s septum 

with the needle. The monomer solution was added at once to the precatalyst flask and stirred for 

90 min at rt. Then, aliquot (3.0 mL) was removed using a syringe and quenched with aq. HCl (12 

M, 3 mL).  The capping reactions were run for 2 h before quenching with aq. HCl (12 M, 1.0 

Br Br

C6H13O

OC6H13

THF
rt

iPrMgCl
Br MgCl

C6H13O

OC6H13S2

Br MgCl

C6H13O

OC6H13

(1.0 equiv)

THF
rt

C6H13O

OC6H13

Pd(IPr)(pyr)Cl2
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mL). After 6.5 h (total polymerization time) the remaining solution was quenched with aq. HCl 

(12 M, 10 mL). In each case, the crude polymer was extracted with CHCl3 (3 x 5 mL), dried over 

MgSO4 and worked up for GC, GPC, and MALDI-TOF/MS. For 1H NMR spectroscopic 

analysis, polymers were the concentrated under reduced pressure, re-dissolved in CHCl3 

(minimal, ~0.5 mL) with mild heating, precipitated with MeOH (20 mL) and divided into 

centrifuge tubes and spun for 15 min, resulting in a white precipitate and a clear supernatant 

which was decanted. The polymers were washed with MeOH (10 mL per tube), shaking, re-

centrifuging, and decanting the supernatant. The polymers were collected and dried under 

reduced pressure.  

Monomer conversion: 90 min = 90%, 6.5 h = 95% 

 

Table A1-29. Mn and Ð from PBHP t = 90 min and t = 6.5 h via Pd(IPr)(3-Clpy)Cl2. 

 
Mn 

(kg/mol) 

 

Ð 

 

90 min 6.01 1.21 

6.5 h 5.84 1.27 
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Figure A1-71. GPC traces from PBHP t = 90 min and t = 6.5 h via Pd(IPr)(3-Clpy)Cl2. (Left = 
zoomed, right = full GPC trace from the same experiment). 

������������	
�����
�
�� �� �� �� ��

��
��
�	
��
��
��
��
��
��
��
��
��
��
��
�
�

������

�����

������������	
�����
�
�� �� �� �� �� �� ��

��
��
�	
��
��
��
��
��
��
��
��
��
��
��
�
�

������

�����

�������

�� �

!"#



 274 

 

Figure A1-72. MALDI-TOF/MS traces from PBHP t = 90 min (left) and t = 6.5 h (right) via 
Pd(IPr)(3-Clpy)Cl2. Values calculated using an average mass method signal-to-noise = 3. 
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The NMR were integrated according to the MALDI-TOF/MS ratio of H/Br- (61%) to NHC/Br- 

(35%) polymers with the average degree of polymerization 17. 

 

 

Figure A1-73. 1H NMR spectrum of PBHP generated via Pd(IPr)(3-Clpy)Cl2 (t = 6.5 h) 
relaxation delay = 2 s. 1H NMR (700 MHz, CDCl3) δ 7.51 (d, J = 6.5 Hz, 1H), 7.38 (d, J = 6.5 
Hz, 1H), 7.31 (d, J = 6.5 Hz, 1H), 7.24–6.77 (multiple peaks, 45H), 6.43 (s, 1H), 4.07–3.80 
(multiple peaks, 68H), 2.22 (s, 1H), 2.18 (s, 1H), 1.9–1.57 (multiple peaks, 73H), 1.56–1.09 
(multiple peaks, 209H), 1.05–0.73 (multiple peaks, 103H). 
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A1.7. Values for the %ring-walking charts 

Percent ring-walking was calculated using MALDI-TOF/MS peak picking at either signal-to-

noise = 1 or 2. Percent ring-walking only considers tol/tol (efficient ring-walking) and tol/Br 

(failed ring-walking) end-groups. End-groups from unproductive pathways (e.g., NHC/Br) were 

not considered because these polymers imply catalysts were not active. The H/tol-terminated 

polymers were not considered because they could arise from multiple pathways not all of which 

would arise from ring-walking (i.e., an acid-quenched Grignard chain-end which would form an 

H-end group in the H/tol-terminated polymer). The %-ring-walking equals 

(tol/tol)/[(tol/tol)+(Br/tol)] with each peak on the MALDI-TOF/MS plot corresponding to the % 

ring-walking for that degree of polymerization (m).  
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Ni(dppp)Cl2 

 

 

% ring-walking = (tol/tol)/[(tol/tol) + (tol/Br)]

Ni(dppp)Cl2/3DT Ni(dppp)Cl2/BHP

m Run 1 Run 2 avg error Run 1 Run 2 avg error
4 0
5 0 0 0 0
6 0 0 0 0
7 0 0 0 0
8 0 0 0 0
9 0 0 0 0
10 0 0 0 0
11 0 0 0 0
12 0 0 0 0
13 0 0 0 0
14 100 100 100 0 0 0 0 0
15 100 100 100 0 0 0 0 0
16 100 100 100 0 0 0 0 0
17 100 100 100 0 0 0 0 0
18 100 100 100 0 0 0 0 0
19 100 100 100 0 0 0 0 0
20 100 100 100 0 0 0 0 0
21 100 100 100 0 0 0 0 0
22 100 100 100 0 0
23 100 100 100 0 0
24 100 100 100 0 0
25 100 100 100 0 0
26 100 100 100 0 0
27 100 100 100 0 0
28 100 100 100 0 0
29 100 100 100 0 0
30 100 100 100 0 0
31 100 100 100 0 0
32 100 100 100 0 0
33 100 100 100 0 0
34 100 100 100 0 0
35 100 0
36 100
37 100
38 100
39 100
40 100
41 100



 278 

 

Ni(IPr)(PPh3)Cl2 

 

% ring-walking = (tol/tol)/[(tol/tol) + (tol/Br)]

Ni(IPr)(PPh3)Cl2
/3DT

Ni(IPr)(PPh3)Cl2/
BHP

m Run 1 Run 2 avg error Run 1 Run 2 avg error
4
5
6 93.8 100
7 100 100
8 100 100 100 0 100
9 100 100 100 0 100

10 100 100 100 0 100
11 100 100 100 0 100
12 100 100 100 0 100
13 100 100 100 0 100 100 100 0
14 100 100 100 0 100 100 100 0
15 100 100 100 0 100 100 100 0
16 100 100 100 0 100 100 100 0
17 100 100 100 0 100 100 100 0
18 100 100 100 0 100 100 100 0
19 100 100 100 0 100 100 100 0
20 100 100 100 0 100 100 100 0
21 100 100 100 0 100 100 100 0
22 100 100 100 0 100 100 100 0
23 100 100 100 0 98 100 99 1
24 100 100 100 0 100 100 100 0
25 100 100 100 0 100 100 100 0
26 100 100 100 0 100 100 100 0
27 100 100 100 0 100 100 100 0
28 100 100 100 0 100 100 100 0
29 100 100 100 0 100 100 100 0
30 100 100 100 0 100 100 100 0
31 100 100 100 0 100 100 100 0
32 100 100 100 0 100 100 100 0
33 100 100 100 0 100 100 100 0
34 100 100 100 0 100 100 100 0
35 100 100 100 0 100 100 100 0
36 100 100 0 100 100 100 0
37 100



 279 

Pd(IPr)(3-Clpy)Cl2 

 

*indicates that no tol/tol or tol/Br peaks were identified at a signal-to-noise > 1.  

% ring-walking = (tol/tol)/[(tol/tol) + (tol/Br)]

Pd(IPr)(3–
Clpy)Cl2/3DT Pd(IPr)(3Clpy)Cl2/BHP

m Run1 Run 2 avg error Run 1 Run 2 Run 3 Run 4 avg error
4
5 100 100 100 100 0
6 100 100 100 100 0

7 86.4 92.7 100 93.03 3.93

8 71 85.8 100 85.6 8.37

9 100 100 100 0 56 74.7 * 65.35 9.35

10 100 100 100 0 43 63 42 49.33 6.84

11 100 100 100 0 35 50.8 35.2 40.33 5.23

12 100 100 100 0 27.5 42 27.4 32.3 4.85

13 100 100 100 0 21.5 34.8 20.3 25.53 4.65

14 100 100 100 0 16.6 17.8 29 19.1 20.63 2.84

15 100 100 100 0 13.1 16.6 24.1 15 17.2 2.41

16 100 100 100 0 0 13.2 21.1 13.2 11.88 4.37

17 100 100 100 0 0 11.6 17.2 12 10.2 3.63

18 100 100 100 0 10.3 14.8 11.1 12.07 1.39

19 100 100 100 0 9.3 11.9 10.6 10.6 0.75

20 100 100 100 0 0 11.2 9.5 6.9 3.48

21 100 100 100 0 0 0 0 0 0
22 100 100 100 0 0 0 0 0 0
23 100 100 100 0 0 0 0 0 0
24 100 100 100 0 0
25 100 100 100 0 0
26 100 100 100 0 0
27 100 100 100 0 0
28 100 100 100 0 0
29 100 100 100 0 0
30 100 100 100 0 0
31 100 100 100 0 0
32 100 100 100 0 0
33 100 100 100 0 0
34 100 100 100 0 0
35 100 100 100 0 0
36 100 100 100 0
37 100
38
39
40
41
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A1.8. Figures from the manuscript with found and predicted m/z.  

 

Figure A1-74. (Top) Reaction conditions for 3DT end-capping experiments, involving x 
iterations of capping/scavenger reagents over y hours. (Bottom) MALDI-TOF/MS data for 3DT 
polymerization followed by end-capping. (Values calculated using an average mass method 
signal-to-noise = 1 or 2) 

 

 

Figure A1-75. (Top) Reaction conditions for BHP end-capping experiments over y hours. 
(Bottom) MALDI-TOF/MS data for BHP polymerization followed by end-capping. (Values 
calculated using an average mass method signal-to-noise = 1 or 2. In the Ni(IPr) plot Br/Br was 
not detected)  
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Appendix 2: Supporting Information for Chapter 3. Mechanistic Insight into Thiophene 
Catalyst-Transfer Polymerization Mediated by Nickel Diimine Catalysts 

 

A2.1. Materials 

Flash chromatography was performed on SiliCycle silica gel (40–63 µm). Thin layer 

chromatography was performed on Merck TLC plates (pre-coated with silica gel 60 F254). 

iPrMgCl (2 M in THF) was purchased from Aldrich and titrated using salicylaldehyde 

phenylhydrazone (see General Experimental S3). 2,5-Dibromo-3-hexylthiophene was purchased 

from Ark Pharm and purified via column chromatography (100% hexanes as eluent). N-

Bromosuccinimide was purchased from Aldrich and was recrystallized from hot water. All other 

reagent grade materials and solvents were purchased from Aldrich, Acros, or Fisher and were 

used without further purification unless otherwise noted. THF was dried and deoxygenated using 

an Innovative Technology (IT) solvent purification system composed of activated alumina, 

copper catalyst, and molecular sieves. The glovebox in which specified procedures were carried 

out was an MBraun LABmaster 130 with a N2 atmosphere.  

 

A2.2. General experimental 

NMR Spectroscopy: Unless otherwise noted, 1H, and 13C NMR spectra for all compounds were 

acquired at rt. Chemical shift data are reported in units of δ (ppm) relative to tetramethylsilane 

(TMS) and referenced with residual solvent. Multiplicities are reported as follows: singlet (s), 

doublet (d), doublet of doublets (dd), triplet (t), quartet (q), multiplet (m), broad signal (br). 
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Residual water is denoted by an asterisk (*). Compounds S1,1 C1tBu,1 S2,1 C2,2 S3,1 S4,3 C3Me,3 

C4Me,4 and C4CF3
4 were prepared according to modified literature procedures.  

 

Mass Spectrometry: High-resolution mass spectrometry data were obtained on a Micromass 

AutoSpec Ultima Magnetic Sector mass spectrometer. 

 

Gel-Permeation Chromatography (GPC): Polymer molecular weights were determined by 

comparison with polystyrene standards (Varian, EasiCal PS-2 MW 580–377,400) at 40 °C in 

THF on a Malvern Viscotek GPCMax VE2001 equipped with two Viscotek LT- 5000L 8 mm 

(ID) × 300 mm (L) columns and analyzed with Viscotek TDA 305 (with RI, UV-PDA Detector 

Model 2600 (190–500 nm), RALS/LALS, and viscometer). Data presented correspond to the 

absorbance at 254 nm normalized to the highest peak. Samples were dissolved in THF/toluene 

(99:1) (with mild heating), and passed through a polytetrafluoroethylene (PTFE, 0.2 µm) filter 

prior to analysis.  

 

Gas Chromatography: Gas chromatography (GC) was carried out using a Shimadzu GC 2010 

containing a Shimadzu SHRX5 (crossbound 5% diphenyl – 95% dimethyl polysiloxane; 15 m, 

0.25 mm ID, 0.25 µm df) column.  

 

Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry: Matrix-assisted laser 

desorption/ionization Mass Spectrometry (MALDI-TOF-MS) was carried out on a Bruker 

AutoFlex Speed MALDI-TOF in positive-ion reflectron mode using trans-2-[3-(4-tert-

butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) as a matrix. Samples were 
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prepared by mixing polymer dissolved in THF/toluene (99:1 v/v) (~1 mg polymer/1 mL THF, 

2.5 µL) with DCTB dissolved in CHCl3 (~1 M, 2.5–10 µL). Samples were diluted with varying 

polymer/DCTB ratios (to ensure good signal/noise) and then spotted on a MALDI 96-well plate 

and air dried. The data were analyzed using flexAnalysis. 

 

iPrMgCl titration: In a glovebox, salicylaldehyde phenylhydrazone5 (106 mg, 0.500 mmol) was 

dissolved in THF (5 mL) to make a 0.1 M solution. For titration, iPrMgCl was added dropwise 

using a 100 µL syringe into a known amount of the salicylaldehyde phenylhydrazone solution. 

