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Abstract 

Conjugated polymers combine mechanical flexibility with light absorption/emission and 

charge conductivity, stimulating their use in transistors, light emitting diodes, and solar cells.  

Living, chain-growth methods enable polymeric properties (e.g., miscibility, morphology, charge 

transport) to be tailored by controlling molecular weight, end-groups, and copolymer sequence.  

However, synthetic challenges have limited the scope of conjugated copolymers produced in this 

fashion.  The distinguishing feature of chain-growth polymerizations of conjugated monomers is 

that the catalyst remains associated with a single polymer chain during the polymerization.  This 

association is due to a catalyst-polymer π-complex, which may be able to migrate along the 

polymer to react at both ends—preventing sequence and end-group control. We have recently 

demonstrated that IPrPd(3-chloropyridine)Cl2 is a promising catalyst for thiophene and phenylene 

copolymers, which were previously inaccessible. However, control over polymer sequence can 

only be exerted if the catalyst reacts at a single polymer end. This thesis details how the π-complex 

directs intramolecular reactivity using four popular precatalysts in catalyst-transfer condensation 

polymerizations, how π-complex reactivity is heavily influenced by the polymer, and catalyst 

design strategies to overcome reactions at both polymer ends. 

Chapter 1 discusses the advantages of chain-growth polymerization over conventional, 

step-growth polymerizations to control polymer Mn, Đ, and copolymer sequence. Despite the 

limited monomer scope, several examples are discussed that illustrate how copolymer sequence 

can improve solar cell stability when employed as the main component or an additive. We 

introduce how preferential π-binding and catalyst migration present major obstacles to 

copolymerizations, but that the relationship between catalyst/polymer properties and their π-

complex behavior is limited.  

Chapter 2 details an end-capping model system that investigates the strength of catalyst-

polymer π-complexes in catalyst-transfer condensation polymerization. The π-complex is 

challenged by forcing end-to-end migration across a poly(3-alkylthiophene) backbone with an 

excess of highly reactive competitive agent in the reaction mixture. Near quantitative migration 
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products suggest that all catalysts bind to the polymer tight enough to resist chain-transfer, but the 

catalyst is highly mobile and can migrate across many repeat units to react at both ends. 

Chapter 3 expands our investigation into end-to-end catalyst migration by changing the 

polymer. Here we observe large differences in the interactions between the different catalysts and 

poly(phenylene) that are influenced by the ligand identity and transition metal. The random-

walking statistical model, commonly used to describe migration, provides an incomplete fit with 

our experimental results. 

Chapter 4 investigates precatalysts that transfer a reactive ligand to the polymer during 

initiation to prevent reaction on both polymer ends (enabled by end-to-end migration). We identify 

and optimize a promising lead, but reactive ligand transfer during initiation was incomplete. 

Polymerization additives improved precatalyst control over molecular weight and dispersity, but 

had little effect on reactive ligand transfer during initiation. 

Chapter 5 describes how our investigations into π-complex stability/catalyst mobility could 

relate to polymerization and/or copolymerization behavior. We note that catalyst migration can be 

a highly desirable trait for expanding the monomer and comonomer scope, which are major 

limitations in catalyst-transfer condensation polymerizations. Continued efforts are required to 

elevate these living, chain-growth methods into widespread use for conjugated polymer synthesis.  
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Introduction 

Conjugated polymers (CPs) have garnered significant interest since the Nobel prize 

winning work of Heeger,1 MacDiarmid,2 and Shirakawa3 revealed that polymers with extended 

conjugation can be electrically conductive. Flexible and stretchable semi-conductors, such as CPs, 

enable new applications in bio-electronic interfaces for sensing and/or stimulation.4–6 CPs potential 

for low-cost, high-throughput manufacturing also makes them attractive materials to replace their 

inorganic counterparts in light-emitting-diodes,7–11 field-effect-transistors,12–14 chemical 

sensors,15–17 and photovoltaic devices.18–21 

Organic photovoltaics (OPVs) are typically fabricated using a blend of two materials in the 

active layer. The solid-state organization of these two materials, the electron donor (CP) and 

electron acceptor (small molecule or CP), plays a critical role in device performance.22,23 Intimate 

mixing of the donor and acceptor promotes charge separation, while distinct domains of each 

component facilitate charge conduction to the respective electrodes.24,25 Balancing these 

conflicting morphology requirements to maximize performance has been the focus of many 

studies. Deposition technique (and solvent),26–29 annealing conditions,30–33 and high-boiling point 

additives34–37 can influence the peak efficiency, but phase separation in the active layer leads to 

deteriorating performance after extended use (Figure 1-1). With maximum power conversion 

efficiencies (PCEs) eclipsing 12%,38,39 OPV lifetime has emerged as one of the top parameters 

limiting commercial feasibility.40–45 
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Figure 1-1. Phase evolution and charge generation/transport of a bulk-heterojunction solar cell with heating/extended 

use. 

Gradient copolymer additives 

Strategies that target thermodynamic rather than kinetic control over mixing, such as 

changing the polymer mobility (via molecular weight, side-chain substitution, or cross-linking),46–

51 donor and/or acceptor crystallinity,52–54 and additives55–60 such as copolymers can all stabilize 

OPV performance. Copolymer additives are particularly attractive because they can be added to 

donor/acceptor blends that have already been optimized over many parameters. The beneficial role 

of copolymer additives to effect active layer morphology was recently demonstrated in solar cells 

made from poly(3-hexylthiophene)/PC61BM using a poly(thiophene) gradient copolymer (Figure 

1-2).61 Extended thermal annealing of control devices, made without the additive, produced µm-

sized PC61BM crystallites visible by optical microscopy. These morphological changes were 

correlated with a reduction in PCE from 2.4% to 1.8%. Adding 1 wt% copolymer additive greatly 

reduced the quantity of crystallites, and with 10 wt% no crystallites were observed (Figure 1-2). 
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Figure 1-2. Chemical structures and optical microscope images of a poly(3-hexylthiophene)/PC61BM blend after 

annealing at 150 °C with (A) no (control), (B) 5 wt %, or (C) 10 wt % of a gradient copolymer additive.61 The scale 

bar represents 25 µm. 

Copolymers can also be used as the sole electron donor in OPVs to achieve stable 

morphologies. One study compared the PCE of OPVs fabricated using either poly(3-

hexylthiophene), poly(3-hexylselenophene), a 1:1 blend, or a gradient/block sequence copolymer 

containing 50 mol% of each.62 Solar cells featuring both thiophene and selenophene repeat units 

in the polymers exhibited broader optical absorption, but polymer aggregation and phase 

separation (driven by poorly soluble selenophene units) hampered charge extraction. Significant 

PCE decreases were observed for all the devices except those fabricated using gradient 

copolymers, where performance remained high after extended thermal annealing. The superior 

device stability using the gradient copolymer was attributed to balanced mixing and separation 

resulting from the gradient sequence—the gradual composition change from 3-hexylthiophene to 

3-hexylselenophene creates a largely random composition segment in the middle of gradient 

copolymer that promotes mixing, while the relatively pure segments at either chain-end drive 

polymer crystallization and separation. 
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The examples above demonstrate that conjugated gradient copolymers can stabilize the 

active layer morphology in solar cells, but the maximum PCE was decreased in both cases. In 

theory, controlling morphology by adding copolymers could lead to improved PCE—several 

copolymer properties could be optimized to achieve this goal. (1) Molecular weight can influence 

copolymer diffusion, the propensity to form micelles, the relative stabilization at the interface, and 

the stiffness of the interface.63,64 Likewise, (2) copolymer sequence and (3) gradient strength can 

have a profound effect by influencing copolymer conformation and penetration across the 

interface.65–68 There are numerous examples of non-conjugated gradient copolymer additives, but 

conjugated gradient copolymers are rare. Conjugated polymers exhibit distinct morphologies 

(from their non-conjugated analogues) that influence mixing in solution and thin-film due to their 

backbone rigidity and semi-crystallinity. Systematic studies to identify the relationships between 

compatibilization and molecular weight, gradient strength, or composition in conjugated gradient 

copolymers are sorely needed—a streamlined process to optimize gradient copolymers for each 

application should expedite their development. 

Sterically and electronically differentiated comonomers are desired to address the lack of 

information on conjugated gradient copolymers. The differentiated properties of each comonomer 

would amplify subtle differences in film morphology and the subsequent impact on electronic 

properties–thereby facilitating quantitative comparisons of polymer blends. However, the three 

conjugated gradient polymers directly prepared thus far differ only in the side-chain or heteroatom 

(Chart 1-1). Work presented in this thesis aims to expand the comonomers used for gradient 

copolymerizations. 

 

Chart 1-1. Only a limited number of conjugated gradient copolymers have been directly prepared with Mn >15 kDa 

and Đ <1.3. 

Living, chain-growth polymerizations 

Gradient copolymers require living, chain-growth copolymerizations, which were first  

realized for CPs using catalyst-transfer condensation polymerization (CTCP) to produce poly(3-
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hexylthiophene.69,70 A catalyst-polymer π-complex was invoked to explain the preference for 

catalyst reaction with the same polymer during the polymerization. The π-complex, formed 

following reductive elimination, generates an associative pair that directs intramolecular oxidative 

addition (Scheme 1-1). Living, chain-growth polymerizations are distinguished from step-growth 

polymerization in several ways: living, chain-growth methods generate polymer with (1) a linear 

increase in Mn with monomer conversion where the (2) Mn at complete conversion is governed by 

the [monomer]0/[initiator]0. (3) Adding a second aliquot of monomer (after the original portion 

was consumed) extends the polymer with the same dependence on [initiator]0 because the chain-

end remains active until the reaction is terminated to yield (4) well-defined end-groups. CPs 

prepared using living chain-growth methods typically have low dispersities (<1.3), although higher 

dispersities are observed if initiation is slow or side-reactions are present.  

 

Scheme 1-1. Catalytic cycle for the polymerization of 3-alkylthiophene using Kumada CTCP. 

Copolymerizations using CTCP 

CTCP has been expanded beyond thiophene to include other (hetero)aryls such as 

phenylene,71 pyridine,72 pyrrole,73 selenophene,74 and thiazole75 among others. A great number of 
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copolymers can be envisaged from this limited monomer set—in stark contrast to the merely three 

gradient copolymers (Chart 1-1). The dearth of gradient copolymers can be attributed to 

copolymerization issues in CTCP, which are best exemplified in the synthesis of poly(thiophene-

block-phenylene) using Ni(dppe)Cl2 as the precatalyst.76 Both thiophene and phenylene monomers 

can be polymerized separately under the same conditions to yield polymers with targeted Mn and 

low Đ. Copolymerizing phenylene and thiophene is also successful when phenylene is 

polymerized first, and then adding thiophene yields the block copolymer. If thiophene is 

polymerized first, however, then phenylene addition produces a complex mixture of copolymers 

and homopolymers.76,77 One notable product is polythiophene with a phenylene-Br unit on both 

ends (Scheme 1-2). This product is likely generated via transmetallation of phenylene monomer 

with Ni(dppe)(polythiophene)Br. Next, reductive elimination yields a Ni(0) species that 

preferentially forms a π-complex with the polythiophene segment of the polymer (rather than to 

the phenylene-Br). Catalyst migration across the conjugated backbone directs intramolecular 

oxidative addition into the thiophene-Br bond at the α terminus. Reaction with additional 

phenylene monomer incorporates a second phenylene-Br, but oxidative at either reactive terminus 

does not occur. Catalyst complexation to the internal thiophene repeat units inhibits catalyst-

transfer to phenylene, yielding Br-phenylene-capped polythiophene after a standard acid quench. 
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Scheme 1-2. Block copolymerization of phenylene and thiophene monomers. Block copolymer is achieved when 

(A) phenylene is polymerized as the first block, but a mixture of products is formed when the order of addition is 

reversed. (B) The proposed mechanism to form polythiophene capped with phenylene-Br. 

This side-product highlights two key processes in polymerizations. First, the π-complex 

can be greatly influenced by the repeat unit. Different π-binding affinities can direct the π-complex 

to form preferentially on repeat unit over another, obstructing catalyst-transfer to the ω terminus 

for oxidative addition and directional propagation. Chain-transfer or dissociation can become 

competitive pathways from this unproductive binding intermediate, generating homopolymers. 