Titration was complete when the solution turned bright orange.  

 

Polymer work-up for GC: Polymerizations were quenched using aq. HCl (12 M). The organic 

layer was extracted with CHCl3, dried over MgSO4, and filtered through a PTFE (0.2 µm) filter 

into a GC vial.  

 

Polymer work-up for GPC: Polymer samples worked-up for GC analysis were concentrated 

yielding a purple solid, which was redissolved in THF/toluene (99:1 v/v) with mild heating, then 

filtered through a PTFE (0.2 µm) filter into a GPC vial.  
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A2.3. Synthetic procedures 

 

ArN=(An)=NAr (Ar = 2-tbutylphenyl, An = acenaphthylene) (S1).1 In a 10 mL round-bottom 

flask equipped with a stir bar, o-tert-butylaniline (174 µL, 1.12 mmol, 2.04 equiv) was added 

drop-wise to a solution of acenaphthenequinone (100. mg, 0.549 mmol, 1.00 equiv), formic acid 

(58 µL, 1.5 mmol, 2.8 equiv.), and MeOH (1.5 mL). The reaction was stirred at rt for 18 h. Then, 

the heterogeneous mixture was filtered over a fine frit and washed with cold MeOH (3 x 10 mL) 

and cold pentane (3 x 10 mL). The solid was collected and re-dissolved in DCM (3 mL), layered 

with pentane (8 mL), and placed in a –20 ˚C freezer. After 18 h, the resulting solid was collected 

by filtration over a fine frit and washed with cold pentane (3 x 10 mL) to give 158 mg of S1 as 

orange powder (65% yield). HRMS (ESI+): Calcd. for C32H32N2 [M+H]+ 445.2638; found 

445.2641.  

 

ArN=(An)=NAr)NiBr2 (Ar = 2-tbutylphenyl), An = acenaphthylene) (C1tBu).1 To a 50 mL 

round-bottom flask, Ni(II) bromide ethylene glycol dimethyl ether (Ni(DME)Br2, 66 mg, 0.21 

mmol, 1.1 equiv) was added to a stirring solution of diimine S1 (86 mg, 0.19 mmol, 1.0 equiv) in 

dry DCM (6.4 mL) at rt. After 20 h, the solution was concentrated and washed with anh. Et2O (2 

NH2
tBu formic acid

MeOH
rt

+

O O N N ArAr

S1

Ar =
tBu

S1

N N ArAr

Ni(DME)Br2

DCM
rt

N N ArAr
Ni

BrBr

C1tBu

S1

Ar =
tBu
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x 10 mL). The resulting brown solid was dried under reduced pressure to give 118 mg of C1tBu 

(92% yield). 

 

ArN=(An)=NAr (Ar = 2,4,6-trimethylphenyl, An = acenaphthylene) (S2).2 

Acenaphthenequinone (100. mg, 0.549 mmol, 1.00 equiv) was added to a solution containing 

formic acid (11 µL, 0.29 mmol, 0.52 equiv) in MeOH (1.45 mL) in a 10 mL round-bottom flask 

equipped with a stir bar. Subsequently, 2,4,6-trimethylaniline (170 µL, 1.2 mmol, 2.2 equiv) was 

added to the stirring solution. After 18 h at rt, the reaction flask was placed in a –20 °C freezer 

where an orange solid precipitated from the solution over 24 h. The orange solid was collected 

via filtration over a fine frit, washed with cold MeOH (3 x 10 mL) and cold pentane (3 x 10 mL), 

then collected and dried under reduced pressure. The filtrate was transferred to a 100 mL round-

bottom with DCM (10 mL), concentrated, re-dissolved in DCM (4 mL) filtered through glass 

wool and cooled to –20 °C to recrystallize. The orange solid was collected by filtration over a 

fine frit, washed with cold MeOH (3 x 10 mL) and cold pentane (3 x 10 mL), and dried under 

reduced pressure. The solids from each crystallization were combined, resulting in 174 mg of S2 

as orange powder (76% yield). HRMS (ESI+): Calcd. for C30H28N2 [M+H]+ 417.2325; found 

417.2326. 

 

NH2

Me

MeMe formic acid

MeOH
rt

+

O O N N ArAr

S2

Ar =
Me

Me

Me

S2
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(ArN=(An)=NAr)NiBr2 (Ar = 2,4,6-trimethylphenyl, An = acenaphthylene) (C2).2 In a 50 

mL round-bottom flask, S2 (145 mg, 0.348 mmol, 1.00 equiv) was dissolved in DCM (9.5 mL). 

Then, Ni(DME)Br2 (113 mg, 0.365 mmol, 1.05 equiv) was added and the reaction mixture was 

stirred for 20 h at rt. Overnight, a purple precipitate formed, which was collected by filtration 

over a fine frit and washed with cold MeOH (3 x 10 mL) and cold pentane (3 x 10 mL). The 

solid was collected and re-dissolved in DCM (3 mL), filtered through glass wool into a 20 mL 

vial, layered with pentanes (6 mL), and cooled to –20 °C. After 24 h, dark purple crystals were 

collected and washed with cold MeOH (3 x 10 mL) and cold pentanes (3 x 10 mL) to give 116 

mg of C2 as dark purple crystals (53% yield). 

 

 

4-Methyl-2-(sec-(2,4,6-trimethylphenethyl)aniline (S3).3 To a 15 mL bomb flask equipped 

with a stir bar, p-toluinidine (1.36 g, 12.7 mmol, 1.46 equiv) was dissolved in xylenes (1.1 mL). 

Subsequently, 2,4,6-trimethylstyrene (1.40 mL, 8.67 mmol, 1.00 equiv) and triflic acid (200. µL, 

2.25 mmol, 0.260 equiv) were added to the reaction flask, which was sealed and placed behind a 

blast shield. After 17 h at 160 °C, the heterogeneous mixture was transferred to a 250 mL round-

N N ArAr

Ni(DME)Br2

DCM
rt

N N ArAr
Ni

BrBrS2

C2

Ar =
Me

Me

Me

NH2

Me Me

MeMe triflic acid

xylenes
160 °C

NH2

Me

Me

Me

Me

Me
+

S3
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bottom flask with EtOAc (50 mL), concentrated, and purified via column chromatography on 

silica gel (100% hexanes to 80/20 hexanes/EtOAc) to give a brown oil which was recrystallized 

in 10/1 hexanes/EtOAc, yielding 1.25 g of S3 as a white solid (57% yield). HRMS (ESI+): 

Calcd. for C18H23N [M+H]+ 254.1903; found 254.1899. 

 

 

Rac-ArN=(An)=NAr (Ar = 4-methyl-2-(sec-(2,4,6-trimethylphenethyl)phenyl; An = 

acenaphthylene) (S4).3 To a 20 mL vial equipped with a stir bar, acenaphthenequinone (438 mg, 

2.41 mmol, 0.490 equiv) and amine S3 (1.25 mg, 4.92 mmol, 1.00 equiv.) were dissolved in 

toluene (2.8 mL) and glacial acetic acid (5.5 mL, 96 mmol, 19 equiv). After 3 h at 100 °C, the 

resulting heterogeneous mixture was filtered over a fine frit, washed with cold MeOH (3 x 10 

mL) and cold hexanes (3 x 10 mL) and dried under reduced pressure, to give 1.13 g of S4 as a 

yellow powder (72% yield). HRMS (ESI+): Calcd. for C48H48N2 [M+H]+ 653.3890; found 

653.3897. 

  

O O
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Me
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Rac-(ArN=(An)=NAr)NiBr2 (Ar = 4-methyl-2-(sec-(2,4,6-trimethylphenethyl)-phenyl; An = 

acenaphthylene) (C3Me).3 In a 50 mL Schlenk flask equipped with a stir bar, Ni(DME)Br2 (156 

mg, 0.505 mmol, 1.10 equiv.) and diimine S4 (300. mg, 0.460 mmol, 1.00 equiv) were dissolved 

in DCM (15 mL) and stirred at rt under N2 for 16 h. Then, the dark maroon liquid was 

concentrated, dissolved in DCM (20 mL), filtered through a celite plug, layered with pentane (60 

mL), and cooled to -20 °C. The resulting solid was collected by filtration over a coarse frit, 

washed with cold pentane (3 x 10 mL), and dried under reduced pressure to give 338 mg of C3Me 

as a dark maroon solid (90% yield). 

 

 

4-Methoxy-2-(sec-(2,4,6-trimethylphenethyl)aniline (S5). To a 15 mL bomb flask equipped 

with a stir bar, p-anisidine (1.65 g, 13.4 mmol, 1.55 equiv) was dissolved in xylenes (1.2 mL). 

Subsequently, 2,4,6-trimethylstyrene (1.40 mL, 8.64 mmol, 1.00 equiv) and triflic acid (150 µL, 

1.7 mmol, 0.20 equiv) were added to the reaction flask, which was sealed and placed behind a 

shield. After 24 h at 160 °C, the reaction was transferred to a 250 mL round-bottom flask with 

EtOAc (50 mL), concentrated in vacuo, and purified via column chromatography on silica gel 
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(97.5:2.5 hexanes/EtOAc to 80:20 hexanes/EtOAc (v/v)) to give 941 mg of S5 as a green-brown 

solid (40% yield).  HRMS (EI): Calcd. for C18H23NO [M]+ 269.1800; found 269.1780. 

 

 

Rac-ArN=(An)=NAr (Ar = 4-methoxy-2-(sec-(2,4,6-trimethylphenethyl)phenyl; An = 

acenaphthylene) (S6). To a 20 mL vial equipped with a stir bar, acenaphthenequinone (143 mg, 

0.785 mmol, 1.00 equiv.) and amine S5 (433 mg, 1.61 mmol, 2.05 equiv) were dissolved in 

toluene (0.92 mL) and glacial acetic acid (1.9 mL, 33 mmol, 42 equiv). After 3 h at 100 °C, the 

resulting heterogeneous mixture was filtered over a fine frit, washed with cold MeOH (3 x 10 

mL) and cold hexanes (3 x 10 mL) and dried under reduced pressure to give 159 mg of S6 as a 

neon orange powder (30% yield). HRMS (ESI+): Calcd. for C48H48N2O2 [M+H]+ 685.3789; 

found 686.3822. 

 

Rac-(ArN=(An)=NAr)NiBr2 (Ar = 4-methoxy-2-(sec-(2,4,6-trimethylphenethyl)-phenyl; An 

= acenaphthylene) (C3OMe). In a 50 mL Schlenk flask equipped with a stir bar, Ni(DME)Br2 

(145 mg, 0.469 mmol, 1.00 equiv) and diimine S6 (385 mg, 0.562 mmol, 1.20 equiv) were 
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dissolved in DCM (14.2 mL). The heterogeneous mixture was stirred at rt under N2. After 20 h, 

the dark maroon liquid was concentrated in vacuo to give a dark maroon solid, which was 

dissolved in DCM (3 mL), layered with pentane (8 mL), and cooled to –20 °C. The resulting 

solid was collected by filtration over a course frit, washed with cold pentane (3 x 10 mL), and 

dried under reduced pressure to give 275 mg of C3OMe as a dark maroon solid (65 % yield). 

 

 

2,5-Dibromo-3,4-dimethylthiophene (1). In a 50 mL round-bottom flask, 3,4-

dimethylthiophene (0.89 g, 7.9 mmol, 1.0 equiv) was dissolved in dry ACN/AcOH (24 mL/1.4 

mL) and cooled to 0 °C using an ice-water bath for 5 min. Then, NBS (3.10 g, 17.4 mmol, 2.20 

equiv) was added over 5 min. The stirring solution was warmed to rt over 2.5 h, and then 

transferred to a separatory funnel using Et2O (20 mL). The organic layer was washed with sat. 

aq. Na2CO3 (3 x 15 mL) and brine (3 x 20 mL), then dried over MgSO4, concentrated, and 

purified by filtering through a silica plug and a neutral alumina pipette plug using hexanes. 

Drying under reduced pressure resulted in 1.73 g of 1 as a clear, colorless oil (82% yield). 

HRMS (EI): Calcd. for C6H6Br2S [M]+ 267.8557; found 267.8566. 

 

 

S

Me Me

S

Me Me

Br BrNBS
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2-Bromo-3,4-dimethylthiophene (S7). In a glovebox in a 20 mL round-bottom flask equipped 

with a stir bar, thiophene derivative 1 (44.1 mg, 0.165 mmol, 1.00 equiv) was dissolved in THF 

(1.56 mL). Then, iPrMgCl (1.8 M in THF, 91.6 µL, 0.165 mmol, 1.00 equiv) was added and the 

reaction stirred for 30 min at rt. The reaction was quenched outside the glovebox using aq. 12 M 

HCl (1 mL). The organic layer was extracted with CHCl3 (3 x 3 mL), dried over MgSO4, filtered, 

concentrated using rotary evaporation, and purified using a silica plug with hexanes as the eluent 

yielding 12.2 mg of S7 as a clear, colorless oil (39% yield). MS (EI+) Calcd for C6H7BrS 189.9; 

found 189.8. Note S7 was too volatile to obtain HRMS data. 

 

 

5-Bromo-3,4-dimethyl-2,2'-bithiophene (S8). Solvents were sparged with N2 for 20 min before 

using in this reaction. A 50 mL Schlenk flask was cooled under reduced pressure, filled with N2, 

then evacuated and refilled with N2 3x. Sequentially, thiophene derivative 1 (200. mg dissolved 

in THF (3 mL), 0.747 mmol, 1.33 equiv), thiophen-2-ylboronic acid (71.7 mg, 0.560 mmol, 1.00 

equiv), Pd(PPh3)4 (43 mg, 0.037 mmol, 0.067 equiv), THF (5.5 mL), and aq. Na2CO3 (2 M, 5.75 

mL) were added. The reaction was stirred at rt for 20 h under N2. The heterogeneous mixture 

was then transferred to a separatory funnel using Et2O (10 mL). The organic layer was separated 
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Me Me
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and washed with DI H2O (20 mL) and brine (2 x 20 mL). The organic layer was collected and 

dried over MgSO4, filtered, concentrated using rotary evaporation, and purified by column 

chromatography using hexanes (100%) as the eluent. The resulting white oil was dried under 

reduced pressure to yield 32.5 mg of S8 as a white solid (21% yield). HRMS (EI) Calcd. for 

C10H9BrS2 [M]+ 271.9329; found 271.9328. 

 

 

3,4-dimethyl-2,2'-bithiophene (S9). In a glovebox, sequentially, S8 (18.5 mg, 0.0677 mmol, 

1.00 equiv), THF (0.62 mL), and iPrMgCl (1.8 M in THF, 56.7 µL, 0.102 mmol, 1.50 equiv) 

were combined in a 20 mL vial and stirred at rt for 45 min, then removed from the glovebox and 

quenched with aq. 12 M HCl (1 mL). The organic layer was extracted with CHCl3 (3 x 3 mL), 

dried over MgSO4, filtered, concentrated, and purified using a silica plug with hexanes (100%) 

as the eluent. Drying under reduced pressure yielded 9.5 mg of S9 as a clear oil (72% yield). 

HRMS (EI) Calcd. for C10H10S2 [M]+194.0224; found 194.0223. 

 

3',4'-Diimethyl-2,2':5',2''-terthiophene (2). 

Preparing thiophene Grignard solution. 

 

The following reactions were carried out in a glovebox. Thiophen-2-ylmagnesium chloride was 

prepared by reacting 2-bromothiophene (69.5 mg, 0.426 mmol, 1.00 equiv) with iPrMgCl (1.85 
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rt
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M in THF, 20.7 µL, 0.384 mmol, 0.900 equiv) in THF (4.0 mL) for 30 min at rt. Subsequent 

titration revealed a 0.096 M solution. 

Synthesizing compound 2. 

 

In the following order, freshly prepared thiophen-2-ylmagnesium chloride solution (1.68 mL, 

0.161 mmol, 2.10 equiv) and Ni(dppe)Cl2 (dppe = 1,2-bis(diphenylphosphino)ethane, 3.4 mg, 

0.0064 mmol, 0.083 equiv) were added to a solution of 1 (20.6 mg, 0.0769 mmol, 1.00 equiv) in 

THF (2.0 mL) in a 20 mL vial and stirred for 2 h at rt. The red solution was removed from the 

glovebox and quenched using aq. 12 M HCl (1 mL). The organic layer was extracted with DCM 

(3 x 3 mL), dried over MgSO4, filtered, and concentrated. The crude product was purified using 

column chromatography with hexanes (100%) as the eluent. Drying under reduced pressure 

yielded 18 mg of 2 as a white solid (84 % yield). HRMS (ESI+) Calcd. for C14H12S3 [M+H]+ 

277.0174; found 277.0176. 
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5-bromo-2,2':5',2''-terthiophene (3). In a 20 mL vial equipped with a stir bar, 2,2':5',2''-

terthiophene (300. mg, 1.21 mmol, 1.00 equiv) was dissolved in CHCl3 (4 mL). NBS (210. mg, 

1.18 mmol, 0.975 equiv) was added over 2 min, and stirred for 2.5 h at 0 °C. The solution was 

washed with sat. aq. Na2CO3 (1 x 5 mL) and brine (2 x 5 mL), the organic layer was dried over 

MgSO4, filtered, concentrated, and purified by column chromatography with hexanes (100%) as 

the eluent, yielding 156 mg of 3 as a pale green solid (40% yield). HRMS (EI) Calcd. for 

C12H6BrS3 [M]+ 325.8893; found 325.8889. 

 

 

5,5''-dibromo-2,2':5',2''-terthiophene (4). In a 20 mL vial equipped with a stir bar, 2,2':5',2''-

terthiophene (300. mg, 1.21 mmol, 1.00 equiv) was dissolved in CHCl3/DMF (9/2, 11 mL). NBS 

(434 mg, 2.44 mmol, 2.02 equiv) was added over 2 min, and the reaction was stirred for 13 h at 

rt. The solution was washed with sat. aq. Na2CO3 (10 mL), the organic layer was extracted with 

CHCl3 (3 x 2 mL), dried over MgSO4, filtered, and concentrated. The resulting green solid was 

redissolved in CHCl3 (4 mL with mild heating), filtered over a glass wool plug then layered with 

hexanes (10 mL), and placed in a –20 °C freezer for 15 h to effect crystallization. The resulting 

yellow-green crystals were collected by filtration over a frit and washing with cold hexanes (3 

mL) to yield 392 mg of 4 (80% yield). HRMS (EI) Calcd. for C12H6Br2S3 [M]+ 403.7998; found 

403.7988. 

S
S S BrCHCl3
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S S

3
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S
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S
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A2.4. NMR Spectra 

 

Figure A2-1. 1H and 13C NMR Spectra of S1. 1H NMR (700 MHz, CDCl3) δ 7.87 (d, J = 8.2 Hz, 
2H), 7.54 (d, J = 7.7 Hz, 2H), 7.37 (t, J = 7.7 Hz, 2H), 7.25–7.20 (m, 4H), 6.94 (d, J = 7.3 Hz, 
2H), 6.83 (d, J = 7.3 Hz, 2H), 1.39 (s, 18H). 13C NMR (176 MHz, CDCl3) δ 159.78, 150.50, 
141.75, 139.27, 131.15, 129.14, 128.65, 127.64, 126.76, 126.66, 124.50, 123.86, 118.95, 35.48, 
29.69. 
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Figure A2-2. 1H NMR Spectrum of C1tBu. 1H NMR (400 MHz, CD2Cl2, rd = 0.005 s, at = 0.05 
s) δ 22.83 (s, 1H), 21.82 (s, 1H), 18.46 (s, 1H), 12.14 (d, J = 7.5 Hz, 1H), 6.92–6.85 (m, 1H), 
3.20 (s, 9H), 1.45 (s, 9H), 0.41 (broad s, 1H), –13.77 (s, 1H). Unaccounted for hydrogens (8 H) 
due to peak broadening.  
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Figure A2-3. 1H and 13C NMR Spectra of S2. 1H NMR (400 MHz, CDCl3) δ 7.87 (d, J = 8.3 Hz, 
2H), 7.38 (t, J = 7.3, 2H), 6.96 (s, 4H), 6.75 (d, J = 7.3 Hz, 2H), 2.36 (s, 6H), 2.07 (s, 12H). 13C 
NMR (176 MHz, CDCl3) δ 161.01, 146.73, 140.50, 132.76, 130.96, 129.67, 128.88, 128.72, 
128.19, 124.55, 122.44, 20.92, 17.70.  
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Figure A2-4. 1H NMR Spectrum of C2. 1H NMR (400 MHz, CD2Cl2, rd = 0.005 s, at = 0.05 s δ 
33.77 (s, 6H), 27.54 (s, 12H), 24.49 (s, 4H), 23.93 (s, 2H), 17.35 (d, J = 7.9 Hz, 2H), 5.85 (s, 
2H). 
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Figure A2-5. 1H and 13C NMR Spectra of S3. 1H NMR (500 MHz, CDCl3) δ 7.17 (s, 1H), 6.85 
(dd, J = 7.9, 1.9 Hz, 1H), 6.80 (s, 2H), 6.47 (d, J = 7.9 Hz, 1H), 4.35 (q, J = 7.3 Hz, 1H), 3.12 (s, 
2H), 2.30 (s, 3H), 2.19 (overlapping peaks, 9H), 1.61 (d, J = 7.3 Hz, 3H). 13C NMR (126 MHz, 
CDCl3) δ 142.48, 137.63, 136.58, 135.90, 130.75, 130.07, 128.43, 127.50, 127.24, 115.98, 36.17, 
21.15, 21.03, 20.83, 17.43. 
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ppm

115120125130135140
ppm 17.519.020.5

ppm



 301 

 

Figure A2-6. 1H and 13C NMR spectra of S4. 1H NMR (500 MHz, CDCl3) δ 7.61 (d, J = 8.2 Hz, 
2H), 7.47 (s, 2H), 7.18 (d, J = 7.7 Hz, 2H), 7.10 (t, J = 7.7 Hz, 2H), 6.90 (d, J = 7.8 Hz, 2H), 
6.69 (d, J = 7.2 Hz, 2H), 5.97 (br s, 2H), 5.39 (br s, 2H), 4.60 (q, J = 7.4 Hz, 2H), 2.52 (s, 6H), 
2.41 (br s 6H), 1.62 (br s, 6H), 1.58 (d, J = 7.4 Hz, 6H), 0.97 (s, 6H). 13C NMR (126 MHz, 
CDCl3) δ 161.00, 148.78, 141.11, 138.97, 136.22 (br), 134.46, 133.56, 132.70, 130.25, 129.80, 
129.48, 128.78 (br), 127.85, 127.28, 126.57, 122.40, 117.77, 36.74, 21.84, 21.65 (br), 19.80, 
16.80. 
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Figure A2-7. 1H NMR Spectrum of C3Me. 1H NMR (500 MHz CD2Cl2) δ 35.53 (s, 6H), 24.88 
(s, 2H), 23.17 (s, 2H), 21.45 (br s, 2H), 20.14 (s, 2H), 14.03 (s, 2H), 6.27 (s, 2H), 4.82 (br s, 6H), 
1.99 (s, 6H), 1.44 (s, 2H) 0.87 (s, 2H), 0.45 (s, 6H), -16.43 (br s, 2H). Unaccounted for 
hydrogens (6H) due to peak broadening. Spectrum matches literature precedent.3 
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Figure A2-8. 1H and 13C NMR spectra of S5. 1H NMR (500 MHz, CDCl3) δ 7.02–6.98 (m, 1H), 
6.80 (s, 2H), 6.64 (dd, J = 8.5, 2.8 Hz, 1H), 6.50 (d, J = 8.5 Hz, 1H), 4.38 (q, J = 7.3 Hz, 1H), 
3.80 (s, 3H), 3.01 (s, 2H), 2.32–1.99 (m, 9H), 1.61 (d, J = 7.3 Hz, 3H). 13C NMR (126 MHz, 
CDCl3) δ 152.72, 138.69, 137.12, 136.44, 135.83, 131.81, 119.54, 116.45, 114.78, 111.18, 
55.81,36.23, 21.02, 20.66, 17.22. 

S5
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Figure A2-9. 1H and 13C NMR Spectra of S6. 1H NMR (500 MHz, CD2Cl2) δ 7.63 (d, J = 8.2 
Hz, 2H), 7.33–7.20 (m, 2H), 7.11 (ddd, J = 8.2, 7.2, 1.2 Hz, 2H), 6.95 (dd, J = 8.2, 2.6 Hz, 2H), 
6.92–6.86 (m, 2H), 6.75–6.71 (m, 2H), 6.21–5.39 (m, 4H), 4.53 (q, J = 7.4 Hz, 2H), 3.94 (s, 6H), 
2.61–1.62 (m, 12H), 1.56 (d, J = 7.7 Hz, 6H), 0.94 (s, 6H). 13C NMR (126 MHz, CD2CD2) δ 
160.71, 156.13, 144.39, 140.63, 140.63, 138.22, 135.44, 134.07, 130.00, 129.11, 127.49, 127.49, 
126.17, 121.82, 117.97, 115.12, 110.75, 55.50, 36.47, 21.02, 19.07, 16.14. 
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Figure A2-10. 1H NMR Spectrum of C3OMe. 1H NMR (400 MHz, CD2Cl2, rd = 0.005 s, at = 0.05 
s) δ 23.31 (s, 2H), 20.80 (s, 2H), 20.46 (s, 2H), 14.04 (d, J = 7.7 Hz, 2H), 9.53 (s, 6H), 6.29 (s, 
2H), 4.89 (s, 4H), 2.14 (s, 7H), 1.27 (d, J = 4.1 Hz, 6H), 0.87 (s, 1H), 0.49 (d, J = 4.9 Hz, 6H), -
17.60 (s, 2H). Unaccounted for hydrogens (6 H) due to peak broadening. 
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Figure A2-11. 1H and 13C NMR Spectra of 1. 1H NMR (400 MHz, CDCl3) δ 2.11 (s, 6H). 13C 
NMR (176 MHz, CDCl3) δ 137.38, 107.68, 15.19. 
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Figure A2-12. 1H and 13C NMR Spectra of S7. 1H NMR (700 MHz, CDCl3) δ 6.85 (s, 1H), 2.17 
(s, 3H), 2.10 (s, 3H). 13C NMR (176 MHz, CDCl3) δ 137.50, 136.92, 120.39, 109.18, 15.98, 
13.89. 
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Figure A 2-13. 1H and 13C NMR Spectra of S8. 1H NMR (500 MHz, CDCl3) δ 7.31 (dd, J = 4.4, 
1.9 Hz, 1H), 7.08–7.03 (multiple peaks, 2H), 2.28 (s, 3H), 2.14 (s, 3H). 13C NMR (176 MHz, 
CDCl3) δ 138.47, 136.01, 134.19, 130.93, 127.74, 126.52, 125.94, 108.28, 14.95, 14.86. 
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Figure A2-14. 1H and 13C NMR Spectra of S9. 1H NMR (700 MHz, CDCl3) δ 7.30 (dd, J = 5.2, 
1.3 Hz, 1H), 7.14–7.10 (m, 1H), 7.09–7.06 (m, 1H), 6.85 (s, 1H), 2.27 (s, 3H), 2.20 (s, 3H). 13C 
NMR (176 MHz, CDCl3) δ 139.10, 137.44, 134.25, 131.25, 127.64, 125.99, 125.38, 119.64, 
15.82, 13.90. 
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Figure A2-15. 1H and 13C NMR Spectra of 2. 1H NMR (700 MHz, CDCl3) δ 7.31 (d, J = 5.2 Hz, 
2H), 7.14 (d, J = 3.6 Hz, 2H), 7.08 (dd, J = 5.2, 3.6 Hz, 2H), 2.31 (s, 6H). 13C NMR (176 MHz, 
CDCl3) δ 136.67, 135.49, 129.82, 127.76, 126.28, 125.64, 14.66. 
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Figure A2-16. 1H and 13C NMR Spectra of 3. 1H NMR (700 MHz, CDCl3) δ 7.23 (d, J = 5.1 Hz, 
1H), 7.17 (dd, J = 3.6, 1.1 Hz, 1H), 7.06 (d, J = 3.8 Hz, 1H), 7.03 (dd, J = 5.1, 3.6 Hz, 1H), 7.01 
(d, J = 3.8 Hz, 1H), 6.97 (d, J = 3.8 Hz, 1H), 6.91 (d, J = 3.8 Hz, 1H). 13C NMR (176 MHz, 
CDCl3) δ 138.54, 136.80, 136.66, 135.01, 130.64, 127.89, 124.70, 124.53, 124.27, 123.87, 
123.68, 110.99. 
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Figure A2-17. 1H and 13C NMR Spectra of 4. 1H NMR (700 MHz, CDCl3) δ 6.99 (s, 2H), 6.98 
(d, J = 3.8 Hz, 2H), 6.91 (d, J = 3.8 Hz, 2H). 13C NMR (176 MHz, CDCl3) δ 138.24, 135.49, 
130.69, 124.53, 123.90, 111.29.  
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A2.5. Polymerizations at rt 