Second, catalyst migration across the CP backbone can generate a copolymer that has reacted from 

both ends. Catalyst migration during copolymerizations would scramble the desired copolymer 

sequence and could greatly influence the copolymer properties. 
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Investigating the catalyst-polymer π-complex 

Initial reports of living, chain-growth polymerizations used Ni(dppp)Cl2 or Ni(dppe)Cl2 

precatalysts, and they remain the most commonly used precatalysts. Ni phosphine precatalysts 

have been used extensively in Kumada cross-couplings due to their facile oxidative addition into 

a variety of aryl halides. The abundance of Ni makes these catalysts the economical choice over 

Pd, and their successful coupling of lower-cost aryl chlorides bolsters their appeal. Their facile 

oxidative addition is a result of Ni’s location in the periodic table. Within the group 10 metals, the 

M-C bond strength is lowest for Ni, contributing to the lowest reductive and oxidative elimination 

barriers.78 Ni also coordinates to alkene, alkyne, and aryl substrates, primarily through π-

backbonding to C=C.79,80 This well-known coordination forms the foundation for the catalyst-

polymer π-complex, and can promote reactivity with unactivated substrates or with unique 

selectivity. The facile oxidative addition/reductive elimination, strong coordination, and more 

accessible radical pathways make Ni an attractive choice for many reactions. However, this 

complexity makes reactions less predictable and mechanistic investigations more difficult, which 

has limited the development of Ni. On the other hand, Pd is one of the most versatile and widely 

used transition metals on industrial and lab scales.81,82 Pd catalysts offer predictable reactivity 

through well-defined pathways that often proceed through a mono-ligated Pd intermediate.83 

Ligands designed specifically for these catalytic requirements have elevated Pd precatalysts into 

prominence/popularity.84 

Phosphine ligands are popular in both Ni and Pd catalysis due to the wide variety of steric 

and electronic properties that are accessible.85 Mono-dentate phosphines bearing bulky tBu or 

cyclohexyl groups are frequently employed in Pd catalysis, while bi-dentate phosphines are much 

more common using Ni.78,86 The sp3 hybridization of the phosphorous atom results in a cone-

shaped arrangement of steric bulk that is frequently measured by cone angle.87 In addition to their 

high efficiencies in reactions, 31P NMR spectroscopy has been an extremely valuable tool to 

investigate the mechanisms of transition metal catalyzed reactions. N-heterocyclic carbene (NHC) 

ligands were initially considered phosphine mimics, acting as strong α-donors and comparatively 

weak π-acceptors, but extensive studies have uncovered key differences between the two ligands. 

NHCs are generally stronger electron-donors, leading to thermodynamically stronger metal-ligand 

bonds that increase catalyst stability. Additionally, the steric bulk of NHCs is fan or umbrella 
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shaped, which is more aptly described by percent buried volume calculations. The percent buried 

volume of a ligand is the occupied volume of a sphere around the metal center which is occupied 

by the ligand—for dppe, dppp, and 2 IPr ligands on PdCl2 the percent buried volume is 51.4%, 

52.2%, and 34%, respectively (for a Pd-ligand bond of 2.00 Å, dppe = 1,2-

bis(diphenylphosphino)ethane, dppp = 1,3-bis(diphenylphosphino)propane, IPr = 1,3-bis(2,6-di-

isopropylphenyl)imidazole).85  For both ligands, the combination of strongly donating and 

sterically bulky ligands in M0/M2 cross-couplings facilitates oxidative addition and reductive 

elimination, respectively. Both sterics and electronics also play an important role in generating a 

coordinatively unsaturated, highly active catalyst that is stable throughout the reaction.  

To expand the scope of monomers and conditions, researchers are exploring different 

ligands and transition metals. NHCs88–90 and diimine ligands91,92 have achieved some success using 

Ni, and NHCs93–95 or monodentate phosphine96–98 ligands have been explored with Pd. A major 

breakthrough was reported in 2012, when phenylene and thiophene block copolymers were 

prepared from either direction using IPrPd(3-chloropyridine)Cl2.
93 Batch copolymerizations 

verified that multiple cross-propagations can occur (Chapter 4), suggesting that IPrPd-based 

precatalysts would be promising candidates for copolymerizations. 

Improved phenylene/thiophene copolymerization results using IPrPd(3-chloropyridine)Cl2  

(relative to Ni(dppe)Cl2) suggests that preferential π-binding is not an issue. A detailed 

investigation of the π-complex between each catalyst/monomer is warranted to extend this 

successful CTCP copolymerization to other monomers. However, the catalyst-polymer π-complex 

has not been directly observed in phenylene and/or thiophene polymerizations. Several groups 

have reported π-complexes when polymerizing monomers with larger aromatic systems than 

thiophene or phenylene.99,100 These polymerizations generated polymer with low Mn and higher 

Đ, deviating significantly from the controlled polymerizations using thiophene or phenylene. 

Computational studies support that very strong binding interactions can interfere with catalyst 

transfer to the reactive polymer end, making chain-transfer to monomer viable alternative 

pathways.101 These results suggest that a balance between π-complex strength and catalyst mobility 

is critical for chain-growth polymerizations. Catalysts with strong binding (to prevent 

dissociation/chain-transfer) that also migrate to the ω chain end for oxidative addition are highly 
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desirable—this work aims to identify key attributes of the catalyst and monomer that will aid in 

the design of future, high-performing CTCP catalyst/(co)monomer combinations. 

The chain-growth behavior of CTCP polymerizations provides support for a π-complex 

intermediate. Intramolecular oxidative addition, facilitated by the π-complex, occurs despite the 

presence of competing monomer groups. Many polymerizations are also insensitive to externally 

added aryl halide or strong π-binding groups (Appendix 1).93,99,102–104 Catalyst is not restricted to 

the ω chain-end, however. Initiating dihalide precatalysts using 3-alkythiophene monomer 

proceeds through a 5,5'-dibromo-4,4'-dialkyl-2,2'-bithiophene initiator that can react at either C-

Br bond. Propagating from a single end would place the bithiophene initiator at the α chain-end, 

whereas reaction at both ends enchain the initiator into the polymer backbone (Scheme 1-3) and 

generates unique signals identifiable by 1H NMR spectroscopy.105 The amount of initiator that is 

enchained into the polymer backbone varies with catalyst and monomer, but can be quantitative in 

some cases.94,106 Catalyst migration to react at both ends of the polymer occurs via a series of π-

complexes in a process termed chain-walking. The catalyst maintains association, despite traveling 

between chain-ends, to generate polymer with targeted Mn and low Đ. 

 

Scheme 1-3. Initiator enchainment provides evidence for catalyst migration. 

Catalyst migration can also direct reactions on polymer ends during termination. Adding 

excess mono-functional Grignard reagent (i.e., capping agent), initially terminates the ω chain-

end, then migrates to the α end to install a second equivalent of capping agent. Near exclusive di-

capping is observed for a variety of aryl/heteroaryl Grignard reagents using Ni(dppe)Cl2 or 

Ni(dppp)Cl2 as the precatalyst,107–110 but could occur via an intramolecular and/or intermolecular 
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pathway. Excluding the intermolecular pathway is essential to applying end-capping results 

towards future catalyst development. 

Competitive agents have been frequently used in small-molecule cross-coupling reactions. 

Selective reactions on a multi-functional aryl halide, despite an excess of reactive aryl-halogen 

bonds (on the competitive agent), provides evidences for intramolecular reactivity.69,94,111–113 

These small-molecule experiments can be a modular approach to quickly screen conditions for 

CTCP, but the reactivity of the substrate can change substantially as coupling proceeds.114 

Selectivity for a multi-functional product—presumably through a π-complex—does not 

necessarily translate to chain-growth CTCP.114,115 

The end-capping experiments documented in this thesis combine the benefits of polymer 

end-capping (polymerization relevant conditions, multiple polymer lengths in each experiment) 

with small molecular cross-coupling experiments (modular, intramolecular reactivity due to 

competitive agent) (Chapters 2 and 3). CTCP reactions were terminated by introducing capping 

agent and excess competitive agent—capping agent labelled the location of the catalyst on each 

polymer and competitive agent consumed diffuse catalyst to limit intermolecular reactions 

(Scheme 1-4). We evaluated how different ligands and transition metals of four popular Kumada 

CTCP catalysts influence the migration behavior across either polythiophene or polyphenylene. 

Products were analyzed across a range of polymer lengths using matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) to investigate the role 

of polymer length on migration. The ratio of polythiophene that had reacted at both ends was over 

85% for all catalysts up to a DP of 50, but almost no migration was observed across phenylene 

using Ni(dppe)Cl2 and Ni(dppp)Cl2. Changes in migration behavior of Ni phosphines by switching 

monomers is particularly interesting considering their poor copolymerizations of 

thiophene/phenylene, but the connection between these results is unexplored. The end-capping 

experiments provide a modular method to probe π-complex stability/catalyst mobility (but cannot 

differentiate the two) that offers a glimpse into how the π-complex for CTCP directs reactivity. 

Due to the fundamental nature of the π-complex, insights gained by investigating new catalyst, 

monomer, and/or comonomer combinations could have far-reaching impacts in CTCP. 
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Scheme 1-4. General end-capping experiments performed in Chapter 2 and 3. 

Addressing migration through precatalyst design 

For the commonly used Ni(dppe) catalysts, migration can be addressed using a precatalyst 

that transfers a reactive ligand (RL) to the α end of the polymer end during initiation (Scheme 

1-5).116 Even if the catalyst does migrate between chain-ends, propagation can only occur from the 

ω terminus. Reactive ligands can also be selected to improve precatalyst solubility (relative to the 

dihalide salt),104,117 influence the initiation rate,118,119 initiate from surfaces,120–124 and/or 

incorporate a desired functional group.125–127 Changing the reactive ligand does not alter the poor 

polymerization behavior; the same cross-propagation difficulty was observed using Ni(dppe)(o-

PhOMe)Br.128 Chapter 4 identifies IPrPd(3-chloropyridine)Cl2 as a precatalyst with desirable 

reactivity in copolymerizations, but does not transfer a reactive ligand to the polymer. We 

considered the following strategies to identify a precatalyst suitable for copolymerizations. 
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Scheme 1-5. General products from initiation and propagation using precatalysts. Dihalide precatalysts (top) generate 

a polymer that could propagate from both C-Br to yield ill-defined copolymers. Functionalized precatalysts (bottom) 

transfer a reactive-ligand ( ) to the polymer to prevent propagation from the α end. 

Precatalysts that transferred reactive ligands to the α end of CPs were first prepared using 

an in situ approach. These precatalysts could be generated A) via oxidative addition from a Ni(0) 

triphenylphosphine precatalyst, or from a Ni(II)  triphenylphosphine precatalyst using B) 

transmetallation with an aryl-lithium reagent, or C) in situ reduction from nBuLi followed by 

oxidative addition into an aryl halide. Each strategy yielded different amounts of end-group 

incorporation, polymer yield, dispersity, with the highest end-group incorporation achieved via in 

situ reduction of Ni(II).104 Unreacted precatalyst, in situ catalyst decomposition, initiation 

products, and/or excess ligands can all effect the polymerization and are difficult to 

control/quantify. 

Precatalysts have undergone rapid development in the past few years – catalyst systems 

using palladium (from PdCl2 or Pd2(dba)3) with added ancillary ligand (usually 2-3 equiv) are 

being replaced by discrete precatalysts that combine the transition metal, ancillary ligand, and 

reactive ligand(s).  Discrete precatalysts are attractive because many undergo facile activation and 

the amount of ligand on each catalyst can be controlled. Common precatalysts feature 

palladacycles (Buchwald precatalysts) or allyl precatalysts (developed by Nolan). These catalysts 

are highly active in a variety of reactions, but have mainly been developed for Buchwald-Hartwig 
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aminations and Suzuki cross-couplings. Precatalysts are activated by excess base, present in the 

reaction solution, followed by reductive elimination of the reactive ligand to generate the active 

catalyst. The reactive ligand by-product, present in only small amounts due to low catalyst loading, 

is removed during purification. Our precatalyst requirements and reaction conditions differ from 

conventional cross-coupling reactions. Precatalyst should be activated by transmetallation with 

monomer (rather than base), and incorporate reactive ligand into the desired product (polymer). 

Buchwald precatalysts were excluded from our catalyst screening because activation involves a 

cyclization reaction rather than a cross-coupling product. 

We explored IPrPd derivatives that could combine efficient copolymerizations with control 

over sequence, and investigated the role of polymerization additives to improve end-group 

transfer. Precatalysts featuring a cinnamyl reactive ligand gave the highest levels of Mn control 

and low Đ, but reactive ligand transfer to polymer was not quantitative. Efforts to improve reactive 

ligand transfer using small molecule additives or initiating with thiophene (rather than phenylene) 

were unsuccessful. Despite the challenges, identifying a precatalyst with a broad copolymerization 

scope that transfers a reactive ligand to the copolymer would be a rewarding pursuit. Examples of 

conjugated gradient copolymers hint at their vast potential, but synthetic methods have limited 

their use to only a handful of systems. 

Conclusion 

CTCP methods are an attractive method for the synthesis of CPs to manipulate polymeric 

properties (Mn, Đ, end-groups, and copolymer sequence), develop structure-property relationships, 

and ultimately improve performance for a specific application. Examples of gradient copolymers, 

which can only be prepared via living, chain-growth methods, illustrate the importance of 

copolymer sequence for effecting polymer morphology. In practice, only a handful of monomers 

can be polymerized via CTCP. This thesis details our efforts to understand CTCP by indirectly 

probing the metal-polymer π-complex responsible for chain-growth behavior. Using end-capping 

experiments, we quantified the intramolecular migration of four CTCP catalysts across two 

polymers relative to a competitive chain-transfer/dissociation pathway. Although all catalysts 

perform similarly in polymerizations, drastically different migration results were observed based 

on the catalyst and monomer used. We sought to overcome catalyst migration during 

copolymerization by preparing Pd precatalysts that transfer a reactive ligand to the polymer, but 
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unstable precatalysts, slow initiation, and/or incomplete end-group transfer make catalyst 

development challenging. Continued iterations of mechanistic studies and catalyst development 

are necessary to expand the benefits of CTCP to a broader audience in the burgeoning field of 

organic electrons. 
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Long-distance catalyst migration across poly(3-alkylthiophene) 

Introduction 

Conjugated polymers have garnered significant interest due to their flexibility and potential 

application in low-cost sensors,1–3 light-emitting diodes,4–8 transistors,9–11 and solar cells.12–15 

Electronic and morphological properties can be tuned by modifying the chemical structure, leading 

to a diverse array of monomer combinations that have been evaluated in thin-films and devices. 

However, it is challenging to dictate molecular weight and end-groups for most polymers using 

existing step-growth polymerizations. The enhanced synthetic control offered by living, chain-

growth polymerizations was first realized for conjugated polymer synthesis in 2004 when catalyst-

transfer condensation polymerization (CTCP) was employed to prepare poly(3-

hexylthiophene).16,17 The discovery of CTCP has enabled new materials to be prepared that 

demonstrate the importance of molecular weight, copolymer sequence, and end-groups on physical 

and electronic properties.18–22 Despite the clear advantages, CTCP has only been applied to a 

limited number of monomers because most attempts to polymerize extended macrocycles and/or 

electron deficient monomers have failed.23–29 Understanding what separates the successes from 

failures is critical to developing new catalysts to polymerize monomers with tailored electronic 

levels, better absorption/emission properties, and higher charge mobility. A more versatile method 

capable of incorporating the diverse monomer scope associated with step-growth polymerizations 

with the molecular weight and sequence control of CTCP would be invaluable for systematically 

optimizing electronic structure and morphology of conjugated polymers for each application.  

The key feature that distinguishes CTCP from conventional cross-coupling 

polymerizations is an associative complex that forms following reductive elimination, where the 

electron-rich transition metal binds to the π-system of the conjugated polymer. This π-complex 

predisposes the catalyst to intramolecular oxidative addition, which leads to a chain-growth 
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polymerization (Scheme 2-1). Studying how the catalyst-polymer π-complex directs 

intramolecular oxidative addition could help researchers target promising monomer/catalyst 

combinations and identify when complex formation is problematic. Unfortunately, the π-complex 

is difficult to study because it is not an observable intermediate in well-controlled systems.18 

 

Scheme 2-1. Catalytic cycle for the polymerization of 3-alkylthiophene using Kumada CTCP. 

Many researchers have investigated thiophene polymerizations because of the high degree 

of control over molecular weight and dispersity, which affect structure-property relationships and 

solar cell performance. Compelling indirect evidence for the π-complex has been documented in 

reports of initiator enchainment,30–33 monomer scope,34–42 and end-capping experiments.43–46 

Dihalide precatalysts are commonly employed in CTCP due to their stability and commercial 

availability. Initiating dihalide precatalysts using thiophene monomer proceeds through a 5,5'-

dibromo-4,4'-dialkyl-2,2'-bithiophene initiator that can react at both C-Br bonds. Propagation from 

both ends with a single catalyst is observed, but chain-growth behavior is maintained through a 

series of π-complexes where the catalyst “walks” from monomer to monomer to migrate between 

chain-ends.  This dynamic process, referred to herein as chain-walking, enables the catalyst to 
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migrate across the conjugated backbone without chain-transfer or dissociation (which would lead 

to a step-growth polymerization). Catalyst chain-walking is the process through which the catalyst 

moves along the conjugated polymer through a series of π-complexes, while catalyst migration 

quantifies end-to-end movement. Propagating from both ends enchains the bithiophene initiator 

into the polymer backbone (Scheme 2-2).30 Initiator enchainment has been independently reported 

for several catalysts, but a meaningful comparison between catalysts requires identical 

polymerization conditions. Additionally, initiator enchainment can only be calculated from the 

bulk polymer sample (using NMR spectroscopy), whereas enchainment should increase with 

increasing degree of polymerization (DP).30,33 

 

Scheme 2-2. (A) Initiator enchainment and (B) capping at both ends of poly(3-alkylthiophene) provide evidence for 

catalyst migration. 

Catalyst chain-walking has been exploited using monomers containing multiple aryl 

groups, such as tetramers of 3-hexylthiophene, that place the reactive C-Br bond three thiophene 

rings away from the catalyst after reductive elimination and π-complex formation (Scheme 2-3). 

To maintain chain-growth behavior, the catalyst must chain-walk across the large repeating unit 
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for intramolecular oxidative addition. Even for polymers with 100 thiophene units, there is no 

apparent difference in dispersity when quarterthiophene monomers were used to produce poly(3-

hexylthiophene) using Ni(dppp)Cl2 relative to bithiophene or thiophene monomers targeting the 

same molecular weight (dppp = 1,3-bis(diphenylphosphine)propane).34 Catalysts that are less 

efficient at CTCP, such as Ni(PPh3)2(Ph)Br, show an increase in dispersity with increasing 

monomer size (PPh3 = triphenylphosphine).41 

 

Scheme 2-3. Ni(dppp)Cl2 catalyzed polymerization of a quarterthiophene monomer requires catalyst migration across 

four thiophene units for intramolecular oxidative addition (right) to realize a chain-growth polymerization. 

Catalyst migration has also been examined by end-capping polymerizations with an excess 

of mono-functional Grignard reagent (i.e., capping agent). The capping agent (cap) transmetallates 

with the catalyst on the active (ω) chain end, yielding cap/Br end-groups and (associated) catalyst. 

Catalyst migration followed by oxidative addition into the α C-Br terminus enables further reaction 

with the capping agent to give cap/cap end-groups. End-capping at both ends of poly(3-

hexylthiophene) has been observed using a variety of aryl capping agents, indicating that the 

catalyst migrates between polymer ends (Scheme 2-4).43–46 

 

Scheme 2-4. End-capping observed at both ends of poly(3-hexylthiophene) polymerized by Ni(dppe)Cl2. 

Collectively, initiator enchainment, monomer scope, and end-capping experiments all 

demonstrate that catalyst migration occurs during a typical polymerization and can be quantitative 

by end-capping (when migration is “forced”). Because the π-complex is fundamental to CTCP and 
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catalyst migration has been observed, rigorous investigations of the chain-walking process could 

identify how catalyst parameters affect migration and the subsequent influence on dispersity as 

well as molecular weight/sequence/end-group control. Existing information about the π-complex 

is limited— (1) The amount of initiator enchainment only indicates migration frequency (not π-

complex stability). (2) End-capping experiments provide a modular system for examining catalyst 

migration, but reactions at both polymer ends could occur through intermolecular and/or 

intramolecular pathways. If the intermolecular reactions are suppressed, end-capping experiments 

can provide insights about the catalyst-polymer π-complex beyond the scope of standard 

polymerizations. Using conditions with clear evidence for π-complexation, such as poly(3-

alkylthiophene) with Ni(dppp)Cl2 and Ni(dppe)Cl2, we can push the limits of π-complex 

stability/catalyst mobility by forcing migration across long-distances. By stressing the system 

beyond the typical requirements for CTCP, we aim to identify catalyst/monomer parameters that 

influence migration and can be leveraged to expand CTCP to new monomers. 

Herein, we present a model system based on end-group labeling to evaluate the role of 

ligand and transition metal identity on catalyst migration across poly(3-decylthiophene). Adding 

capping agent to the polymerization terminates the ω chain-end and forms a catalyst-polymer π-

complex. If the π-complex is sufficiently strong and the catalyst is mobile, the catalyst migrates to 

the α end via chain-walking to react with a second capping agent. Polymers where the catalyst has 

reacted at both ends (i.e., the migration product) are labelled with a capping agent on both ends. 

In contrast to previous investigations, we employed an excess of reactive aryl halide (competitive 

agent) to minimize diffusion/chain-transfer products by sequestering Ni0/Pd0 without disrupting 

polymerization behavior. The migration product dominated across all molecular weights for all 

four tested CTCP catalysts, indicating that the catalyst-polymer π-complex can chain-walk across 

over 60 repeat units to direct intramolecular oxidative addition into terminal C-Br bonds. The 

observation that Ni and Pd catalysts demonstrate this remarkable migration behavior is striking 

considering reports of their different complexation behavior.47–49 Furthermore, both bidentate 

phosphine and N-heterocyclic carbene (NHC) ligated Ni catalysts yield similar results. This shared 

behavior suggests that migration ability could be important for efficient CTCP catalysts and should 

be considered when evaluating new monomer/catalyst combinations. 
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Results and Discussion 

We established an end-capping system where intermolecular reactivity was minimized by 

using a competitive agent to sequester unassociated catalyst. In the end-capping experiments, a 

capping agent was incorporated into all polymers via transmetallation then reductive elimination, 

forming a catalyst-polymer π-complex. Ultimately, the catalyst will either migrate to the α end to 

install a second capping agent or dissociate/chain-transfer from the parent polymer to react with 

competitive agent. Characterizing polymers by end-group mass at each DP allowed us to determine 

the effect of chain-length on catalyst migration and easily compare catalysts at identical polymer 

molecular weights. Chain-walking, especially across long polymers, could lead to an increase in 

termination or chain-transfer as the catalyst would spend increasing amounts of time migrating 

between chain-ends. Therefore, identifying catalyst migration at each chain-length should provide 

valuable insight into polymerization relevant behavior. Dissociated catalyst and/or catalyst that 

has reacted at both ends was sequestered by an excess of competitive agent (i.e., reactive aryl 

halide). Removing unassociated catalyst is critical to properly assigning reaction products—false 

positives could be produced catalytically in the absence of competitive agent (Scheme 2-5).  

 

Scheme 2-5. End-capping reaction with unassociated catalyst generates false positive (i.e. migration product) if 

competitive agent is absent or not sufficiently reactive (intermolecular reaction). 

Small molecule cross-coupling competition experiments and polymerizations conducted in 

the presence of competitive agents were used to identify 5,5’-dibromo-2,2’-bithiophene, 3, as a 

suitable competitive agent from a small library of (hetero)aryl bromides and iodides. We 

demonstrate that 3 is capable of sequestering unassociated catalyst (Scheme 2-6) without 

disrupting polymerization (i.e., 3 does not interfere with the π-complex or undergo Grignard 

exchange)—polymerizing (5-bromo-4-decylthiophen-2-yl)magnesium chloride, 1, in the presence 
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of 3 (30 equiv) has a negligible impact on molecular weight, Đ, and end-group control (Scheme 

2-7, Appendix 1). Using 3, the intermolecular pathway can be minimized so that we can correlate 

the end-capping behavior with chain-walking and the catalyst-polymer π-complex. 

  

Chart 2-1. Structures and names of the dihalide precatalysts investigated in the end-capping model system. 

 

 

Scheme 2-6. Small molecule cross-coupling to verify that competitive agent outcompetes polymer C-Br (2-bromo-3-

hexylthiophene is used as a proxy). 

We evaluated the migration behavior across poly(3-decylthiophene) using the most 

commonly employed CTCP precatalysts: Ni(dppp)Cl2, 4a, Ni(dppe)Cl2, 4b, IPrNi(PPh3)Cl2, 4c, 

and IPrPd(3-chloropyridine)Cl2, 4a, (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazole, Chart 2-1). 

All four catalysts mediate a living, chain-growth polymerization of 1 with low dispersities and Mn 

dependent on the monomer/catalyst ratio (Appendix 1). We also evaluated Ni(PPh3)2Cl2, which 

has seen limited use in CTCP because chain-transfer side-reactions compete with the desired 

chain-growth pathway.41,50 Correlating ligand identity and transition metal with migration 
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behavior may provide important insight for the design of catalysts to polymerize more complex 

multi-aryl monomers. 