General procedure for monomer activation: 

 

In a glovebox, iPrMgCl (titrated 1.5–2.0 M in THF, 0.70–0.90 equiv) was added to a stirring 

solution of 2,5-dibromo-3-hexylthiophene (0.010 M, 1.0 equiv) and C22H46 (as an internal 

standard, ~2 mg) in THF and stirred for 30 min at rt. An aliquot of the resulting Grignard stock 

solution (~0.2 mL) is quenched with aq. HCl (12 M, ~0.5 mL) outside of the glovebox and 

worked up for GC as an initial time reference. The resulting GC trace reveals a ratio of 

regioisomers in a 4:1 ratio. Fresh monomer was prepared for each polymerization.  

 

General procedure for rt polymerizations: 

Preparing precatalyst solutions (0.005 M): In a glovebox, 4 mL vials were prepared by dissolving 

the respective precatalyst in THF.  

catalyst 

(mg, mmol) 

THF 

(mL) 

C1tBu (5.5, 0.0083) 1.5 

C2 (6.0, 0.0094) 1.9 

C3Me (5.4, 0.0062) 1.2 

C3OMe (9.0, 0.0010) 2.0 

C4Me (3.0, 0.0036) 0.72 

C4CF3 (2.8, 0.0030) 0.60 

 

SBr Br

C6H13

SClMg Br

C6H13

SBr MgCl

C6H13
THF
rt

iPrMgCl
+

major minor4:1
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General procedure for rt polymerization: In a glovebox, 20 mL vials equipped with a stir bar 

were prepared as follows: Freshly prepared Grignard monomer solution (see monomer activation 

General Experimental) (0.075 M in THF, 0.75 mL, 0.056 mmol, 1.0 equiv), THF (2.9 mL), and 

precatalyst stock solution (90. µL, 4.5x10-4 mmol, 0.0080 equiv). After 30 min each 

polymerization was quenched outside of the glovebox with aq. HCl (12 M, 2 mL), the organic 

layer was extracted with CHCl3 (5 mL), dried over MgSO4, and prepared for GC, GPC, and 

MALDI-TOF-MS analyses. 
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Figure A2-18. GPC traces of poly(3-hexylthiophene) (P3HT) generated at rt via (diimine)NiBr2 
precatalysts C1tBu, C2, C3Me, C3OMe, C4Me, and C4CF3. 
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Table A2-1. GC and GPC data from the polymerization of 3-hexylthiophene at rt via 
(diimine)NiBr2 precatalysts (C1tBu, C2, C3Me, and C3OMe). Initial ratio of Grignard isomers is 4:1 
(a:b). 

catalyst  

(% conv.) 

 

(% conv.) 

Mn (kg/mol) 

 

Ð 

 

C1tBu 19.5 17.6 1.90 1.90 

C2 93.5 15.1 14.0 1.77 

C3Me 94.1 21.5 23.8 1.75 

C3OMe 68.4 92.1 22.3 1.75 

 

Table A2-2. GC and GPC data from the polymerization of 3-hexylthiophene at rt via 
(diimine)NiBr2 precatalysts (C4Me and C4CF3). Initial ratio of Grignard isomers is 4:1 (a:b). 

catalyst 
(% conv., 

30 min) 

 

(% conv., 

30 min) 

(% conv., 

24 h) 

(% conv., 

24 h) 

Mn 

(kg/mol) 

(24 h) 

 

Ð 

(24 h) 

 

C4Me 25.9 28.5 50.6 25.7 0.26 2.78 

C4CF3 5.7 9.1 16.0 17.1 0.24 2.00 
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Figure A2-19. MALDI-TOF-MS spectra of P3HT via C2 at rt, aliquot taken at 30 min. 

 

Figure A2-20. MALDI-TOF-MS spectra of P3HT via C3Me at rt, aliquot taken at 30 min. 

C2
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Figure A 2-21. MALDI-TOF-MS spectra of P3HT via C3OMe at rt, aliquot taken at 30 min. 

 

Preparing precatalyst solutions (0.005 M): In a glovebox, an 8 mL vial was prepared by 

dissolving the respective precatalyst in THF.  

catalyst 

(mg, mmol) 

THF 

(mL) 

C1tBu (14.4, 0.0217) 4.34 

 

 

General procedure for rt polymerization: In a glovebox, 20 mL vials equipped with a stir bar 

were prepared as follows: Freshly prepared Grignard monomer solution (see monomer activation 

p.S3) (0.086 M in THF, 2.0 mL, 0.17 mmol, 1.0 equiv), PhMe (2.0 mL), and precatalyst stock 

C3OMe
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solution (55. µL, 0.00028 mmol, 0.00016 equiv). After 30 min and 20 h an aliquot (~0.4 mL) 

was quenched outside of the glovebox with aq. HCl (12 M, 2 mL), the organic layer was 

extracted with CHCl3 (5 mL), dried over MgSO4, and prepared for GC and GPC. 

 

Table A2-3. GC and GPC data from the polymerization of 3-hexylthiophene at rt via C1tBu. 
Initial ratio of Grignard isomers is 4:1 (a:b). 

time  

(% conv.) 

 

(% conv.) 

Mn (kg/mol) 

 

Ð 

 

30 min 3.6 0.3 0.9 1.2 

20 h 11.4 6.4 1.4 1.7 
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A2.6. Mn versus conversion at 0 °C 

General procedure for Mn versus conversion at 0 °C  

 

In a glovebox, freshly prepared Gringard monomer (0.07 M in THF, 1.2 mL, 0.084 mmol, 80. 

equiv) was diluted in THF (7.0 mL) in a Schlenk tube (25 mL) equipped with a stir bar. To a 

second Schlenk tube (25 mL) was added freshly prepared C3Me stock solution (0.005 M in THF, 

6.5 mg, 0.0075 mmol in THF (1.5 mL)). The Schlenk tubes were sealed, removed from the 

glovebox, and immediately placed under N2.  The Schlenk tube containing monomer was cooled 

to 0 ± 2 °C using an ice-water/brine bath (90:10 v/v). Subsequently, C3Me (0.210 mL, 0.00105 

mmol, 1.00 equiv) was added to the stirring monomer solution via syringe. Aliquots (~0.3 mL) 

were removed from the polymerization via syringe and quenched by adding into a 4 mL vial 

containing aq. HCl (12 M, 0.5 mL), capped and shaken vigorously. The organic layer was 

extracted with CHCl3 (2 x 5 mL), dried over MgSO4, and prepared for GC, GPC, and MALDI-

TOF-MS. 
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Table A2-4. GC and GPC data from Mn versus conversion at 0 °C for polymerizations via 
precatalyst C3Me (monomer/catalyst = 80/1). 

Run 1 

(MALDI-TOF-MS data was not 

acquired for this series) 

Run 2 

Run 3 

(series acquired for 

MALDI-TOF-MS analysis) 

conv. 

(%) 

Mn 

(kg/mol) 

 

Ð 

 

conv. 

(%) 

Mn 

(kg/mol) 

 

Ð 

 

conv. 

(%) 

Mn 

(kg/mol) 

 

Ð 

 

39.8 3.6 1.16 19.1 3.6 1.17 26.6 4.3 1.21 

43.9 5.7 1.20 45.4 5.8 1.19 32.3 6.2 1.41 

53.8 7.5 1.23 54.0 7.2 1.24 92.4 16.6 1.58 

63.4 8.2 1.50 55.0 8.0 1.49    

64.3 10.0 1.60 74.6 9.7 1.57    

82.3 11.5 1.67 79.9 11.6 1.61    

quant. 13.9 1.56 93.1 12.2 1.66    

   quant. 14.4 1.51    

 

 

Figure A2-22. Plots of Mn versus conversion at 0 °C for polymerizations via precatalyst C3Me. 
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Figure A2-23. MALDI-TOF-MS data from Mn versus conversion at 0 °C for polymerizations 
via precatalyst C3Me for the first two aliquots analyzed. 

 

Run 2
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Figure A2-24. GPC traces from Mn versus conversion at 0 °C for polymerizations via precatalyst 
C3Me with increasing monomer conversion from bottom to top of plots. 
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A2.7. Mn versus Monomer/catalyst ratios at 0 °C 

General procedure for comparing Mn versus monomer/catalyst ratios at 0 °C 

 

In a glovebox, to 3 Schlenk tubes (25 mL) containing a stir bar were added freshly prepared 

Grignard monomer (0.07 M in THF, 1.0 mL, 0.070 mmol, 50–127 equiv (see below)) diluted in 

THF (6 mL). To a fourth Schlenk tube (25 mL) was added freshly prepared C3Me stock solution 

(0.005 M in THF, 10.3 mg, 0.0118 mmol dissolved in THF (2.36 mL)). The Schlenk tubes were 

sealed, with a septum and copper wire, removed from the glovebox, and immediately placed 

under N2.  The Schlenk tubes containing monomer solution were cooled to 0 ± 2 °C using an ice-

water/brine (90:10 v/v) bath. Subsequently, catalyst solution (0.005 M in THF, 0.11–0.28 mL, 

0.00056–0.0014 mmol (see below), 1.00 equiv) was added to the stirring monomer solution via 

syringe. After 30 min, an aliquot (~1 mL) was removed from the polymerization using a pipette 

and quenched into a 4 mL vial containing aq. HCl (12 M, 0.5 mL), capped and shaken 

vigorously. The organic layer was extracted with CHCl3 (2 x 5 mL), dried over MgSO4, and 

prepared for GC and GPC analyses. 
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Table A2-5. Monomer/catalyst details, GC, and GPC data from 0 °C polymerizations via 
precatalyst C3Me. 

  Run 1 Run 2 

monomer 

equiv 

catalyst added 

(mL, mmol) 

monomer 

conv. (%) 

Mn 

(kg/mol) 

 

Ð 

 

monomer 

conv. (%) 

Mn 

(kg/mol) 

 

Ð 

 

127 0.11, 0.00056 quant. 20.6 1.47 quant. 19.3 1.60 

82 0.17, 0.00085 quant. 15.6 1.42 93.4 15.9 1.43 

50 0.28, 0.0014 88.0 13.8 1.58 79.4 13.2 1.39 

 

 

Figure A2-25. Plots of Mn versus monomer/catalyst ratio from 0 °C polymerizations via 
precatalyst C3Me (Mn = ●, Ð = ○). 
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A2.8. Intramolecular competition experiment  

General procedure for 3 versus S8 reactivity control with stoichiometric C3Me 

 

Preparing thiophene-2-ylmagnesium chloride: In a glovebox, a solution of 2-bromothiophene 

(51.3 mg, 0.315 mmol, 1.00 equiv), THF (3.01 mL), and iPrMgCl (1.85 M in THF, 136 µL, 

0.252 mmol, 0.800 equiv) was stirred in a 20 mL vial for 30 min at rt. 

 

Competition experiment: In a glovebox, to a 4 mL vial equipped with stir bar was added 3 

(commercial source, 5.0 mg, 0.015 mmol, 5.0 equiv), S8 (0.01 M in THF, 0.31 mL, 0.0031 

mmol, 1.0 equiv), internal standard C22H46 (0.10 M in THF, 0.010 mL), and THF (0.2 mL). An 

aliquot (~0.1 mL) was removed for an initial time point. Subsequently, C3Me (0.01 M in THF, 

0.31 mL, 0.0031 mmol, 1.0 equiv) and freshly prepared thiophene-2-ylmagnesium chloride (0.08 

M in THF, 107 µL, 0.00857 mmol, 2.80 equiv) were added to the reaction vial and stirred for 10 

min before quenching outside of the glovebox with aq. 12 M HCl (1 mL). The organic layer was 

extracted with CHCl3 (3 x 1 mL), dried over MgSO4, and filtered through glass wool for GC 

analysis. Samples were concentrated and redissolved in CDCl3 for NMR spectroscopic analysis. 

Based on these GC and 1H NMR spectroscopic data, 2 was not observed (Figure S26 & Figure 

S27). 
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S Br S
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Figure A2-26. Full 1H NMR spectra from the reaction of 3, S8, and thiophene-2-ylmagnesium 
chloride with precatalyst C3Me showing no formation of compound 2. 
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Figure A2-27. Zoomed-in regions of the 1H NMR spectra (see Figure A2-26) from the reaction 
of 3, S8, and thiophene-2-ylmagnesium chloride with precatalyst C3Me showing no formation of 
compound 2. 