 

 

 

 

 

 

 no competitive agent competitive agent 

precatalyst Mn
a Đa Br/H b Mn

a Đa Br/Hb 

4a 12.8 1.16 92 10.5 1.12 87 

4b 22.6 1.31 85 20.8 1.30 81 

4c 11.8 1.19 70 10.1 1.22 65 

4d 14.1 1.23 66 16.1 1.26 82 

Scheme 2-7. Polymerizing 1 with or without added competitive agent. aDetermined by GPC analysis. bCalculated 

from the average peak area ratios (at each DP) from the five most intense peaks observed by MALDI-TOF MS 

analysis. 

Polymerizations in the end-capping model system were conducted under typical conditions 

for CTCP with monomer concentrations adjusted to target molecular weights suitable for MALDI-

TOF MS analysis (DP = 54).  After monomer consumption slowed (~ 90% conversion), the 

polymerization solution was added to a mixture of the capping and competitive agents (2-

chloromagnesio-4-methylthiophene, 2, and 3, respectively, Scheme 2-8).  Molecular weight, 

monomer conversion, and polymer end-groups were compared before and after adding 

capping/competitive agent.  We only examined data if aliquots removed prior to adding 

capping/competitive agent showed end-groups consistent with a living polymerization (i.e., Br/H) 

and no further polymerization occurred during end-capping (i.e., the molecular weight and 

monomer conversion were constant).  For this reason, only catalysts that exhibit living, chain-

growth behavior were the focus of this model system. Precatalyst 4e was also investigated to 

contrast end-capping results with a more step-growth system. Lower levels of end-group control 

in the polymerization yielded P3DT with a majority of Br/Br end-groups, which did not react with 

capping agent during the end-capping procedure.  

 

Scheme 2-8. End-capping model system to detect catalyst migration by reaction with 2 at both ends. 
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End-capping using Ni bi-dentate phosphine catalysts 

The most frequently used precatalyst for the synthesis of poly(3-hexylthiophene) is 4a, and 

migration has been implicated in initiator enchainment,30,32 monomer scope,34–36 and end-

capping.43–46  Selective di-capping of poly(3-hexylthiophene) has been observed using alkyl or 

aryl capping agents, indicating catalyst migration, but end-capping without competitive agent 

cannot distinguish the intramolecular from the intermolecular pathways.43,44 In separate 

experiments, 1-pentene has been used as a competitive agent to partially stall end-capping of 

poly(3-hexylthiophene) after the introduction of pyridine at only one end.45,46 The use of 1,000 

equivalents 1-pentene as a competitive agent should sequester unassociated Ni0, but olefins and 

non-conjugated double bonds have been shown to compete with the catalyst-polymer π-

complex.19,20,51,52 The disruptive nature of 1-pentene as a competitive agent means that these 

results may not be reflective of chain-walking under polymerization conditions. Therefore the 

previous studies provide an incomplete investigation of chain-walking. 

Using 3 in our end-capping model system as a highly reactive competitive agent that does 

not disrupt polymerization behavior, we investigated catalyst migration under relevant conditions 

for polymerizations (Appendix 1).  Employing 4a as the precatalyst produced poly(3-

decylthiophene), P3DT, with clearly identifiable end-groups with a DP from 24–52 repeat units. 

The migration product was the major species at all chain lengths, although a small portion of 

dissociation product was also observed. The percent migration decreased slightly with increasing 

DP, going from 96% at DP = 30 to 89% at DP = 50 (Figure 2-1, Figure 2-4, Appendix 1). Prevalent 

migration suggests that the Ni-P3DT π-complex is robust and the catalyst is mobile across the 

polymer backbone across even greater distances than previously reported.43 Importantly, using a 

competitive agent in our studies confirms the intramolecular nature of migration. The different 

amount of di-capping observed using 3 in our system (~100% migration when DP <20) relative to 

literature reports using 1-pentene as a competitive agent (45% migration) are quite dramatic,45,46 

supporting our hypothesis that 1-pentene promotes chain-transfer from the catalyst-polymer π-

complex rather than only sequestering catalyst that has already dissociated.46 Previous reports of 

the strong association between Ni0 and vinyl groups in end-capping with vinyl Grignard reagents 

43,44 and the polymerization of vinyl containing monomers24,51,52 support this conclusion. The 

structurally similar 4b yielded similarly high levels of migration (~95%), but these amounts were 
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insensitive to chain-length (Appendix 1). Migration products were even detected at >80 repeat 

units, but the signal overlap due to broad isotopic distributions at high molecular weight make 

quantifying migration difficult. For Ni-phosphine catalysts, the π-complex is sufficiently strong to 

maintain association with P3DT, and the catalyst is mobile enough to chain-walk the many steps 

required for intramolecular, end-to-end catalyst migration. 

 

Figure 2-1. Mass spectrum of P3DT produced by 4a after end-capping with 2 (15 equiv) and 3 (30 equiv). Migration 

(cap/cap, ) and dissociation (cap/Br, ) product peaks are highlighted from all other masses ( ). Insets (right) 

show P3DT end-groups at DP = 34 (top) and DP = 52 (bottom). 

Ligand effects: phosphine v. N-heterocyclic carbene 

We next evaluated precatalyst 4c to determine the effect of the ancillary ligand on the Ni-

P3DT π-complex. We have previously demonstrated that increasing the σ-donating ability of 
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phosphine ligands on Ni promotes chain-growth behavior through a stronger π-complex and/or 

faster oxidative addition.53,54 N-heterocyclic carbenes (NHCs) are strong α-donors and weak π-

acceptors relative to their phosphine counterparts, making them attractive candidates for chain-

growth polymerizations.55–57 Precatalyst 4c has recently been identified as an efficient CTCP 

catalyst for poly(3-alkylthiophenes)58–60 and generates lower amounts of initiator enchainment 

(66%) relative to 4a (72%).32 The lower reported levels of initiator enchainment using 4c could be 

the result of lower energy barriers for oxidative addition, a greater attraction towards the ω chain-

end, or weaker π-complex that increases chain-transfer or dissociation during chain-walking. 

Using 4c in our end-capping model system could allow us to identify whether the enchainment 

differences between catalysts are related to π-complex stability/catalyst mobility.   

Despite differences in end-to-end migration during thiophene polymerizations (observed 

by initiator enchainment),32 the chain-walking ability of Ni catalysts 4a–c are similar in the end-

capping experiments. Precatalyst 4c yields nearly exclusive migration products (migration is 100% 

at DP = 50), as compared to >89% migration for 4a and 97% for 4b. A minor amount of 

dissociation product can be observed in the mass spectrum, but these peaks were too small to be 

selected during peak picking (Figure 2-2, Appendix 1). Our end-capping experiments demonstrate 

catalyst 4c can migrate along P3DT, indicating that the mono-dentate ligands are sufficiently 

donating/bulky to form a π-complex that is resistant to chain-transfer or dissociation. 
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Figure 2-2. MALDI-TOF mass spectra of P3DT produced by 4c post end-capping with 2 (15 equiv) and 3 (30 equiv). 

Migration (cap/cap, ) and dissociation (cap/Br, ) product peaks are highlighted from all other masses ( ). 

Insets (right) show P3DT end-groups at DP = 34 (top) and DP = 52 (bottom). 

Metal effects: Ni versus Pd 

Direct comparisons between Ni and Pd CTCP catalysts are scarce because living, chain-

growth polymerizations using Ni involve bi-dentate phosphines, while Pd is typically ligated by 

bulky, mono-dentate phosphines or NHCs.18–20 To isolate the role of the metal identity from ligand 

effects in CTCP, we compared 4c with IPrPd(3-chloropyridine)Cl2 (4d). Both catalysts have the 

same IPr ancillary ligand and differ only in the transition metal and labile ligands. The labile 

ligands, PPh3 and 3-chloropyridine, are not expected to be coordinated to the catalyst during the 

chain-walking and subsequent oxidative addition due to steric constraints.61,62 As a consequence, 

any differences in migration behavior should be attributed to changing the transition metal. The 
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migration behavior of 4d has been previously observed by initiator enchainment using Kumada or 

Stille CTCP, where poly(3-hexylthiophene) that had polymerized from both ends was 80%62 or 

100%31 of the reaction product, respectively. Chain-walking of 4d has also been analyzed 

computationally, and π-binding followed by chain-walking directs intramolecular oxidative 

addition.61,62 

Consistent with the enchainment results, precatalyst 4d also yielded the migration product 

as the nearly exclusive product of the end-capping experiments.  The migration products were the 

sole peak series for DP of 40–60, and were even observed up to 80 repeat units (Figure 2-3). 

Observing migration products on such long polymers reveals that the Pd-P3DT π-complex is 

strong enough to maintain association during chain-walking to yield the di-functionalized 

products. This result is surprising, giving that comparisons in small molecule cross-couplings 

suggest that Pd0 binds more weakly to aryl groups prior to oxidative addition (relative to Ni0).47,48 

Weaker binding in the Pd-polymer π-complex could result in catalyst dissociation during catalyst 

chain-walking, but that is not observed in these experiments. 
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Figure 2-3. Mass spectrum of P3DT produced by 4d after end-capping with 2 (15 equiv) and 3 (30 equiv). Migration 

(cap/cap, ) and dissociation (cap/Br, ) product peaks are highlighted from all other masses ( ). Insets (right) 

show P3DT end-groups at DP = 34 (top) and DP = 52 (bottom). 

Uncontrolled CTCP catalyst Ni(PPh3)2Cl2 

Because all tested CTCP catalysts displayed impressive levels of migration in the end-

capping experiments, we investigated whether migration would also be observed using a lower 

performing catalyst. Test polymerizations with Ni(PPh3)2Cl2 yielded polymers with higher 

dispersity and lower molecular weight, which suggests that chain-transfer and termination events 

occur during the predominantly chain-growth polymerization.41,63 These results are consistent with 

literature reports that identify increased dispersity for poly(3-alkylthiophene) above DP ~40.41,63 

Less efficient migration (relative to 4a) has also been observed when polymerizing thiophene 
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trimers, resulting in a significant increase in dispersity and reduced molecular weight.34,41  

Differences in polymerization behavior between Ni(PPh3)2Cl2 and the other CTCP catalysts were 

amplified in our end-capping system, where Ni(PPh3)2Cl2 yielded a mixture of dissociation and 

migration products (~50% each). However, clear interpretation of this product distribution is 

confounded by the small amount of end-capped products (~15% of the polymers at each DP).  The 

major end-groups at all molecular weight corresponds to Br/Br for both the pre- and post- capping 

polymers. Halogens at both polymer ends suggest that the catalyst does not stay associated with 

the polymer during the polymerization or end-capping.  With this non-chain-growth character, 

oxidative addition of the unassociated catalyst into 3 could outcompete reaction with P3DT to 

produce mainly small-molecule cross-coupling products rather than end-functionalized polymer 

(Scheme 2-9). The small number of end-capping products validates our focus on CTCP catalysts. 

 

Scheme 2-9. Unassociated Ni(PPh3)m catalyst yields coupling product of 2 and 3 rather than end-capping P3DT. 

Trends in catalyst migration 

The end-capping experiments reveal that all four CTCP precatalysts can migrate large 

distances when migration is forced. For 4b-d, migration is near quantitative and is insensitive to 

chain-length. Using precatalyst 4a, however, the ratio of migration products decreases slightly as 

chain-length increases. Since this trend does not occur with the electronically similar 4b, we 

propose that the greater steric bulk of dppp on 4a (relative to dppe on 4b) increases the energy 

barrier to catalyst migration, while the binding stabilization remains the same. Migration barriers 

are more likely to be effected by increased steric hindrance than the π-complex stability due to the 

dihedral angle between the planar thiophene repeat units. Each repeat unit should be accessible to 

the catalyst, for all ligands tested, but rotation between thiophene rings (with alkyl side-chains 

jutting out) could cause steric repulsion during chain-walking for bulkier catalysts. While the 
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overall effect on migration across P3DT is minor, migration differences could amplified using 

other monomers. 

 

Figure 2-4. Migration percent at each DP for precatalysts 4a–4d tested in the end-capping model system. The 

migration pathway was calculated from peak areas of the cap/cap and cap/Br peaks (at each DP) determined by 

MALDI-TOF MS (Appendix 1). 

Statistical analysis using a random-walk model 

The large number of repeat units that the CTCP catalysts traverse during migration is 

especially remarkable given that the most widely accepted model for chain-walking assumes a 

random walk along the polymer backbone.30,33 A catalyst in the middle of the polymer has an equal 
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probability of moving left or right, treating all repeat units identically.  Chain-walking across each 

repeat unit involves an inter- and intra-ring walking step from the most energetically favorable η-

2 coordination.54,61 Because end-group effects are relatively minor on long polymers, we 

considered the simplest case where there is an equal probability to chain-walk between all repeat 

units and capping agent. We calculated the probability for catalysts to reach the α chain-end (where 

it was assumed to react immediately), with the cumulative probability at a given number of steps 

being equal to the migration percent (Appendix 1). For 95% of the catalyst to migrate across 14 

and 50 repeat units, the threshold number of steps is 2,204 and 26,754. Three out of four high-

performing CTCP catalysts (4b–4d) chain-walk this incredible number of steps with little change 

in the migration product, while Ni(PPh3)2Cl2 yielded a mixture of migration and dissociation 

products. The percent migration diminishes from 96% to 89% with increasing DP (34 and 50, 

respectively) using precatalyst 4a, which allows us to fit the random-walking across multiple data 

points. We calculated the number of chain-walking steps required for 95% migration at DP = 36 

(and so on), then compared the calculated number of steps (Table 2-1). The wide variation in the 

number of steps, albeit over a very limited percent migration range, suggests that the random-

walking model does not completely describe the migration behavior for 4a. 

 

Figure 2-5. (A) Cumulative distribution function for a random walk on a polymer with DP = 14 with guiding lines (

) drawn at 95% migration product (2,204 steps, ). B) The number of steps calculated from the cumulative 

distribution function are plotted versus DP ( ). A quadratic fit (r2 = 1.0000, ) is used to extrapolate the # of 

steps due to the high computational workload required at high DP. 
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DP Migration (%) Calculated # of steps 

36 95 13977 

42 93 17056 

47 91 19369 

50 89 20514 

Table 2-1. Percent migration (experimental data) and calculated # of steps at each DP for 4a. 

Conclusions 

Overall, the end-capping system provides an indirect route to probe the catalyst-polymer 

π-complex by detecting products of catalyst migration. Using highly reactive 3 as a competitive 

agent minimized interpolymer reactions, enabling us to assign migration products to chain-walking 

via a π-complex. Although migration was forced by adding the capping agent (2), our results reveal 

the impressive stability of metal-P3DT π-complexes and the high mobility of catalysts to chain-

walk >26,700 steps across 50 repeat units to react at both polymer ends. Efficient migration 

behavior was observed for all the high performing CTCP catalysts examined, using Pd or Ni 

catalysts ligated by NHCs as well as Ni ligated by bidentate phosphines. The shared ability to 

migrate with minimal dissociation suggests that efficient migration could be indicative of CTCP 

catalysts. In typical thiophene polymerizations, end-to-end migration is rare relative to oxidative 

addition into the adjacent C-Br and our end-capping experiments suggest that chain-transfer from 

migrating CTCP catalysts should be minimal. Chapter 3 investigates whether chain-walking is 

similarly robust across poly(phenylene), and whether migration behavior is a diagnostic parameter 

to evaluate CTCP for new catalyst/monomer combinations. Catalysts with a high affinity for chain-

walking will be targeted for expanding CTCP monomer scope to multi-aryl monomers. Initial 

investigations by Noonan34 and Mori40 (among others) using 4a and 4c suggest that polymerizing 

multi-aryl monomers is a promising approach to access new polymers for high-performing 

devices. 
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Catalyst-dependent migration in polyphenylene synthesis 

Introduction 

Conjugated polymers (CPs) have attracted considerable interest for use in organic 

electronics due in part to their highly tunable optical, electrical, and mechanical properties. 

Copolymerizations have emerged as the primary route to fine-tune CPs for high-performing 

transistors,1–3 light-emitting diodes,4–7 and solar cells.8–10 However, most one-pot CP 

copolymerizations are limited to alternating or random sequences, and offer little control over 

polymer molecular weight and dispersity.11,12 These limitations hinder our ability to control and 

stabilize CP morphology, which plays a critical role in device performance.13–16 Living, chain-

growth polymerizations via catalyst-transfer condensation polymerization (CTCP) provide a route 

to access CPs with control over sequence, molecular weight, and end-groups, but the narrow 

monomer scope limits its application. Insights gained through detailed mechanistic investigations 

have enhanced polymerization control, and should hold the key for developing CTCP for 

commercial applications. 

The chain-growth nature of CTCP is enabled by a catalyst-polymer π-complex that 

predisposes the catalyst to intramolecular oxidative addition. Compelling evidence for an 

associative intermediate has been offered in several small molecule competition experiments.17–19  

In one experiment, an associative intermediate justifies the selectivity for an intramolecular 

pathway over the stoichiometric and reactivity favored intermolecular pathway (Scheme 3-1). 

Importantly, the results from this model system translated to polymerizing (1-bromo-2,5-

bis[hexyloxy]phenyl)magnesium chloride (1)—catalysts that were most selective for the 

intramolecular reaction pathway produced polymers with lower dispersities in the presence of a 

competitive agent. These results further corroborate other studies which indicate that more 

electron-rich ligands, which should strengthen the catalyst-polymer π-complex, can improve 

chain-growth behavior to yield polymers with lower dispersities.20,21 
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Scheme 3-1. Small molecule competition experiment where an associative complex directs oxidative addition with 

the biaryl formed in situ (intramolecular pathway) rather than through the intermolecular pathway with a more reactive 

competitive agent (2-bromobenzonitrile, present in excess amounts). L2 = 1,2-bis(diethylphosphino)ethane, 1,2-bis(p-

methoxyphenylphosphino)ethane, dppe or 2 PPh3 (dppe = 1,2-bis(diphenylphosphino)ethane, PPh3 = 

triphenylphosphine). 

Since the discovery of CTCP in 2004,22,23 only a handful of monomers have been 

polymerized in a living, chain-growth fashion where the molecular weight was determined by the 

[monomer]0/[initiator]0 and dispersities (Đ) were below 1.25.24 These successful examples use a 

variety of electron-rich 5- and 6-membered arenes, but examples of polymerizing electron 

deficient moieties are rare.24  Recent accounts have implicated the catalyst-polymer π-complex as 

the problematic step, 25–30 where a strong π-complex retards catalyst-transfer to the reactive termini 

for oxidative addition. Instead, chain-transfer can become prevalent and only low molecular 

weight oligomers are formed. 

Issues with the π-complex can also obstruct copolymerizations, even when each 

comonomer can be polymerized separately under the same conditions. Incorporating each 

comonomer into a statistical copolymer requires many cross-propagation events where the catalyst 

must migrate across the terminal unit for oxidative addition. Differences in π-binding with each 

monomer can direct the catalyst away from the active terminus and obstruct oxidative addition. 

This pathway has been identified in block copolymerizations of phenylene (1) with thiophene (2) 

using Ni(dppe)Cl2, where the order of block formation is critical to polymerization control 

(Scheme 3-2).31,32 The block copolymerization from 2 to 1 fails because the catalyst “sticks” to the 

block of 2. This failure results in chain-transfer (to yield P1 and P2) and end-capping P2 with a 

single unit of 1 on both ends. Changing the donor strength of the phosphine ligand, which yields 
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dramatic differences in polymerizing 1,20 offered no improvement in the molecular weight or 

dispersity of P(2-block-1).33 Although chain-growth protocols to access P2 and P1 were 

developed in 200422,23 and 2006,34 respectively, alternative copolymerization methods using Ni 

phosphine catalysts have all failed—prompting research into other transition metals and ligands. 

 

Scheme 3-2. Block copolymerization of 2 (P2 Mn = 4.1 kDa, Đ = 1.33) then 1 (Mn = 6.7 kDa, Đ = 1.44) to yield P(2-

block-1) and 1-P2-1 as the major species.32 

Recent developments in CTCP have expanded the precatalyst scope beyond Ni phosphine 

catalysts to include diamine35,36 and N-heterocyclic carbene (NHC)37–39 ligands as well as Pd 

precatalysts ligated by mono dentate phosphines40–46 or NHCs.47–49 The first batch 

copolymerization of 1 and 2 to yield copolymers with high molecular weight and low dispersity 

used IPrPd(3-chloropyridine)Cl2, 4d (IPr = 1,3-bis[2,6-di-i-propylphenyl]imidazol-2-ylidene, 

Chapter 4). The mechanism of 4d catalyzed polymerizations has not been determined 

experimentally, but computations suggest that chain-growth characteristics are achieved through 

a Pd-polymer π-complex.19,47,50,51Alternatively, Koeckelberghs has targeted Pd with a RuPhos 

ligand to minimize π-binding with electronically distinct monomers (RuPhos = 2-

dicyclohexylphosphino-2′,6′-diisopropoxybiphenyl), polymerizing through a reactivity-based 

pathway. The first tri-block copolymers of 3-hexylthiophene, 3-octyselenophene, and 9,9-

dioctylfluorene were prepared (from all orders of monomer addition) using the PdRuPhos system, 

44,46 but this drastic increase in cross-propagation comes at a cost—higher dispersity in both homo- 

and copolymerizations.  Dispersities were ~1.7 under optimized conditions for P2, as opposed to 

the commonly reported values of ~1.25 when 4b is used as the precatalyst.52,53  
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The examples above illustrate the importance of precatalyst choice on polymerizations and 

copolymerizations. We hypothesized that studying the catalyst-polymer π-complex, the defining 

feature of chain-growth polymerizations, is integral to understanding the different polymerization 

behavior of the precatalysts. A catalyst that forms a strong π-complex (for controlled 

polymerizations), but that can migrate across varied aryl groups (to cross-propagate with different 

monomers) would be highly desirable. However, design principles to tailor copolymerization 

behavior have not been established. Catalyst-polymer π-complexes have not been directly 

observed, despite numerous small-molecule examples.26,27,52 The importance of the π-complex, 

combined with the difficulty of studying it, has created a large knowledge gap. To partially fill this 

gap, we developed an indirect method to probe differences in the catalyst-polymer π-complexes 

by detecting end-to-end catalyst migration. This system, based on end-group labelling, forces 

migration after the first end-cap is incorporated. A mobile catalyst that forms strong π-complexes 

can transfer across the polymer through a series of π-complexation events. This process, referred 

to herein as chain-walking, enables the catalyst to react at both polymer ends without chain-transfer 

(migration). If the π-complex is weak or fleeting, then the catalyst would dissociate (to react with 

excess competitive agent), leaving a polymer with an unreacted α chain-end.  High chain-walking 

barriers that restrict the catalyst to the ω chain-end could also lead to dissociation products. In this 

way, the π-complex behavior determines the ratios of polymers with one or two capping agents 

(analyzed by mass spectrometry) and enables us to compare different catalysts and polymers under 

similar conditions.  

Results from the end-capping experiments with thiophene (Chapter 2) revealed that the π-

complex can be robust for a broad range of catalysts, producing nearly quantitative migration 

products across more than 50 repeat units. However, these experiments examine only one piece of 

the catalyst-polymer π-complex—the catalyst. Understanding how changing the 

monomer/polymer influences the π-complex is critical to developing copolymerization methods 

that enable cross-propagation. Herein, we explore the end-capping model system using 1 with four 

popular CTCP catalysts and evaluate how the end-capping results relate to the current theories of 

random catalyst chain-walking. 
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Results and discussion 

End-capping model system 

The experiments below are similar to the end-capping model system described in detail in 

Chapter 2. Sample reactions show 4a–d polymerize 1 in a living, chain-growth fashion, as 

evidenced by targeted Mn and low Ð (Appendix 2). Therefore, results obtained in the model system 

are more reflective of subtle mechanistic differences between catalysts rather than polymerization 

efficiency. The selected catalysts vary over several parameters including ligand bite angle, ligand 

identity/coordination, and transition metal. 

  

Chart 3-1. Structures and names of the dihalide precatalysts investigated in the end-capping model system.  

The main differences between the end-capping experiments using 1 or 2 is the identity of 

the capping and competitive agents. An excess of competitive agent during end-capping is 

essential for identifying the π-complex stability/mobility of each catalyst. The competitive agent 

reacts with diffuse M0 and preserve the dissociation product. However, competitive agent that is 

too reactive could undergo Grignard exchange with monomer or induce chain-transfer from the 

polymer. After evaluating several competitive agents, it was found that 2-bromobenzonitrile, 3b, 

could be used as a competitive agent that did not disrupt polymerizations. Small molecule cross-

coupling competition experiments were performed to demonstrate that 3b is substantially more 

reactive than S1 (Appendix 2). Therefore, 3b should sequester M0 generated during end-capping 

experiments and prevent catalyst diffusion between polymers. The capping agent was also 

optimized to resemble chain-walking across P1. As discussed above, differences in the π-binding 

affinity between different aryl groups can cause a catalyst to “stick” to a segment of the polymer 

and hinder oxidative addition. We identified (p-tolyl)magnesium chloride, 3a, as capping agent 

with similar electronic properties to 1 that is easily identified by mass spectrometry (using matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry, MALDI-TOF MS). 
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Scheme 3-3. End-capping model system to detect catalyst migration by capping with 3a.  