  

2

S8
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Calibration curve for trimer 2 

Chart A2-1. Calibration curve of 2 relative to C22H46 using GC analysis. 

 

 

General Procedure: Inter- versus intramolecular pathway competition experiments 

Preparing reactant solutions: 

 

Preparing S11. In a glovebox, a solution of 1 (26.4 mg, 0.0986 mmol, 1.00 equiv) and iPrMgCl 

(1.78 M in THF, 49.8 µL, 0.0890 mmol, 0.900 equiv) in THF (0.93 mL) was stirred for 30 min at 

rt and then cooled to –30 °C for 10 min. 
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Figure A2-28. 1H NMR spectrum for the reaction of 1 with iPrMgCl. 1H NMR (400 MHz, THF-
d8) δ 2.19 (s, 3H), 1.97 (s, 3H). 

 

 

Synthesis of C3Me-ArBr. In a glovebox, to a 20 mL vial, C3Me (37.8 mg, 0.0434 mmol, 1.00 
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S111

SBr Br

Me

SClMg Br

Me
THF

rt to –30 °C

iPrMgCl

Me Me
1 S11

Me

Me Me

Me

Me

Ar =

N N ArAr

C3Me

Ni
BrBr

THF
–30 °C

SClMg Br

MeMe

N N ArAr
Ni

BrS
Br

Me
Me

C3Me-ArBr

S11



 331 

prepared, cold S11 (0.09 M in THF, 482 µL, 0.0434 mmol, 1.00 equiv) was added dropwise to 

the C3Me solution. After 1 min, the solution changed from red to blue at which time it was moved 

to the –30 °C freezer for 30 min. The solution was divided (20%, 40%, 40%) into pre-weighed 

20 mL vials by filtering through a glass filter paper pipette plug and concentrated under reduced 

pressure. The 20% aliquot was dissolved in THF-d8, transferred to a J-Young tube which was 

sealed and removed from the glovebox for spectroscopic analysis. Spectroscopic analysis 

revealed complete consumption of S11, indicated by the absence of singlets at 2.19 and 1.17 ppm 

(Figure S29). The remaining aliquots were used for the competition experiment. 
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Figure A2-29. 1H NMR spectra for the reaction of S11 with C3Me. Full spectrum (bottom), 
zoomed-in region (top). No observed pair of singlets at 2.19 and 1.97 suggests complete 
conversion of S11. Paramagnetic peaks (boxed in blue) indicate unreacted C3Me. 

 

 

C3Me
C3Me-ArBr
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Preparing (thiophene-2-yl)magnesium chloride. A solution of 2-bromothiophene (31 mg, 0.19 

mmol, 1.0 equiv) and iPrMgCl (1.78 M in THF, 106 µL, 0.191 mmol, 1.00 equiv) in THF (2.28 

mL) was stirred at rt for 2 h. 

 

Competition Experiment: 

  

 

Competition experiment. In a 20 mL vial, C3Me-ArBr (17.0 mg, 0.0174 mmol, 1.00 equiv), 3 

(28.4 mg, 0.0868 mmol, 5.00 equiv), and internal standard C22H46 (0.1 M in THF, 0.100 mL) 

were dissolved in THF (1.7 mL). An initial aliquot (~0.25 mL) was removed from the solution 

and transferred to a 4 mL vial, and quenched outside of the glovebox with aq. HCl (12 M, ~0.3 

mL), the organic layers were extracted using CHCl3 (3 x 1 mL), dried over MgSO4, and filtered 

through a PTFE (0.2 µm) filter for GC analysis as an initial time reference. Then, thiophene-2-
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ylmagnesium chloride (0.08 M in THF, 174 µL, 0.0139 mmol, 0.800 equiv) was added to the 

stirring C3Me-ArBr solution. After 2 min, an aliquot (~0.4 mL) was removed from the solution 

using a needle and was directly quenched into a GC vial containing MeOH (1 mL) and shaken. 

The remaining solution was stirred for 5 min at rt before being removed from the glovebox and 

quenched with aq. HCl (12 M, 1 mL). Organic layers were extracted using CHCl3 (3 x 1 mL), 

dried over MgSO4, and filtered through a PTFE (0.2 µm) filter for GC analysis. Calculating yield 

relative to a GC calibration curve reveals the formation of 2 in 74.6 ± 0.01% (0.01 = standard 

error, standard deviation = 0.02) yield relative to (thiophene-2-yl)magnesium chloride.  
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A2.9. Chain-extension polymerizations at 0 °C 

General procedure for chain-extension polymerizations at 0 °C  

Catalyst stock solution. In a vial a solution of C3Me (7.4 mg, 0.0085 mmol) in THF (0.85 mL) 

was prepared to give an overall [C3Me] = 0.01 M. 

 

In a glovebox, to a Schlenk tube (ST1, 50 mL) equipped with a stir bar was added freshly 

prepared Grignard monomer (0.07 M in THF, 1.0 mL, 0.07 mmol, 1.0 equiv) and THF (2.2 mL). 

To a second Schlenk tube (ST2, 25 mL) was added freshly prepared Grignard monomer (0.07 M 

in THF, 2.5 mL, 0.18 mmol, 2.57 equiv) and THF (4.4 mL). To a third Schlenk tube (ST3, 25 

mL) was added freshly prepared C3Me stock solution (0.85 mL). The 3 Schlenk tubes were 

sealed, with a septum and copper wire, removed from the glovebox and immediately placed 

under N2. The 50 mL Schlenk tube (ST1) was cooled to 0 ± 2 °C for 5 min using an ice-

water/brine bath (90:10 v/v), then C3Me solution from ST3 (0.28 mL, 0.0028 mmol, 0.04 equiv 

relative to first monomer addition) was added using a syringe. After 10 min, an aliquot (~0.4 

mL) was removed from the polymerization using a syringe and added to aq. HCl (12 M, 1 mL) 

capped and shaken (indicated as T1). Subsequently, diluted Grignard monomer solution from 

ST2 (0.0025 M in THF, 5.6 mL, 0.014 mmol, 2.0 equiv) was added to the polymerization 

Schlenk tube (ST1) using a syringe. Note the second Grignard monomer solution was rt but the 

addition needle was pressed against the inside of polymerization Schlenk tube (ST1) to cool the 

solution during addition. After 30 min an aliquot (~1.0 mL) was removed using a pipette and 

SClMg Br

C6H13

SBr MgCl

C6H13

+
THF
0 °C

a) C3Me

S

C6H13

monomer 
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S
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added to aq. HCl (12 M, 1.5 mL) capped and shaken (indicated as T2). The aliquots were worked 

up for GC and GPC analyses. 

 

Table A2-6. Monomer conversion, Mn, and Ð of P3HT (m = 25, n = 50) chain-extension 
experiments at 0 °C via precatalyst C3Me. 

m = 25 

n = 50 

Run 1 Run 2 

monomer 

conv. (%) 

Mn 

(kg/mol) 

 

Ð 

 

monomer 

conv. (%) 

Mn 

(kg/mol) 

 

Ð 

 

T1 85 9.30 1.34 89 8.39 1.40 

T2 93 21.3 1.81 93 20.2 1.82 

 

Table A2-7. Monomer conversion, Mn, and Ð of thiophene (m = 10, n = 70) chain-extension 
experiments at 0 °C via (diimine)NiBr2 precatalyst C3Me. 

m = 10 

n = 70 

Run 1 Run 2 

monomer 

conv. (%) 

Mn 

(kg/mol) 

 

Ð 

 

monomer 

conv. (%) 

Mn 

(kg/mol) 

 

Ð 

 

T1 82 5.08 1.23 87 4.89 1.20 

T2 60. 19.0 1.81 81 18.2 1.92 
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Figure A2-30. GPC traces of P3HT (m = 25, n = 50) chain-extension experiments at 0 °C via 
precatalyst C3Me. 

 

Figure A2-31. GPC traces of P3HT (m = 10, n = 70) chain-extension experiments at 0 °C via 
precatalyst C3Me. 
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A2.10. Vinyl end-capped polymerizations at 0 °C 

General procedure for vinyl end-capped polymerizations at 0 °C  

 

 

 

 

In a glovebox, to two Schlenk tubes (50 mL) each containing a stir bar was added freshly 

prepared Grignard monomer solution (0.07 M in THF, 1.75 mL, 0.123 mmol, 1.00 equiv) that 

was diluted with THF (3.9 mL). To a third Schlenk tube (25 mL) was added freshly prepared 

C3Me stock solution (0.01 M in THF, 20.2 mg, 0.00232 mmol in THF (2.32 mL)). The Schlenk 

tubes were sealed with a septum and copper wire, removed from the glovebox, and immediately 

placed under N2.  The Schlenk tubes containing monomer was cooled to 0 ± 2 °C using an ice-

water/brine bath (90:10 v/v). Then, C3Me stock solution (0.49 mL, 0.0049 mmol, 0.040 equiv) 

was added to each monomer solution using a syringe, and stirred for 8 min 45 s. One 

polymerization was quenched by adding 12 M aq. HCl (3 mL), then MeOH (4 mL) was added to 

precipitate the polymer. To the second polymerization was added vinyl MgBr (0.7 M in THF, 

52.5 µL, 0.0368 mmol, 0.300 equiv) using a syringe and then stirred for 10 min (at 0 °C) before 
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precipitating with MeOH (4 mL). The polymers were transferred to centrifuge tubes, and spun 

for 15 min. The supernatant was decanted leaving a purple solid, which was collected, and 

analyzed by GPC and MALDI-TOF-MS. 

 

Table A2-8. GPC data from vinyl end-capping polymeriztions at 0 °C via precatalyst C3Me. 

 Run 1 Run 2 

quench 
Mn 

(kg/mol) 

 

Ð 

 

Mn 

(kg/mol) 

 

Ð 

 

HCl 6.48 1.35 8.27 1.33 

Vinyl MgBr 7.11 1.32 8.21 1.27 

 

 

Figure A2-32. GPC traces from vinyl end-capping polymerizations at 0 °C via precatalyst C3Me. 
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Figure A2-33. MALDI-TOF-MS data from vinyl end-capping polymerizations at 0 °C via 
precatalyst C3Me. 
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A2.11. Mono/terthiophene reactivity experiment  

General Procedure for comparing the reactivity of mono/terthiophene molecules 

Preparing reactant solutions: 

 

Preparing (3-hexylthiophen-2-yl)magnesium chloride. In a glovebox, to a 20 mL vial was 

added, 2-bromo-3-hexylthiophene (64.0 mg, 0.259 mmol, 1.00 equiv) and THF (2.46 mL). Then 

iPrMgCl (1.85 M in THF, 0.133 mL, 0.246 mmol, 0.950 equiv) was added and stirred for 30 min 

at rt.  

 

Preparing C3Me stock solution. Catalyst C3Me (11.1 mg, 0.0127 mmol) was dissolved in THF 

(2.56 mL) to generate an overall [C3Me] of 0.005 M. 

 

Competition experiment: 

 

Competition experiments. In a glovebox, to a 4 mL vial the following were sequentially added: 4 

(6.0 mg, 0.015 mmol, 1.0 equiv), THF (1.1 mL for an overall [4] of 0.01 M), C22H46 as an 

internal standard (0.014 mL of 0.1 M in THF), 2,5-dibromothiophene (25 µL, 0.22 mmol, 15 

equiv), and freshly prepared (3-hexylthiophen-2-yl)magnesium chloride (0.095 M in THF, 0.311 
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mL, 0.0295 mmol, 2.00 equiv). An aliquot (~0.1 mL) was removed for an initial time reference. 

Then, freshly prepared C3Me (0.005 M in THF, 29.5 µL, 0.00015 mmol, 0.01 equiv) was added 

to the mother liquor. The initial time aliquot was quenched with aq. HCl (12 M, ~0.3 mL) and 

worked up for GC analysis. After 2 h the reaction was quenched with aq. HCl (12 M, ~1 mL), 

extracted with CHCl3 (2 x 3 mL), and worked up for GC analysis. 

Table A2-9. GC data from the reaction of excess 2,5-dibromothiophene, 4, and (3-
hexylthiophen-2-yl)magnesium chloride with precatalyst C3Me. Note that 2,5-dibromothiophene 
flies with solvent on the GC, hence conversion could not be measured 

 Run 1 Run 2 

Grignard 

conv. (%) 
54 53 

4 conv. (%) 12 19 

 

 

Figure A2-34. MALDI-TOF-MS spectrum from the reaction of excess 2,5-dibromothiophene, 4, 
and (3-hexylthiophen-2-yl)magnesium chloride with precatalyst C3Me. 
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A2.12. Monomer analogue addition polymerizations at rt 

General procedure for adding monomer analogue (1) to thiophene polymerizations 

Catalyst stock solution. In the glovebox, in a 4 mL vial, a solution of C3Me (8.5 mg, 0.0098 

mmol) in THF (0.98 mL) was prepared to give an overall [C3Me] = 0.01 M 

 

Monomer analogue (1) stock solution. In the glovebox, in a 4 mL vial, a solution of 1 (11.8 

mg, 0.0441 mmol) and internal standard C20H44 (6.2 mg) in THF (0.44 mL) was prepared to give 

an overall [1] = 0.1 M. 