End-capping using Ni bidentate phosphine ligands 

The most common precatalyst employed in Kumada CTCP is Ni(dppp)Cl2, 4a (dppp = 1,3-

bis(diphenylphosphino)propane),24,54 but examples of migration across 1 are limited to 

copolymerizing 1 and 2 where preferential π-binding to 2 restricts block copolymer synthesis to a 

single direction. Using precatalyst 4a in our end-capping experiments, the majority of polymers 

had cap/Br end-groups from the dissociation pathway. The migration product was only prevalent 

at very short chain-lengths (DP of two). At a DP of three, however, the migration product is only 

6% by area (Figure 3-1, Appendix 2). The low level of migration is surprising, given the extensive 

migration across P3DT, but does not directly contradict typical polymerization results (P3DT = 

poly(3-decylthiophene)).  

Limited migration of 4a across P1 could originate from two different scenarios.  The first 

possibility is that Ni-P1 π-complex is not stable. The complex that is formed is fleeting, so the 

catalyst dissociates from the polymer shortly after it is formed. The catalyst could be localized at 

the ω end throughout the entire polymerization (i.e., no migration), where rapid oxidative addition 

into the ω chain-end could occur (before dissociation/chain-transfer) to achieve a chain-growth 

mechanism. 

An alternative mechanism is that there is high energy barrier to chain-walking due to steric 

repulsion between the dppp ligand and the twisted phenyl rings or hexyloxy side-chains of the 

polymer. In the end-capping experiments, the catalyst would be localized at the capped-end and 

dissociation/chain-transfer to excess competitive agent occurs before migration to the α chain-

end—even though a strong π-complex is formed. With a high barrier to chain-walking, the 

catalyst-polymer π-complex would remain at the ω terminus during polymerizations. Catalyst 

would be well positioned for intramolecular oxidative addition at the ω terminus, thereby reducing 
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chain-transfer or dissociation (relative to otherwise identical catalyst that migrates). Either 

scenario (strong binding with high chain-walking barriers or weak binding with low oxidative 

addition barriers) could explain the limited migration products but living, chain-growth 

polymerizations. 

 

Figure 3-1. MALDI-TOF mass spectra of P1 produced by 4a after end-capping with 3a (15 equiv) and 3b (50 equiv). 

Migration (cap/cap, ) and dissociation (cap/Br, ) product peaks are highlighted from all other masses ( ). 

Insets (right) show P1 end-groups at DP = 3 (top) and DP = 7 (bottom). 

Ligand effects: phosphine bite-angle 

Precatalyst 4b has received considerable interest for polymerizing 1 due to the ability to 

prepare aryl-functionalized precatalysts to study polymerization behavior,20 accelerate initiation,55 

and functionalize polymers.56 Convincing evidence for Ni(dppe) migration is presented in small 

molecule experiments,17 but catalyst migration across polyphenylene has not been documented. 

While the bidentate phosphine is electronically similar to dppp, the shorter alkyl linker decreases 
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the ligand bite angle for the LnNiCl2 complex from 91° to 85° and changes the rate-determining 

step in the polymerization from transmetallation to reductive elimination.21,57 If steric repulsion is 

a major deterrent to chain-walking for 4a, then migration using 4b should be higher. End-capping 

experiments using 4b yielded results similar to 4a. The dissociation product was favored at DP > 

2, and was detected at all chain-lengths. The steric differences between dppp/dppe and different 

polymerization rate-limiting steps (i.e., reductive elimination versus transmetallation) have only a 

minor impact on the end-capping results. 

 

Figure 3-2. MALDI-TOF mass spectra of P1 produced by 4b after end-capping with 3a (15 equiv) and 3b (50 equiv). 

Migration (cap/cap, ) and dissociation (cap/Br, ) product peaks are highlighted from all other masses ( ). 

Insets (right) show P1 end-groups at DP = 3 (top) and DP = 7 (bottom). 

These results are surprising based on the success and ubiquity of 4b in CTCP, and from 

cross-coupling examples of selective “di-capping” between an aryl Grignard with an excess of aryl 

dihalide.58 In small-molecule competition experiments by McNeil and coworkers (Scheme 3-1), 1 
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equiv of a capping agent (o-methoxyphenylmagnesium chloride) and 1–100 equiv of competitive 

agent (3b) were mixed with Ni(dppe)(4-bromo-2,5-bis(butoxy)phenylene)Br.17 The ratio of the 

intramolecular to intermolecular reaction changes from 95:5 to 40:60 in going from 1–50 equiv of 

3b. The similarity between this reported system and the end-capping experiments described herein 

warrants a thorough comparison, with their results serving as a data point for DP = 1. Comparing 

at 50 equivalents of 3b, their results give less migration product (40%) than what we observe at 

DP = 2 (64%). The two major differences are the capping agent (p-tolylmagnesium chloride versus 

o-methoxyphenylmagnesium chloride) and the catalyst/competitive agent concentration (their 

system was over 26 times more concentrated). The increased concentration of competitive agent 

(at the same 50 equiv) should accelerate the rate of the reaction with competitive agent (via chain-

transfer or after dissociation), while the intramolecular reaction will remain the same. The end-

capping experiments performed in our studies were conducted under dilute conditions (within the 

typical range of CTCP) to limit catalyst diffusion polymers (intermolecular pathway), which would 

convert the dissociation product (cap/Br polymer) to the migration product (cap/cap polymer) or 

cap/H polymer. Despite the different values, both experiments demonstrate that the π-complex 

biases but does not guarantee intramolecular reactivity across short chains. 

Ligand effects: phosphine v. N-heterocyclic carbene 

We next evaluated the precatalyst IPrNi(PPh3)Cl2, 4c, to determine the effect of the 

donor/acceptor capabilities and steric differences of the ancillary ligand.  N-heterocyclic carbenes 

(NHCs) are known to be strong σ-donors and weak π-acceptors relative to their phosphine 

counterparts.59–63 Literature polymerizations of 2 with 4c indicate a controlled chain-growth 

mechanism,37,64 but phenylene derivatives have received little attention.65,66 In our hands, 

polymerizing 1 resulted in high molecular weight polymer with low dispersity and H/Br end-

groups consistent with a chain-growth polymerization (Appendix 2). Evaluating precatalyst 4c in 

the end-capping experiments yielded drastically different results compared to the phosphine-

ligated precatalysts. The migration product was produced almost exclusively through DP of 35 

(Figure 3-3). The migration product is observed at longer polymer lengths, but low signal-to-noise 

and peak broadening make quantitative comparisons challenging. The complete reversal in the 

product distribution, with Ni-bidentate phosphine catalysts generating nearly exclusive 
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dissociation products and Ni-NHC yielding the migration product, illustrates the remarkable effect 

of the ligand on the catalyst-P1 π-complex. 

 

Figure 3-3. MALDI-TOF mass spectra of P1 produced by 4c after end-capping with 3a (15 equiv) and 3b (50 equiv). 

Migration (cap/cap, ) and dissociation (cap/Br, ) product peaks are highlighted from all other masses ( ). 

Insets (right) show P1 end-groups at DP = 18 (top) and DP = 33 (bottom). 

Metal effects: Ni versus Pd 

Pd catalysts are attractive for CTCP due to their broad substrate scope and high 

performance in a variety of cross-coupling procedures.61,67–69 CTCP methods have been developed 

for a limited number of Pd catalysts ligated by either a mono dentate phosphine or NHC.43,46,47,49 

To isolate the role of the metal identity from ligand effects, we evaluated NHC-ligated 4d. Both 

4c and 4d use the same IPr ligand, differing only in the metal center and labile ligands. The labile 

ligands, PPh3 and 3-chloropyridine, are not expected to be associated with the catalyst during 
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chain-walking and subsequent oxidative addition due to steric constraints.50,51 If migration 

differences are observed, they should be attributed to changing the transition metal.   

End-capping experiments using 4d showed migration that was unique from the Ni-

bidentate phosphine (4a/4b) and Ni-NHC (4c) catalysts. At low molecular weights (DP < 5), the 

migration product was observed almost exclusively.  The migration percent diminishes with longer 

polymers until the dissociation product is the major species at DP = 13 and above (Figure 3-4).  

 

Figure 3-4. MALDI-TOF mass spectra of P1 produced by 4d after end-capping with 3a (15 equiv) and 3b (50 equiv). 

Migration (cap/cap, ) and dissociation (cap/Br, ) product peaks are highlighted from all other masses ( ). 

Insets (right) show P1 end-groups at DP = 7 (top) and DP = 18 (bottom). 

The shorter lengths that 4d can selectively migrate across (relative to 4c) is qualitatively 

consistent with reports of weaker π-binding of Pd to arenes.70,71 Previous comparisons between Ni 

and Pd (ligated by dppp) using kinetic isotope effects indicated that the first irreversible step in 
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Kumada cross-couplings is π-complexation of Ni catalysts to the haloarene.70 The Ni(dppp)-PhBr 

π-complex is energetically favorable (~17 kcal/mol downhill in energy), and facilitates oxidative 

addition.  Alternatively, complexation with Pd is much weaker (~ 7 kcal/mol), affording a fleeting 

interaction that has a negligible influence on the product isotopes. Koeckelberghs utilized weaker 

binding with Pd to prepare ABC block copolymers using thiophene, selenophene, and fluorene 

monomers in all possible combinations and orders of addition using a Pd phosphine catalyst.46  

Chain-growth behavior was proposed to occur by making the polymer C-Br more reactive than 

monomer C-Br. Without the strong-complexation typical of CTCP catalysts, elevated dispersities 

(Đ = 1.4–1.7) were observed for all copolymer, even after precipitation and Soxhlet extraction to 

remove low molecular weight polymers.  

The end-capping experiments performed herein suggest that the Pd-P1 π-complex is strong 

enough to direct subsequent oxidative addition into P1 rather than reacting with 3b. The migration 

pathway is >50% up to DP = 12.   In Chapter 4, we show that 4d is a promising precatalyst for 

copolymerizing 1 and 2 with the high levels of control expected from CTCP. This efficient 

copolymerization behavior occurs despite the differences in migration for 4d across P3DT and 1 

(in Chapter 2 and Chapter 3, respectively). The end-capping and copolymerizations results indicate 

that π-binding does not inhibit cross-propagation. 

Uncontrolled CTCP precatalyst Ni(PPh3)2Cl2 

The final precatalyst evaluated in the end-capping experiments, 4e, displays high activity 

in Kumada cross-couplings but is prone to chain-transfer/dissociation during CTCP of 2.72,73 

Control polymerizations with 1 are consistent with these reports, producing polymers of reduced 

molecular weight and higher dispersities with high conversion of 1 (relative to polymerizing using 

precatalyst 4a/4b, Appendix 2). Additionally, prominent Br/Br end-groups indicate that the 

catalyst is not present on the ω chain-end during the acid quench. Using 4e in the end-capping 

system serves as an important control due to the documented chain-transfer events with this 

catalyst. Understanding how end-capping correlates to known polymerization results could make 

these experiments an important tool to diagnose π-complex deficiencies. 

Consistent with polymerization controls, the end-capping results using 4e are distinct from 

the four CTCP precatalysts—a mixture of dissociation and migration products were observed from 

DP of 4–18 (Figure 3-5). The migration product was prominent at short chain-lengths, in addition 
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to prominent Br/Br peaks from unassociated catalyst. Migration decreased similar to the sigmoidal 

decay observed with precatalyst 4d, but the percent migration was consistently ~ 25% lower. The 

percentage of Br/Br peaks also decreased with increasing molecular weight, but they decayed 

much more slowly. It is unclear whether Ni(PPh3), Ni(PPh3)2, or a combination of the two are 

responsible for the migration behavior using 4e. Due to the presence of cap/H, which could arise 

from either the migration pathway (H is derived from HCl quench) or dissociation pathway (H 

derived from termination prior to capping), quantitative comparison with 4a–d was not conducted. 

 

Figure 3-5. MALDI-TOF mass spectra of P1 produced by 4e after end-capping with 3a (15 equiv) and 3b (50 equiv). 

Migration (cap/cap, ) and dissociation (cap/Br, ) product peaks are highlighted from all other masses ( ). 

Insets (right) show P1 end-groups at DP = 7 (top) and DP = 18 (bottom). 



62 

 

 

Figure 3-6. Migration pathway percent calculated at each DP for precatalysts 4a–d across P1 in the end-capping 

model experiments. Migration pathway percent was calculated from peak areas determined by MALDI-TOF MS. 

Error bars represent one standard deviation. 

Statistical analysis using a random-walk model 

The decay of migration product ratios is qualitatively intuitive—more aryl groups to chain-

walk across provides a greater number of chances to dissociate before reaching the chain-end. The 
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most widely accepted model for chain-walking assumes a random walk along the polymer 

backbone.74–77 We calculated the number of chain-walking steps required to migrate from one end 

of the polymer to the other in the simplest case where there is an equal probability to chain-walk 

between all monomer and capping agent units. Computational modeling for 4a with phenylene 

indicates η-2 coordination,78 in line with numerous calculations for 4a, 4c, and 4d with 2.35,50,63  

From an η-2 π-complex, migration across each repeat unit takes two linear steps. Catalyst started 

one step in on the capped chain-end (location 2) and chain-walking proceeded until the catalyst 

reached the reactive termini (location 10) where it was assumed to react immediately (Figure 3-7). 

 

 

Figure 3-7. Catalyst-polymer π-complex between a polymer with a DP of 4 and a capping agent at the ω end (left) 

with the catalyst at location 2. The cumulative distribution function (right) depicts how the probability of the catalyst 

reaching position 10 (i.e., the migration pathway) increases with an increasing number of steps (for detailed 

explanation of the calculation, see Appendix 2). 

Mathematica software was used to calculate the cumulative probability of reaching the α 

chain-end (based on a purely random walk) at each DP. The cumulative probability for catalysts 

to migrate to the α end (position 10 for DP = 4 in Figure 3-7) is analogous to the migration percent 

in the end-capping experiments. Therefore, we used the percent migration from end-capping 

experiments to determine the number of steps required for catalyst migration. In the example 

shown above where DP = 4, experimental data for each catalyst would be fit separately (Figure 

3-7). For 4a, 12 steps are required to match the 2% migration observed. Using the same cumulative 

probability calculation, we calculate that 16 steps are required for 7% migration using precatalyst 

4b. The number of steps for 4c and 4d could not be calculated at such short chain-lengths because 

the migration product was 100% (corresponding to an infinite number of steps).  
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The cumulative probability of chain-transfer or dissociation events should be dependent on 

the number of steps that the catalyst chain-walks between chain-ends, but the probability for 

dissociation at each step should independent of DP or location on the polymer. If we analyze 4d 

at DP = 13 (migration ≈ dissociation), 520 steps are required to achieve 47% migration. For each 

catalyst, a similar number of steps at each chain-length indicates that the random-walk calculation 

(vida supra) accounts for catalyst behavior during end-capping. Catalysts would walk this 

consistent number of steps before dissociation. For a catalyst to walk the same 520 steps across 

polymers with a DP of 7 and 17, the predicted migration values would 93% and 25% migration, 

respectively (Figure 3-8). These predicted values (from a purely statistical random-walk) are 

compared to the experimentally determined migration values for 4d (Figure 3-8). This comparison 

is shown from two perspectives—Figure 3-8A plots the predicted migration values on top of end-

capping experimental data. The second perspective plots experimental data on top of the 

cumulative distribution function at various DP (Figure 3-8B). At DP = 7, the experimentally 

determined 86% migration corresponds to 398 steps, and 604 steps are required to match the 

experimental migration at DP = 17. Both Figure 3-8A and Figure 3-8A intersect at 47% migration 

(for DP = 13) because this point was used to calculate 520 steps. The large variation in steps 

suggests that the random-walking model does not fully capture the migration of 4d. A logistic 

function matches the experimental data quite well, although the reasons are unclear (Figure 3-8C). 

Based on the differences between catalysts in the end-capping experiments, we would 

expect a different number of steps for each catalyst. Moderate preferences for the chain-end have 

been used by other groups to improve the fit between experimental data and the random-walking 

model,74,75 but the influence of end-groups is minor above DP ~ 10. Making the cap or phenylene-

Br more attractive/repulsive has only a small effect with 4c/d, but dominates the fit to data from 

4a/b (Appendix 2). Migration is insensitive to DP with 4c within our data range (similar to 4b–d 

in Chapter 2). Because the number of steps required to reach the chain-end will always increase 

with chain length, migration that is insensitive to DP cannot be used to evaluate the validity of the 

random chain-walking model.  Nevertheless, the random-chain-walking model calculates that over 

10,700 steps are required for 92% of the 4c catalyst to migrate across a polymer with DP = 34. 
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Figure 3-8. (A) Experimental values for the migration pathway are plotted against molecular weight/DP for 4d ( ) 

and statistical calculations ( ) at 520 steps. (B) Plots of cumulative distribution function for DP = 7, 9, 11, 13, 15, 

and 17 for 0–700 steps are overlaid with the end-capping data [plotted in (A)] from 4d ( ) and the statistical 

calculations points ( ). A reference line at 520 steps ( ) is provided to illustrate the experimental deviation from 

the random-walking calculation. (C) Logistic function fit to migration percent across DP = 5–18 for 4d.  
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Monomer effects: phenylene versus thiophene 

End-capping experiments revealed large differences in the π-complex stability/catalyst 

mobility between 4a–d and P1 (Figure 3-6). Migration proceeded nearly quantitatively with 4c 

across over 35 repeat units, while 4a/b migration plummeted below 5% after a DP of only 3. 

Precatalyst 4d yielded an intermediate amount of chain-walking, with a gradual transition from 

migration to dissociation products at 12 repeat units or more. This behavior contrasts end-capping 

of P3DT, where the migration percent exceeded 95% up to 36 repeat units (or more) for all four 

CTCP catalysts (Chapter 2). Catalyst migration requires a combination of strong π-binding 

(electronics) and low chain-walking barriers (sterics). The two polymers studied in this thesis vary 

considerably in both categories. Polythiophenes like P3DT exhibit flexible-rod characteristics in 

solution due to two planar conformations that maintain conjugation. As such, effective conjugation 

lengths approach ~ 10 units.79 Alternatively, P1 exhibits a rigid-rod architecture, but the steric 

interactions between phenyl rings “force” a twisting of ~ 40° between each ring. With two 

hexyloxy side-chains AND significant twisting between each repeat unit, migration across 

phenylene for bulkier catalysts could be challenging. The resulting effective conjugation length of 

5 units gives P1 a higher energy LUMO that provides a vastly different electronic landscape for 

interacting with the catalysts.80,81 Differences in π-binding has been investigated computationally,  

with the ground state stabilization of Ni(dppp) complexed to thiophene being significantly more 

stabilizing than to phenylene (binding to a single aryl group of each).78 While both electronic and 

steric considerations suggest that migration should be higher across phenylene, the magnitude of 

these differences with Ni phosphine catalysts is surprising. 

Conclusion 

End-capping experiments across P1 revealed stark differences in catalyst migration 

between phosphine/NHC ligands and Ni/Pd transition metals. The use of 2-bromobenzonitrile, 3b, 

as a competitive agent minimized intermolecular reactions between polymers and enabled us to 

attribute the migration products to catalyst chain-walking via the π-complex. Bidentate phosphine-

ligated Ni catalysts 4a/b favored dissociation products at all DP > 2, but switching ligands to IPr 

with 4c yielded over 90% migration up to the limits of our data range (DP ~ 35). Changing the 

transition metal to Pd yields migration behavior that varied with chain-length. The results are 

incompletely described by purely statistical calculations based on random catalyst chain-walking 
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(particularly for 4d), which suggests that an additional driving force for chain-walking might be 

operative.  

The end-capping system has been used to expose the underlying mechanistic differences 

between equally competent polymerizations of 1 and 2. These results suggest that developing 

catalysts for CTCP polymerizations is highly influenced by the monomers studied, but NHC-

ligated catalysts may exhibit more general migration. Catalysts that exhibit limited chain-walking 

are desirable to minimize sequence scrambling due to migration during copolymerizations— 

undesired chain-walking or preferential π-binding have also been attributed to copolymerization 

failures. These studies reveal how catalyst design and monomer choice influences migration, and 

should be fruitful for developing new catalysts that either leverage the benefits of chain-walking 

or mitigate its effect.  
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Optimizing NHC-precatalysts for end-functionalized (co)polymers 

Introduction 

Conjugated polymers’ unique combination of optical, conductive, and mechanical 

properties makes them attractive materials for light-emitting diodes,1 field-effect transistors,2 

photovoltaic devices,3 and sensors.4  Dramatic improvements in performance have been realized 

through greater control over solid-state organization, but the optimized morphology of active layer 

blends can quickly deteriorate due to phase separation.5,6 Several recent examples have highlighted 

the ability of conjugated copolymers to influence solid-state organization and reduce macro-phase 

separation.7–12 Domain size of the homopolymer blends could be tuned in the hundreds of 

micrometers by adding 5–20 wt% poly(3-hexylthiophene-co-3-bromohexylthiophene). It was 

further revealed that gradient copolymers, where the copolymer composition changes gradually 

from monomer A to monomer B, yielded blends with the smallest domains (compared to block 

and random sequences).13 Gradient copolymers are particularly proficient phase compatibilizers 

because they create a gradual interface between immiscible polymer blends.14 However, there are 

no guiding principles for designing conjugated gradient copolymers due to the limited examples 

using chemically similar monomers.8,9,13,15,16 The optimal gradient copolymer likely varies with 

each application, but a basic method to optimize copolymers would expedite screening the 

hundreds of possible gradient copolymers. Electronically and morphologically differentiated 

monomers would amplify subtle changes in bulk properties when changing sequence, composition, 

Mn, etc. of the copolymers—facilitating quantitative comparisons. Building an understanding of 

how π-conjugated gradient copolymers influence blend properties should guide their application 

in organic electronics. 

Gradient copolymers require a living, chain-growth polymerization, where one of the 

monomers is typically added over time (Scheme 4-1).8,13,15,16 Gradient copolymers are rare because 
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the majority of conjugated polymers are synthesized by a step-growth mechanism that precludes 

sequence control. Catalyst-transfer condensation polymerization (CTCP) is a chain-growth 

method for synthesizing conjugated polymers, however, polymerizations are often independently 

optimized for precatalyst, monomer, and additives such that a universal set of conditions does not 

exist. 

 

Scheme 4-1. Gradient sequence copolymer prepared via a semi-batch polymerization where 1 is added to a solution 

of 2 and precatalyst. 

Copolymerizations can be challenging even when both monomers can be polymerized 

under similar conditions. In the simplest case, block copolymerizations require only one cross-

propagation step where both repeat units are bound to catalyst at the same time. Catalyst-transfer 

from the first monomer to the second monomer enables block extension, but the order of monomer 

addition to generate the block copolymer can be critical.17–22  Block copolymers from (5-bromo-

4-hexylthiophen-2-yl)magnesium chloride (1) and 5-bromo-1,4-bishexyloxyphenylmagnesium 

chloride (2) were successfully prepared using Ni(dppe)Cl2 if 2 was polymerized first, and then 1 

was added (dppe = 1,2-bis(diphenylphosphino)ethane). However, if the first block was P1, then 

adding 2 yielded a mixture of P1, P2, and P(1-block-2) (Scheme 4-2).21 End-group analysis of the 

reaction mixture by MALDI-TOF MS revealed that many of the P1 chains had two units of 2.23 

This surprising result suggests that catalyst initially reacts with 2, but the Ni-polymer π-complex 

sticks to P1 after reductive elimination. The catalyst migrates across P1 to react with 2 at the α 

terminus, but again intramolecular transfer to 2 does not occur. The resultant polymer has reactive 

C-Br bonds at both ends, but preferential π-binding with the P1 core (relative to 2) prevents 

catalyst-transfer for block copolymerization. 
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Scheme 4-2. Block copolymerizing 1 (P1 Mn = 4.1 kDa, Đ = 1.33) then 2 (Mn = 6.7 kDa, Đ = 1.44) yields P(1-block-

2) and 2-P1-2 as the major species.23 

Efforts to overcome poor cross-propagation by changing the electronic character of the 

phosphine ligands have been unsuccessful. When polymerizing 2, increasing the electron-donating 

ability of phosphine ligands improves molecular weight control by stabilizing the Ni-polymer π-

complex and/or increasing the rate of oxidative addition.24,25 Using precatalysts with more 

electron-rich ligands in block copolymerizations yielded no improvement in the dispersity of P(1-

block-2).  Alternatively, precatalysts with more electron-poor ligands could decrease the 

magnitude of π-complex stabilization, reducing the thermodynamic preference for 1 over 2 and 

permitting catalyst-transfer between repeat units. However, precatalysts with more electron-poor 

ligands showed worse performance for both blocks as demonstrated by elevated dispersities.26 

Prompted by the inability to tailor Ni phosphine precatalysts to copolymerize 1 and 2, we and 

others27–30 investigated other types of precatalysts for CTCP. 