 

Additive before polymerization: In a glovebox, to a 4 mL vial equipped with a stir bar, monomer 

analogue 1 (0.1 M in THF, 87.5 µL, 0.00875 mmol, 0.500 equiv) and freshly prepared Grignard 

monomer solution (0.07 M in THF, 0.250 mL, 0.0175 mmol, 1.00 equiv) were diluted in THF 

(3.25 mL). Freshly prepared C3Me (0.01 M in THF, 0.070 mL, 0.00070 mmol, 0.040 equiv) was 

added. The reactions stirred for 8 min before being quenched with aq.  HCl (12 M, 0.5 mL) 

outside of the glovebox. 
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Additive during polymerization: In a glovebox, to a 4 mL vial equipped with a stir bar, freshly 

prepared Grignard monomer solution (0.07 M in THF, 0.250 mL, 0.0175 mmol, 1.00 equiv) was 

diluted in THF (3.25 mL). Freshly prepared C3Me (0.01 M in THF, 0.070 mL, 0.00070 mmol, 

0.040 equiv) was added. After 90 s, monomer analogue 1 (0.1 M in THF, 87.5 µL, 0.00875 

mmol, 0.500 equiv) was added. The reactions stirred for 8 min before being quenched with aq. 

HCl (12 M, 0.5 mL) outside of the glovebox. 

 

Control polymerization: In a glovebox, to a 4 mL vial equipped with a stir bar, freshly prepared 

Grignard monomer solution (0.07 M in THF, 0.250 mL, 0.0175 mmol, 1.00 equiv) was diluted in 

THF (3.25 mL). Freshly prepared C3Me (0.01 M in THF, 0.070 mL, 0.00070 mmol, 0.040 equiv) 

was added. An aliquot (~0.3 mL) was removed and quenched outside of the glovebox with aq. 

12 M HCl (0.5 mL) at 90 s. After 8 min the polymerization was quenched with 12 M aq. HCl (2 

mL) outside of the glovebox. 

 

All polymerizations were worked up for GC, GPC, and MALDI-TOF-MS (refer to General 

experimental for details). 
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Table A2-10. GC and GPC data from rt polymerizations with and without monomer analogue 1 
added prior to initiation via precatalyst C3Me. 

 Run 1 control Run 2 control 

1 (X equiv) 0.5 0 0.5 0 

1 conv. (%) 0 - 0 - 

monomer 

conv. (%) 
78.7 95.0 92.4 98.5 

Mn (kg/mol) 8.5 9.3 10.6 13.2 

Ð 1.54 1.59 1.52 1.59 

 

Table A2-11. GC and GPC data from rt polymerization via precatalyst C3Me with and without 
monomer analogue 1 added after 90s. 

 Run 1 Run 2 
control 

(90 s) 

control 

(final) 

1 (X equiv) 0.5 0.5 0 0 

1 conv. (%) 4.8 3.1 - - 

monomer 

conv. (%) 
89.4 90.0 84.7 98.4 

Mn (kg/mol) 11.3 11.0 6.9 11.5 

Ð 1.57 1.60 1.20 1.58 
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Figure A2-35. MALDI-TOF-MS spectra of the rt polymerization with monomer analogue 1 
added before initiation via precatalyst C3Me. 
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Figure A2-36. MALDI-TOF-MS spectra of rt polymerizations via precatalyst C3Me after 8 min 
(control polymerization). 

 

��������	�
���
������
���� ���� ����

�������
��	
�����
�	
�������

�	
������

���	

�	��	

��	�� ��	��	

��������	�
���
������
���� ���� ���� ���� ���� ����

���������	

���Run	1

��������	�
���
������
���� ���� ���� ���� �����

���������	

���

��������	�
���
������
���� ���� ���� ����

�������
���	 �	��	

��	�� ��	��	

Run	2Run 2

Run 1



 349 

 

Figure A2-37. MALDI-TOF-MS spectra of rt polymerizations with monomer analogue (1) 
added after 90s at rt via precatalyst C3Me after 8 min. 
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Figure A2-38. MALDI-TOF-MS spectra of the polymerization of thiophene at rt via precatalyst 
C3Me after 90 s (top) and 8 min (bottom) (control polymerization). 
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A2.13. Computational Details 

All quantum chemical calculations were performed by density functional theory (DFT) using the 

Q-Chem 4.3 quantum chemistry package. The B3LYP density functional6,7 with singlet spin and 

the restricted framework was used with the LANL2DZ basis set and core potential8,9 to acquire 

gas phase energies for the intermediates discussed. The ωB97X-D density functional10 and the 

triple-zeta, polarized cc-pVTZ basis set11 were used to calculate energies with the SMD solvation 

model12 using THF as the implicit solvent. The hexyl group of the 3-hexylthiophene Grignard 

monomer was substituted with a methyl group to reduce computational cost. Thermodynamic 

corrections were applied to the solvated energies at a temperature of 298 K. 

 

Figure A2-39. Ni Mulliken Charge Calculations for C3Me and C3OMe 

 

XYZ coordinates and Gibbs Free Energy (in Hartree) for all reported structures 

All XYZ coordinates for structures used to calculate catalyst dissociation and chain-walking 

(Scheme 3-2) are provided below. Total electronic energies and free energy corrections are 

provided in Hartree. See online Supplementary Information for specific details. 
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Appendix 3: Supporting Information for Chapter 4. Progress Towards Thiophene/Olefin 
Block Copolymers using an in-situ Ligand-Exchange Approach 

 

A3-1. Materials 

Flash chromatography was performed on SiliCycle silica gel (40–63 µm). Thin layer 

chromatography was performed on Merck TLC plates (pre-coated with silica gel 60 F254). 

iPrMgCl (2 M in THF) was purchased from Aldrich and titrated using salicylaldehyde 

phenylhydrazone.1 2,5-Dibromo-3-decylthiophene (DB3DT) and 2,5-dibromo-3-hexylthiophene 

(DB3HT) were purchased from TCI America and purified by column chromatography with 

hexanes as the eluent. Methylmagnesium chloride (3 M in Et2O) was purchased from Sigma 

Aldrich. 5,5'-Dibromo-2,2'-bithiophene was purchased from Ark Pharm Inc. Compounds S1,2 

C2,2 S2,3 S3,3 and S43 were prepared according to modified literature procedures. All other 

reagent grade materials and solvents were purchased from Aldrich, Acros, or Fisher and were 

used without further purification unless otherwise noted. Tetrahydrofuran (THF) and diethyl 

ether (Et2O) were dried and deoxygenated using an Innovative Technology (IT) solvent 

purification system composed of activated alumina, copper catalyst, and molecular sieves. The 

glovebox in which specified procedures were carried out was an MBraun LABmaster 130 with a 

N2 atmosphere.  
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A3.2 General Experimental 

NMR Spectroscopy: Unless otherwise noted, 1H, and 13C NMR spectra for all compounds were 

acquired at rt. Chemical shift data are reported in units of δ (ppm) relative to tetramethylsilane 

(TMS) and referenced with residual solvent. Multiplicities are reported as follows: singlet (s), 

doublet (d), doublet of doublets (dd), triplet (t), quartet (q), multiplet (m), broad resonance (br). 

Residual water is denoted by an asterisk (*).  

 

Mass Spectrometry: High-resolution mass spectrometry data were obtained on a Micromass 

AutoSpec Ultima Magnetic Sector mass spectrometer. 

 

Gel-Permeation Chromatography (GPC): Polymer molecular weights were determined by 

comparison with polystyrene standards (Varian, EasiCal PS-2 MW 580–377,400) at 40 °C in 

THF on a Malvern Viscotek GPCMax VE2001 equipped with two Viscotek LT- 5000L 8 mm 

(ID) × 300 mm (L) columns and analyzed with Viscotek TDA 305 (with RI, UV-PDA Detector 

Model 2600 (190–500 nm), RALS/LALS, and viscometer). Data presented correspond to the 

absorbance at 254 nm normalized to the highest peak. Peaks are normalized to the polymer peak, 

when traces are presented in series, the normalized peaks are offset vertically. The peaks at ~21 

min represent monomer which include unreacted, quenched Grignard monomers and/or 

unactivated dibromo monomer (see monomer activation procedures).  

 

Polymer work-up for GPC: Polymerizations were quenched using aq. HCl (12 M). The organic 

layer was extracted with CHCl3, dried over MgSO4, and filtered through a PTFE filter (0.2 µm), 

concentrated under reduced pressure to dryness and then redissolved (~0.5 mg polymer/mL) in 
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THF/toluene (99:1 v/v) with mild heating and filtered through a PTFE filter (0.2 µm) into a GPC 

vial.  

 

Gas Chromatography: Gas chromatographic (GC) analysis was done using a Shimadzu GC 2010 

containing a Shimadzu SHRX5 (crossbound 5% diphenyl – 95% dimethyl polysiloxane; 15 m, 

0.25 mm ID, 0.25 µm df) column.  

 

Polymer work-up for GC: Polymerizations were quenched using aq. HCl (12 M). The organic 

layer was extracted with CHCl3, dried over MgSO4, and filtered through a PTFE filter (0.2 µm) 

into a GC vial.  

 

Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry: Matrix-assisted laser 

desorption/ionization mass spectrometry (MALDI-TOF/MS) was done on a Bruker AutoFlex 

Speed MALDI-TOF in positive-ion reflectron mode using trans-2-[3-(4-tert-butylphenyl)-2-

methyl-2-propenylidene]malononitrile (DCTB) as a matrix. Samples were prepared by mixing 

polymer dissolved in THF/toluene (99:1 v/v) (~1 mg polymer/1 mL THF) with DCTB dissolved 

in CHCl3 (~1 M). Samples were made with varying polymer/DCTB ratios ([2.5–10 µL]/[2.5 µL] 

to ensure good signal/noise) and then spotted on a MALDI 96-well plate and air-dried. The data 

were analyzed using flexAnalysis. The MALDI-TOF/MS spectra shown represent the polymer 

distribution as well as a zoomed spectrum from the center of the curve unless otherwise noted. 

 

iPrMgCl titration:1 In a glovebox, a precise amount (10–20 mg) of salicylaldehyde 

phenylhydrazone was dissolved in a precise amount of THF (0.3–0.5 mL). For titration, iPrMgCl 
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was added dropwise using a 100 µL syringe into the salicylaldehyde phenylhydrazone solution. 

Titration was complete when the solution turned bright orange.  
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A3.3 Synthetic Procedures 

 

ArN=(An)=NAr (Ar = 2,4,6-trimethylphenyl, An = acenaphthylene) (S1).2 

Acenaphthenequinone (100. mg, 0.549 mmol, 1.00 equiv) was added to a solution containing 

formic acid (11 µL, 0.29 mmol, 0.52 equiv) in MeOH (1.45 mL) in a 10 mL round-bottom flask 

equipped with a stir bar. Subsequently, 2,4,6-trimethylaniline (170 µL, 1.2 mmol, 2.2 equiv) was 

added to the stirring solution. After 18 h at rt, the reaction flask was placed in a –20 °C freezer 

where an orange solid precipitated from the solution over 24 h. The orange solid was collected 

via filtration over a fine frit, washed with cold MeOH (3 x 10 mL) and cold pentane (3 x 10 mL), 

then collected and dried under reduced pressure. The filtrate was transferred to a 100 mL round-

bottom flask with DCM (10 mL), concentrated, re-dissolved in DCM (4 mL) filtered through 

glass wool and cooled to –20 °C to recrystallize. The orange solid was collected by filtration 

over a fine frit, washed with cold MeOH (3 x 10 mL) and cold pentane (3 x 10 mL), and dried 

under reduced pressure. The solids from each crystallization were combined, resulting in 174 mg 

of S1 as an orange powder (76% yield). HRMS (ESI+): Calcd. for C30H28N2 [M+H]+ 417.2325; 

found 417.2326. 

 

NH2
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(ArN=(An)=NAr)NiBr2 (Ar = 2,4,6-trimethylphenyl, An = acenaphthylene) (C2).2 In a 50 

mL round-bottom flask, S1 (145 mg, 0.348 mmol, 1.00 equiv) was dissolved in DCM (9.5 mL). 

Then, Ni(DME)Br2 (113 mg, 0.365 mmol, 1.05 equiv) was added and the reaction mixture was 

stirred for 20 h at rt. Overnight, a purple precipitate formed, which was collected by filtration 

over a fine frit and washed with cold MeOH (3 x 10 mL) and cold pentane (3 x 10 mL). The 

solid was collected and re-dissolved in DCM (3 mL), filtered through glass wool into a 20 mL 

vial, layered with pentanes (6 mL), and cooled to –20 °C. After 24 h, dark purple crystals were 

collected and washed with cold MeOH (3 x 10 mL) and cold pentanes (3 x 10 mL) to give 116 

mg of C2 as dark purple crystals (53% yield). 

 

 

4-Methyl-2-(sec-(2,4,6-trimethylphenethyl)aniline (S2).3 To a 15 mL bomb flask equipped 

with a stir bar, p-toluinidine (1.36 g, 12.7 mmol, 1.46 equiv) was dissolved in xylenes (1.1 mL). 

Subsequently, 2,4,6-trimethylstyrene (1.40 mL, 8.67 mmol, 1.00 equiv) and triflic acid (200. µL, 

2.25 mmol, 0.260 equiv) were added to the reaction flask, which was sealed and placed behind a 

blast shield. After 17 h at 160 °C, the heterogeneous mixture was transferred to a 250 mL round-

N N ArAr
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bottom flask with EtOAc (50 mL), concentrated, and purified via column chromatography on 

silica gel (100% hexanes to 80/20 hexanes/EtOAc) to give a brown oil which was recrystallized 

in 10/1 hexanes/EtOAc, yielding 1.25 g of S2 as a white solid (57% yield). HRMS (ESI+): 

Calcd. for C18H23N [M+H]+ 254.1903; found 254.1899. 

 

 

Rac-ArN=(An)=NAr (Ar = 4-methyl-2-(sec-(2,4,6-trimethylphenethyl)phenyl; An = 

acenaphthylene) (S3).3 To a 20 mL vial equipped with a stir bar, acenaphthenequinone (438 mg, 

2.41 mmol, 0.490 equiv) and amine S2 (1.25 mg, 4.92 mmol, 1.00 equiv.) were dissolved in 

toluene (2.8 mL) and glacial acetic acid (5.5 mL, 96 mmol, 19 equiv). After 3 h at 100 °C, the 

resulting heterogeneous mixture was filtered over a fine frit, washed with cold MeOH (3 x 10 

mL) and cold hexanes (3 x 10 mL) and dried under reduced pressure, to give 1.13 g of S3 as a 

yellow powder (72% yield). HRMS (ESI+): Calcd. for C48H48N2 [M+H]+ 653.3890; found 

653.3897. 
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Rac-(ArN=(An)=NAr)NiBr2 (Ar = 4-methyl-2-(sec-(2,4,6-trimethylphenethyl)-phenyl; An = 

acenaphthylene) (S4).3 In a 50 mL Schlenk flask equipped with a stir bar, Ni(DME)Br2 (156 

mg, 0.505 mmol, 1.10 equiv.) and diimine S3 (300. mg, 0.460 mmol, 1.00 equiv) were dissolved 

in DCM (15 mL) and stirred at rt under N2 for 16 h. Then, the dark maroon liquid was 

concentrated, dissolved in DCM (20 mL), filtered through a celite plug, layered with pentane (60 

mL), and cooled to -20 °C. The resulting solid was collected by filtration over a coarse frit, 

washed with cold pentane (3 x 10 mL), and dried under reduced pressure to give 338 mg of S4 as 

a dark maroon solid (90% yield). 

 

Rac-(ArN=(An)=NAr)NiMe2 (Ar = 4-methyl-2-(sec-(2,4,6-trimethylphenethyl)-phenyl; An 

= acenaphthylene) (C1b). In the glovebox, S4 (300. mg, 0.340 mmol, 1.00 equiv) and diethyl 

ether (40 mL) were added to a 100 mL Schlenk flask equipped with a stirbar. The red suspension 

was cooled in the freezer (–30 °C) for 10 min. Then, MeMgI (2.6 M in Et2O, 0.28 mL, 0.72 

mmol, 2.2 equiv) was added dropwise at –30 °C. The red suspension immediately turned dark 

purple. The Schlenk flask was placed back in the freezer for 10 min. Then dioxane (2.7 mL, 
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0.043 mmol, 0.13 equiv) was added and stirred for 2 h at rt. Then, the solution was filtered 

through a frit, concentrated until ~10 mL remained. Pentanes (~10 mL) were added to the 

solution and then concentrated under reduced pressure until ~5 mL remained. The heterogeneous 

mixture was then filtered over a frit, washed with pentanes (3 x 5 mL) and dried under reduced 

pressure to yield C1b as a purple powder (130 mg, 52%).  
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A3.4 NMR Spectra 

 

Figure A3-1. 1H and 13C NMR Spectra of S1. 1H NMR (400 MHz, CDCl3) δ 7.87 (d, J = 8.3 Hz, 
2H), 7.38 (t, J = 7.3 Hz, 2H), 6.96 (s, 4H), 6.75 (d, J = 7.3 Hz, 2H), 2.36 (s, 6H), 2.07 (s, 12H). 
13C NMR (176 MHz, CDCl3) δ 161.01, 146.73, 140.50, 132.76, 130.96, 129.67, 128.88, 128.72, 
128.19, 124.55, 122.44, 20.92, 17.70. 
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Figure A3-2. 1H NMR Spectrum of C2. 1H NMR (400 MHz, CD2Cl2, rd = 0.005 s, at = 0.05 s) δ 
33.77 (s, 6H), 27.54 (s, 12H), 24.49 (s, 4H), 23.93 (s, 2H), 17.35 (d, J = 7.9 Hz, 2H), 5.85 (s, 
2H). 
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Figure A3-3. 1H and 13C NMR Spectra of S2. 1H NMR (500 MHz, CDCl3) δ 7.17 (s, 1H), 6.85 
(dd, J = 7.9, 1.9 Hz, 1H), 6.80 (s, 2H), 6.47 (d, J = 7.9 Hz, 1H), 4.35 (q, J = 7.3 Hz, 1H), 3.12 (s, 
2H), 2.30 (s, 3H), 2.19 (overlapping peaks, 9H), 1.61 (d, J = 7.3 Hz, 3H). 13C NMR (126 MHz, 
CDCl3) δ 142.48, 137.63, 136.58, 135.90, 130.75, 130.07, 128.43, 127.50, 127.24, 115.98, 36.17, 
21.15, 21.03, 20.83, 17.43.  
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Figure A3-4. 1H and 13C NMR spectra of S3. 1H NMR (500 MHz, CDCl3) δ 7.61 (d, J = 8.2 Hz, 
2H), 7.47 (s, 2H), 7.18 (d, J = 7.7 Hz, 2H), 7.10 (t, J = 7.7 Hz, 2H), 6.90 (d, J = 7.8 Hz, 2H), 
6.69 (d, J = 7.2 Hz, 2H), 5.97 (br s, 2H), 5.39 (br s, 2H), 4.60 (q, J = 7.4 Hz, 2H), 2.52 (s, 6H), 
2.41 (br s 6H), 1.62 (br s, 6H), 1.58 (d, J = 7.4 Hz, 6H), 0.97 (s, 6H). 13C NMR (126 MHz, 
CDCl3) δ 161.00, 148.78, 141.11, 138.97, 136.22 (br), 134.46, 133.56, 132.70, 130.25, 129.80, 
129.48, 128.78 (br), 127.85, 127.28, 126.57, 122.40, 117.77, 36.74, 21.84, 21.65 (br), 19.80, 
16.80.  
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Figure A3-5. 1H NMR Spectrum of S4. 1H NMR (500 MHz, CD2Cl2) δ 35.53 (s, 6H), 24.88 (s, 
2H), 23.17 (s, 2H), 21.45 (br s, 2H), 20.14 (s, 2H), 14.03 (s, 2H), 6.27 (s, 2H), 4.82 (br s, 6H), 
1.99 (s, 6H), 1.44 (s, 2H) 0.87 (s, 2H), 0.45 (s, 6H), -16.43 (br s, 2H). Unaccounted for 
hydrogens (6H) due to peak broadening. Spectrum matches literature precedent.3 
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A3.5 Me-end capping experiments 

A3.5.1 Precatalyst screen for ligand-switch  

 

Monomer activation: In a glovebox, iPrMgCl (2.2 M in THF, 204 µL, 0.448 mmol, 0.800 

equiv) was added to a stirring solution of DB3DT (214.0 mg, 0.5599 mmol, 1.000 equiv) in THF 

(5.40 mL) and stirred for 30 min at rt.  

 

Preparing precatalysts: 

Ni(dppp)Cl2: Ni(dppp)Cl2 (5.5 mg, 0.0101 mmol) was weighed into a 4 mL vial with a stirbar. 

 

Ni(IPr)(PPh3)Cl2: Ni(IPr)(PPh3)Cl2 (5.5 mg, 0.0071 mmol) was weighed into a 4 mL vial and 

dissolved in THF (0.71 mL) for an overall concentration of 0.01 M.   

 

Pd(IPr)(3-Clpyr)Cl2: Pd(IPr)(3-Clpy)Cl2 (5.0 mg, 0.0074 mmol) was weighed into a 4 mL vial 

and dissolved in THF (0.74 mL) for an overall concentration of 0.01 M.   

 

Pd(IPent)(3-Clpyr)Cl2: Pd(IPent)(3-Clpy)Cl2 (2.6 mg, 0.0033 mmol) was weighed into a 4 mL 

vial and dissolved in THF (0.33 mL) for an overall concentration of 0.01 M.   

 

Preparing M(0) scavenger stock solution: 5,5'-Dibromo-2,2'-bithiophene (128 mg, 0.396 

mmol) was dissolved in THF (5.27 mL) in a 4 mL vial for an overall concentration of 0.075 M. 
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End-capping experiment vials: 

End-capping experiment vials: 5,5'-Dibromo-2,2'-bithiophene (0.075 M in THF, 0.80 mL, 0.060 

mmol, 150 equiv – relative to the catalyst that will be added to this vial) and THF (0.36 mL) 

were added to a 20 mL vial equipped with a stirbar.  

 

Polymerizations: 

 

Polymerization procedure for precatalysts Ni(IPr)(PPh3)Cl2, Pd(IPr)(3-Clpyr)Cl2, and 

Pd(IPent)(3-Clpyr)Cl2: In a glovebox, to a 20 mL vial equipped with a stirbar was added THF 

(3.57 mL), Grignard monomer solution (0.080 M in THF, 0.50 mL, 0.040 mmol, 25 equiv), and 

precatalyst (0.01 M in THF, 0.160 mL, 0.00160 mmol, 1.00 equiv) and stirred at rt for the 

following times Ni(IPr)(PPh3)Cl2 (5 min), Pd(IPr)(3-Clpyr)Cl2 (15 min), and Pd(IPent)(3-

Clpyr)Cl2 (30 min). 

 

Polymerization procedure for precatalyst Ni(dppp)Cl2: In a glovebox, Ni(dppp)Cl2 (5.5 mg, 

0.010 mmol) was preinitiated by stirring with activated monomer (0.08 M in THF, 0.379 mL, 

0.0303 mmol, 3.0 equiv) for 60 s. The preactivated catalyst solution ([Ni] = 0.027 M in THF, 

0.068 mL, 0.0018 mmol, 1.0 equiv) was added to a 20 mL vial equipped with a stirbar containing 

THF (3.50 mL) and Grignard monomer solution (0.080 M in THF, 0.50 mL, 0.040 mmol, 22 

equiv) and stirred at rt for 30 min. 
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In situ end-capping: An aliquot (1.0 mL each containing 0.00040 mmol catalyst, new 1.0 equiv) 

was removed from the polymerization and added to the end-capping experiment reaction vial. 

Then MeMgI (0.24 M in Et2O, 50. µL, 0.012 mmol, 30. equiv) was added (note that adding 

MeMgI after the polymer was added was necessary to avoid forming a white precipitate, which 

forms if MeMgI is stirred in THF in the absence of catalyst). The remaining polymerization 

solution was removed from the glovebox, quenched with aq. HCl (12 M, 2 mL), and worked up 

for analysis by GC, GPC, and MALDI-TOF/MS analysis (see general experimental). Unless 

otherwise noted, the end-capping experiment reactions were stirred for 1 h (the end-capping 

reaction with Ni(dppp)Cl2 was stirred for 14 h) before quenching outside the glovebox with aq. 

HCl (12 M, 1 mL) and working up for GPC and MALDI-TOF/MS. 

 

Table A3-1. GC data from the polymerization of 3-decylthiophene at rt via Ni and Pd 
precatalysts before end-capping experiments. 

  

(% conv.) 

 

(% conv.) 

Ni(dppp)Cl2 72 0 

Ni(IPr)(PPh3)Cl2 quant. quant. 

Pd(IPr)(3-Clpyr)Cl2 quant. 49 

Pd(IPent)(3-Clpyr)Cl2 71 33 

 

  

S

C10H21

ClMg Br S

C10H21
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Table A3-2. GPC data from the polymerization of 3-decylthiophene at rt via Ni and Pd 
precatalysts before and after end-capping experiments. 

 before end-capping after end-capping 

 
Mn 

(kg/mol) 

 

Ð 

 

Mn 

(kg/mol) 

 

Ð 

 

Ni(dppp)Cl2 10.15 1.14 9.45 1.15 

Ni(IPr)(PPh3)Cl2 8.42 1.17 8.94 1.15 

Pd(IPr)(3-Clpyr)Cl2 7.34 1.18 7.38 1.24 

Pd(IPent)(3-Clpyr)Cl2 5.26 1.35 4.73 1.76 

 

 

Figure A3-6. GPC data from the polymerization of 3-decylthiophene at rt via Ni and Pd 
precatalysts before and after end-capping experiments (ec). Zoomed (left) and full traces (right) 
of the same experiment. Note that M(0) scavenging agent and residual monomer elute from 
20.5–22 min, PhMe elutes at 23.1 min, and BHT elutes at 23.8 min. 
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Figure A3-7. MALDI-TOF/MS spectra the polymerization of 3-decylthiophene at rt via 
Ni(dppp)Cl2 before and after end-capping experiments (ec). Full trace (left) zoomed image 
(right). Values calculated using average mass method, signal-to-noise = 2. The degree of 
polymerization shown is 27. 
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Figure A3-8. MALDI-TOF/MS spectra the polymerization of 3-decylthiophene at rt via 
Ni(IPr)(PPh3)Cl2 before and after end-capping experiments (ec). Full trace (left) zoomed image 
(right). Values calculated using average mass method, signal-to-noise = 2. The degree of 
polymerization shown is 22. 
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Figure A3-9. MALDI-TOF/MS spectra the polymerization of 3-decylthiophene at rt via 
Pd(IPr)(3-Clpyr)Cl2 before and after end-capping experiments (ec). Full trace (left) zoomed 
image (right). Values calculated using average mass method, signal-to-noise = 2. The degree of 
polymerization shown is 18. 
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Figure A3-10. MALDI-TOF/MS spectra the polymerization of 3-decylthiophene at rt via 
Pd(IPent)(3-Clpyr)Cl2 before and after end-capping experiments (ec). Full trace (left) zoomed 
image (right). Values calculated using average mass method, signal-to-noise = 2. The degree of 
polymerization shown is 11. 
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A3.5.2 Ligand Switch thiophene polymerization followed by end-capping  

 

Monomer activation: In a glovebox, iPrMgCl (2.2 M in THF, 140. µL, 0.307 mmol, 0.800 equiv) 

was added to a stirring solution of DB3DT (147 mg, 0.384 mmol, 1.00 equiv) in THF (3.7 mL) 

and stirred for 30 min at rt.  

 

Preparing stock solutions: 

C2: C2 (11.0 mg, 0.0173 mmol) was weighed into a 4 mL vial and dissolved in THF (1.73 mL) 

for an overall concentration of 0.01 M.   

 

IPr: IPr (6.0 mg, 0.015 mmol) was weighed into a 4 mL vial and dissolved in THF (1.5 mL) for 

an overall concentration of 0.01 M.   

 

PPh3: PPh3 (4.3 µL, 0.016 mmol) was weighed into a 4 mL vial and dissolved in THF (1.6 mL) 

for an overall concentration of 0.01 M.   

 

pyr: pyr (20 µL, 0.248 mmol) was weighed into a 4 mL vial and dissolved in THF (2.28 mL) for 

an overall concentration of 0.1 M.   

 

M(0) scavenger: 5,5'-Dibromo-2,2'-bithiophene (110.8 mg, 0.3419 mmol) was dissolved in THF 

(4.56 mL) in an 8 mL vial for an overall concentration of 0.075 M. 
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End-capping experiment vials: 

End-capping experiment vials: 5,5'-Dibromo-2,2'-bithiophene (0.075 M in THF, 0.80 mL, 0.060 

mmol, 150 equiv – relative to the catalyst that will be added to this vial) and THF (0.36 mL) 

were added to a 20 mL vial equipped with a stirbar.  

 

Polymerizations: 

 

Polymerization procedures:  

C2 only: In a glovebox, to a 20 mL vial equipped with a stirbar was added THF (3.57 mL) and 

C2 (0.01 M in THF, 0.160 mL, 0.00160 mmol, 1.00 equiv) and stirred for 15 min (to be 

consistent with the following reactions). Then, Grignard monomer solution (0.080 M in THF, 

0.50 mL, 0.040 mmol, 25 equiv) was added and stirred at rt for 6 min. 

 

C2 and IPr only: In a glovebox, to a 20 mL vial equipped with a stirbar was added THF (3.38 

mL), C2 (0.01 M in THF, 0.160 mL, 0.00160 mmol, 1.00 equiv) and IPr (0.01 M in THF, 0.192 

mL, 0.00192 mmol, 1.20 equiv) were combined and stirred for 15 min. Then, Grignard monomer 

solution (0.080 M in THF, 0.50 mL, 0.040 mmol, 25 equiv) was added and stirred at rt for 6 min. 

 

C2, IPr, and PPh3: In a glovebox, to a 20 mL vial equipped with a stirbar was added in the 

following order, THF (3.19 mL), C2 (0.01 M in THF, 0.160 mL, 0.00160 mmol, 1.00 equiv), IPr 

(0.01 M in THF, 0.192 mL, 0.00192 mmol, 1.20 equiv), and PPh3 (0.01 M in THF, 0.192 mL, 
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0.00192 mmol, 1.20 equiv) and stirred for 15 min. Then, Grignard monomer solution (0.080 M 

in THF, 0.50 mL, 0.040 mmol, 25 equiv) was added and stirred at rt for 6 min. 

 

C2, IPr, and pyr: In a glovebox, to a 20 mL vial equipped with a stirbar was added in the 

following order, THF (3.36 mL), C2 (0.01 M in THF, 0.160 mL, 0.00160 mmol, 1.00 equiv), pyr 

(0.1 M in THF, 0.0192 mL, 0.00192 mmol, 1.20 equiv), and IPr (0.01 M in THF, 0.192 mL, 

0.00192 mmol, 1.20 equiv) and stirred for 15 min. Then, Grignard monomer solution (0.080 M 

in THF, 0.50 mL, 0.040 mmol, 25 equiv) was added and stirred at rt for 6 min. 

 

C2, IPr, pyr, and 1-hexene: In a glovebox, to a 20 mL vial equipped with a stirbar was added in 

the following order, THF (2.86 mL), 1-hexene (0.5 mL, ~2500 equiv relative to Ni), C2 (0.01 M 

in THF, 0.160 mL, 0.00160 mmol, 1.00 equiv), pyr (0.1 M in THF, 0.0192 mL, 0.00192 mmol, 

1.20 equiv), and IPr (0.01 M in THF, 0.192 mL, 0.00192 mmol, 1.20 equiv) and stirred for 15 

min. Then, Grignard monomer solution (0.080 M in THF, 0.50 mL, 0.040 mmol, 25 equiv) was 

added and stirred at rt for 6 min. 

 

In situ end-capping:  

An aliquot (1.0 mL containing 0.00040 mmol catalyst, 1.0 equiv) was removed from the 

polymerization and added to the end-capping experiment reaction vial. Then, MeMgI (0.24 M in 

Et2O, 50. µL, 0.012 mmol, 30. equiv) was added (note that adding MeMgI after the polymer was 

necessary to avoid forming a white precipitate, which forms if MeMgI is stirred in THF in the 

absence of catalyst). The remaining polymerization solution was removed from the glovebox, 

quenched with aq. HCl (12 M, 2 mL), and worked up for analysis by GC, GPC, and MALDI-
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TOF/MS analysis (see general experimental). The end-capping experiments were stirred for 1 h 

before quenching outside the glovebox with aq. HCl (12 M, 1 mL) and working up for GPC and 

MALDI-TOF/MS. 

 

Table A3-3. GC data from the polymerization of 3-decylthiophene to evaluate IPr ligand-
switching effectiveness. GC data is acquired from the polymerizations before end-capping is 
done. 

  

(% conv.) 

 

(% conv.) 

C2 quant. quant. 

C2 and IPr quant. quant. 

C2, IPr, and PPh3 quant. quant. 

C2, IPr, and pyr 84 49 

C2, IPr, pyr, and 

 1-hexene 
59 38 
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Table A3-4. GPC data from the polymerization of 3-decylthiophene to evaluate IPr ligand-
switching effectiveness. GPC data is acquired from the polymerizations before and after end-
capping is done. 

 before end-capping after end-capping 

 
Mn 

(kg/mol) 

 

Ð 

 

Mn 

(kg/mol) 

 

Ð 

 

C2 9.99 1.72 8.58 1.68 

C2 and IPr 11.04 1.92 8.88 1.82 

C2, IPr, and PPh3 5.64* 3.23* 5.01** 17.12** 

C2, IPr, and pyr 5.52 1.22 4.29 1.23 

C2, IPr, pyr, and 

 1-hexene 
5.79 1.23 4.39 1.21 

*bimodal or **trimodal GPC trace 
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Figure A3-11. GPC data from the polymerization of 3-decylthiophene to evaluate IPr ligand-
switching effectiveness before and after (ec) end-capping experiments. Zoomed (left) and full 
traces (right) of the same experiment. Note that M(0) scavenging agent and residual monomer 
elute from 20.5–22 min, PhMe elutes at 23.1 min and BHT elutes at 23.8 min. 
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Figure A3-12. MALDI-TOF/MS data from the polymerization of 3-decylthiophene using 
precatalyst C2 before and after (ec) end-capping experiments. Full traces (left) and zoomed 
(right) of the same experiment. Values calculated using average mass method, signal-to-noise = 
2. The degree of polymerization shown is 11. 
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Figure A3-13. MALDI-TOF/MS data from the polymerization of 3-decylthiophene using 
precatalyst C2 treated with IPr before and after (ec) end-capping experiments. Full traces (left) 
and zoomed (right) of the same experiment. Values calculated using average mass method, 
signal-to-noise = 2. The degree of polymerization shown is 14. 
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Figure A3-14. MALDI-TOF/MS data from the polymerization of 3-decylthiophene using 
precatalyst C2 treated with IPr and PPh3 before and after (ec) end-capping experiments. Full 
traces (left) and zoomed (right) of the same experiment. Values calculated using average mass 
method, signal-to-noise = 2. The degree of polymerization shown is 11. Note that the GPC trace 
indicates high molecular weight polymer was formed however these polymers did not ionize 
here. 
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Figure A3-15. MALDI-TOF/MS data from the polymerization of 3-decylthiophene using 
precatalyst C2 treated with pyr and IPr before and after (ec) end-capping experiments. Full traces 
(left) and zoomed (right) of the same experiment. Values calculated using average mass method, 
signal-to-noise = 2. The degree of polymerization shown is 18. 
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Figure A3-16. MALDI-TOF/MS data from the polymerization of 3-decylthiophene in the 
presence of 1-hexene using precatalyst C2 treated with pyr and IPr before and after (ec) end-
capping experiments. Full traces (left) and zoomed (right) of the same experiment. Values 
calculated using average mass method, signal-to-noise = 2. The degree of polymerization shown 
is 21. 
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A3.6. Attempting copolymerization  

 

Thiophene monomer activation: In a 20 mL vial equipped with a stirbar, DB3HT (92.7 mg, 

0.284 mmol, 1.00 equiv) was dissolved in THF (2.73 mL) and reacted with iPrMgCl (2.1 M in 

THF, 108 µL, 0.227 mmol, 0.800 equiv) and stirred for 30 min at rt.  

 

Preparing stock solutions:  

IPr (4.8 mg, 0.0012 mmol) was dissolved in THF (1.2 mL) for an overall concentration of 

0.01M, which is stored in the freezer (–30 °C). 

 

Pyridine (20 µL, 0.0248 mmol) was dissolved in THF (2.28 mL) for an overall concentration of 

0.1M.  

 

Tris(pentafluoro) borane (BCF, 14.0 mg, 0.0273 mmol) was dissolved in 1-pentene (3.79 mL) 

for an overall concentration of 0.0072 M, which was placed in the freezer (–30 °C). 
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Macroinitiator synthesis:  

Precatalyst C1b (8.2 mg, 0.011 mmol) was dissolved in 1-pentene (0.40 mL) and placed in the 

freezer (–30 °C) for 2 min. Then, while both C1b and BCF were still cold, BCF (0.0072 M in 1-

pentene, 3.06 mL, 0.0221 mmol, 2.00 equiv) was added to the stirring catalyst, which were 

stirred for 3 min at rt. Overall [Ni] = 0.0032 M in 1-pentene. Then, THF (10.42 mL) was added 

to stall the polymerization. Overall [Ni] = 0.0008 M in 1-pentene/THF (total volume = 13.88 

mL). An aliquot (2.0 mL) was removed from the glovebox and immediately quenched with 

MeOH (5 mL). 

 

Ligand-switch: To the remaining macroinitiator solution (0.0095 mmol Ni remain), pyr (0.1 M in 

THF, 114 µL, 0.0114 mmol, 1.20 equiv) and IPr (0.01 M in THF, 0.114 mL, 0.0114 mmol, 1.20 

equiv) were added and stirred for 15 min at rt. Overall [Ni] = 0.00072 M in 1-pentene/THF (total 

volume = 13.13 mL). 

 

Thiophene addition: Three aliquots (0.0072 M Ni in THF/1-pentene, 1.50 mL each, 0.00109 

mmol Ni, new 1.00 equiv) from the ligand-switched macroinitiator solution were added to 

stirring Grignard thiophene monomer solutions and stirred for 1 h before quenching outside of 

the glovebox with aq. HCl (12 M, 2 mL) and working up for GPC and MALDI-TOF/MS. 

 

TMNiMe2 (1.0 equiv)
BCF (2.0 equiv)
[Ni] = 0.0032 M

3 min

THF [Ni] = 0.0008
pyr(1.2 equiv) 
IPr (1.2 equiv)

15 min

SClMg Br

C6H13

R[Ni] = 0.0004

25, 50, or 100 equiv
sol’n in THF S

C6H13

and
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Vial 1) thiophene monomer (0.08 M in THF, 0.34 mL, 0.027 mmol, 25 equiv) in THF (0.89 mL).  

Vial 2) thiophene monomer (0.08 M in THF, 0.68 mL, 0.055 mmol, 50. equiv) in THF (0.54 

mL). 

Vial 3) thiophene monomer (0.08 M in THF, 1.36 mL, 0.109 mmol, 100. equiv).  

 
Table A3-5. GC data from the ligand-switch copolymerization experiments. 

  

(% conv.) 

 

(% conv.) 

Vial 1 (25 equiv thiophene) 6 0 

Vial 2 (50 equiv thiophene) 19 4 

Vial 3 (100 equiv thiophene) 20 6 

 

 

Table A3-6. GPC data from the ligand-switch copolymerization experiments. 

 before ligand-swtich after ligand switch 

 
Mn 

(kg/mol) 

 

Ð 

 

Mn 

(kg/mol) 

 

Ð 

 

Poly(olefin) 

macroinitiator 
21.10 1.31 21.27 1.33 
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Figure A3-17. GPC data from the attempted ligand-switch copolymerization. Zoomed (left) and 
full traces (right) of the same experiment. The solid line represents poly(1-pentene) 
macroinitiator before ligand-switch. The dashed line line represents poly(1-pentene) 
macroinitiator after ligand-switch. The RI traces are shown, poly(olefin) does not absorb UV 
light. Note that BCF and residual monomer elute from 20.5–22 min, PhMe elutes at 23.1 min and 
BHT elutes at 23.8 min. 

 

Figure A3-18. GPC data from the attempted ligand-switch copolymerization with thiophene 
monomer added (25 equiv.). Zoomed (left) and full traces (right) of the same experiment. The 
solid line represents the RI trace. The dashed line represents the UV trace. Note that BCF and 
residual monomer elute from 20.5–22 min, PhMe elutes at 23.1 min and BHT elutes at 23.8 min. 
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Figure A3-19. GPC data from the attempted ligand-switch copolymerization with thiophene 
monomer added (50 equiv.). Zoomed (left) and full traces (right) of the same experiment. The 
solid line represents the RI trace. The dashed line represents the UV trace. Note that BCF and 
residual monomer elute from 20.5–22 min, PhMe elutes at 23.1 min and BHT elutes at 23.8 min. 

 

Figure A3-20. GPC data from the attempted ligand-switch copolymerization with thiophene 
monomer added (100 equiv.). Zoomed (left) and full traces (right) of the same experiment. The 
solid line represents the RI trace. The dashed line represents the UV trace. Note that BCF and 
residual monomer elute from 20.5–22 min, PhMe elutes at 23.1 min and BHT elutes at 23.8 min. 
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