The block copolymerization of 1 and 2 from either direction was reported in 2012 using 

IPrPd(3-chloropyridine)Cl2 as the precatalyst (IPr = 1,3-bis(2,6-di-i-propylphenyl)imidazol-2-

ylidene).31 The single cross-propagation event where catalyst transfer from P1 to 2 is promising, 

but other copolymer sequences (e.g., random or gradient) require many cross-propagation events. 

Batch copolymerizing 1 and 2 using precatalyst 3a yield copolymers with moderate molecular 

weight and low dispersity, with 1 being consumed much more rapidly into the statistical copolymer 

than 2 (Appendix 3). The efficient cross-propagation of 1 and 2 is a significant breakthrough for 

CTCP catalyst reactivity, but it does not guarantee a route to sequence controlled copolymers.  As 

discussed in Chapter 2 and Chapter 3, end-to-end catalyst migration can occur over more than 60 

or 18 repeat units of 1 or 2, respectively, enabling propagation from both polymer ends. 

Propagation from both ends would scramble the desired polymer sequence, and would be difficult 

to identify using NMR spectroscopy or physical properties. Therefore, we endeavored to 



78 

 

synthesize a precatalyst with the highly desirable reactivity of 3a but cannot propagate from both 

polymer ends (Scheme 4-3). Detailed herein are our efforts to prepare a precatalyst that would 

transfer a reactive ligand to the polymer during initiation. The reactive ligand-terminated polymer 

can only propagate in a single direction—even if catalyst migration occurs, the polymer is only 

reactive at the ω end. We evaluated precatalysts for living, chain-growth polymerization of 1 and 

2 (separately), targeting a low dispersity. High dispersities—reflecting slow initiation, chain-

transfer/dissociation, or termination—result in polymer growth at different feed compositions due 

to the constantly evolving reaction mixture. Therefore, dispersity provides a measure of both the 

molecular weight and compositional heterogeneity, which can both influence polymer 

properties.32–36 End-group transfer was evaluated for precatalysts that fulfilled these initial criteria, 

and copolymerizations were performed to ensure cross-propagation of monomers 1 and 2. 

 

Scheme 4-3. General products from initiation and propagation using precatalysts. Dihalide precatalysts (top) generate 

a polymer that could propagate from both C-Br to yield ill-defined copolymers. Functionalized precatalysts (bottom) 

transfer a reactive ligand ( ) to the polymer to prevent propagation from the α end. 

Results and Discussion 

Precatalysts were screened in multiple reactions on multiple days under multiple conditions 

(e.g., monomer concentration) unless noted, with some variability in the Đ and monomer 

conversion. As such, Mn and Đ for single experiments are presented. Precatalyst trends were 
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consistent between runs (each run evaluated several precatalysts/conditions against each other), 

and were used to select the most promising precatalysts prepared using four main routes (Scheme 

4-4). Polymerizations using IPrPd(3-chloropyridine)Cl2 were run as a control to benchmark 

precatalyst performance and identify issues unrelated to the precatalyst (e.g., monomer side-

reactions). 

 

Scheme 4-4. General routes to an IPrPd precatalyst with a reactive ligand (red). 

Transmetallation from 3a 

Our initial attempt to prepare IPrPd-based precatalysts targeted transmetallation of 3a, 

which would be straightforward to prepare from commercially available reagents. A related 

transmetallation route was used to generate Ni(aryl)X species for CTCP with monodentate37,38 and 

bidentate phosphines.25,38 Aryl reactive ligands were targeted because aryl-monomer reductive 

elimination exhibits faster reductive elimination rates (relative to alkyl).39–41 Ortho-substituted aryl 

Grignard reagents should reduce the second transmetallation rate with IPrPd(3-

chloropyridine)(aryl)Cl. Furthermore, ortho-substituted aryls can stabilize precatalysts via 
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interaction with the dz orbitals of the transition metal.42 Unfortunately, we were unable to limit 

Grignard reactivity nor isolate a stable precatalyst.  Reaction of 3a with one equivalent of o-

methoxyphenylmagnesium chloride generated several species by 1H NMR spectroscopy, but none 

were stable to isolation (Scheme 4-5). Transmetallation occurred zero, one, or multiple times, as 

indicated by the large amount of recovered starting materials and bi-aryl coupling products. 

Cooling the reaction to -30 °C did not prevent multiple transmetallations, but no reaction was 

observed at -42 °C (Appendix 3). 

 

Scheme 4-5. Transmetallating 3a with 2-methoxyphenylmagnesium chloride to generate the bi-aryl coupling product 

observed by 1H NMR spectroscopy. 

Oxidative addition from Pd0 

A second strategy to generate IPrPd(aryl)X is oxidative addition of an aryl halide into a 

Pd0 precatalyst. We were inspired by a report where IPrPd(PPh3)(phenyl)Cl was prepared and 

isolated, although this complex was susceptible to decomposition in halogenated solvents.43 

However, we were unable to prepare IPrPd(PPh3)(phenyl)Cl via the reported ligand exchange 

procedure. We pursued an alternative strategy by preparing IPrPdPPh3, then generate the desired 

complex via oxidative addition of iodobenzene (Scheme 4-6).44 An excess of aryl halide was used 

to accelerate this transformation before the precatalyst decomposes. Mixing IPrPdPPh3 with 

iodobenzene yielded the reported decomposition product, IPrPhI, but we reasoned that increasing 

the steric bulk using o-iodotoluene could retard reductive elimination. We discovered that 

IPrPd(PPh3)(o-tolyl)I, 4c, could be generated with minimal side-products by running the reaction 

in toluene, but polymerizing 1 with 4c yielded only oligomers (Appendix 3). Due to the difficulty 

in purifying 4c and poor performance, only one polymerization screen was performed. 
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Scheme 4-6. Oxidative addition of iodobenzene or o-iodotoluene into 4a to yield 4b/4c. When R = H, the precatalyst 

decomposed to yield IPrPhI 

In situ cross-coupling using 3a 

The difficulty in isolating an aryl-functionalized precatalyst that is highly active in 

polymerizations prompted us to prepare precatalysts in situ. Reaction stoichiometry for 

transmetallation was difficult to control precisely, and the mixture of recovered 3a with coupling 

products suggests that achieving a single transmetallation for all precatalysts was unfeasible. It is 

possible that some of the desired precatalyst was generated in situ, but concentration and work-up 

conditions could facilitate disproportionation. 

An alternative and simpler route is to generate the desired precatalyst in situ under cross-

coupling conditions before adding monomer to initiate the polymerization. Adding p-

tolylmagnesium chloride (4 equiv) and o-chlorotoluene (10 equiv) should initiate all precatalysts 

(1 equiv). The cross-coupling should proceed until all the Grignard is consumed then stall at the 

desired IPrPd(3-chloropyridine)(o-tolyl)Cl due to an excess of o-chlorotoluene (10 equiv). A 

similar strategy was used effectively for end-functionalized polymers produced by Suzuki 

CTCP.45,46 Importantly, excess aryl halide in the polymerization solution does not affect polymer 
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molecular weight or dispersity (Appendix 1).31,47,48 This in situ approach avoids stoichiometric and 

isolation issues discussed in previous sections. 

 

Scheme 4-7. Proposed in situ generation of 3c from 3a using p-tolylmagnesium chloride and o-chlorotoluene (biaryl 

cross-coupling products also shown). Adding 2 would initiate the polymerization, transferring the o-tolyl reactive 

ligand to the polymer 

We tested this in situ cross-coupling approach using p-tolylmagnesium chloride and o-

chlorotoluene. While aryl chlorides can be challenging substrates for traditional catalysts due to 

slower oxidative addition, numerous reports document successful cross-coupling of aryl chlorides 

using 3a as the precatalyst.49–53 Mixing 4 equiv of p-tolylmagnesium chloride and 10 equiv of p-

chlorotoluene with 3a for 1, 10, or 90 min, followed by adding 2 generated polymer with low 

dispersity (Appendix 3). However, there was no evidence for o-tolyl terminated P2 by matrix-

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

MALDI-TOF spectrum revealed that Br/H terminated P2 was produced almost exclusively—

suggesting a living polymerization but without reactive ligand transfer. Disproportionation or 

incomplete consumption of p-tolylmagnesium chloride could each explain the observed products. 

Palladacycle precatalysts 

Stable, aryl-functionalized precatalysts can be prepared using a bidentate aryl ligand.  

Although examples of these complexes promoting Kumada cross-couplings are scarce, they have 

demonstrated high activity in Suzuki,54 Negishi,55 Heck,56 and Buchwald-Hartwig55 reactions.  

Initiating the precatalyst should append the reactive ligand onto one end of the growing polymer 

and restrict propagation to a single direction.  Palladacycle precatalysts bearing an amine or 

pyridine L-type ligand were synthesized and evaluated for polymerizing 1 or 2.  Polymerizing 2 

using precatalyst 5a or 5c resulted in polymers with a Mn that was ~8 times higher than predicted 
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by the [monomer]0/[precatalyst]0 despite monomer conversion of only 30% or 66%, respectively 

(Scheme 4-8). The broad peak in the GPC chromatogram suggests that precatalyst was still 

initiating when the reaction was quenched after 1 h (Figure 4-1). Precatalyst that is initiated at 

early on would react for the longest amount of time to produce high molecular weight polymer, 

but consume only a small amount of monomer. Continuous initiation during the reaction activates 

catalysts that polymerize for decreasing amounts of time (and at lower monomer concentrations) 

to yield a broad molecular weight distribution. While termination reactions could have a similar 

effect, the high molecular weight achieved using 5a and 5c suggests that catalysts can incorporate 

hundreds of monomers into a single chain, which is inconsistent with prominent termination 

reactions at tens of repeat units.  

  

 

Scheme 4-8. Polymerizing 2 with 5a–c. 
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Figure 4-1. GPC chromatogram of (A) P2 catalyzed by 5a ( ), 5b ( ), or 5c ( ) or (B) P1 catalyzed by 5a 

using 57 ( ) or 25 ( ) equiv of 1 relative to 5a. 

Switching to 1 could accelerate initiation by increasing the transmetallation rate (due to 

increased electron density) and/or reductive elimination rate (due to reduced steric congestion in 

the products), although the rate-determining step is not known. Polymerizing 1 using 5a yielded 

Mn closer to the predicted values, and the dispersity was reduced to 1.73.  However, the low 

molecular weight portion of the GPC chromatogram suggests that not all precatalysts were initiated 

at the beginning of the polymerization.  Adding one equivalent of 3-chloropyridine further reduced 

the observed Mn and lowered the dispersity to 1.37.  This result, which coincided with a slower 

consumption of 1, suggests that 3-chloropyridine lowers dispersity by slowing propagation.  The 

initiation rate could become more competitive with propagation, which would lead to a more 

narrow distribution of polymer lengths.57 The slow initiation of the palladacycle precatalysts tested 

is especially problematic for gradient copolymerizations, where a second monomer is added to the 

reaction mixture while the first monomer is consumed.  If this addition occurs prior to initiating 

all precatalysts, then the composition of the copolymers generated would vary widely. Therefore, 

the IPr palladacycle precatalysts 5a–c are not suitable precatalysts for gradient copolymerizations 

of 1 and 2.  
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Allyl reactive ligands 

Allyl-functionalized precatalysts were also explored due to their use in a variety of cross-

couplings, especially Buchwald-Hartwig and Suzuki methods.58–61 Initiation studies have been 

carried out for IPrPd(allyl)Cl, 6a, with KOtBu in iPrOH, and for other Pd precatalysts in Tsuji-

Trost allylations.59,62–64 It was proposed that iPrOK, generated in situ, transmetallates with the 

precatalyst to generate IPrPd(allyl)(OiPr) which undergoes reductive elimination to yield allyl-

OiPr (detected by GC-MS). We reasoned that transmetallation with monomer could yield a similar 

result, capping the α chain-end with a vinyl substituent. Polymerizing 2 using 6a gave higher yields 

and lower dispersities than any of the aforementioned precatalysts, although molecular weight 

control and dispersity were imperfect (Scheme 4-9). Again, we hypothesized that the elevated 

dispersity and poor molecular weight control (relative to 3a) was due to slow precatalyst initiation. 

Substituted allyl derivatives have been shown to accelerate initiation and give higher yields in 

challenging cross-couplings.60,65 Consistent with the hypothesis of slow initiation, switching to 

IPrPd(cinnamyl)Cl, 6b, further improved molecular weight control and lowered dispersity 

(Scheme 4-9). 

 

 

Scheme 4-9. GPC chromatogram and scheme of P2 catalyzed by 6a ( ) or 6b ( ). 
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After initiation, the main difference between 3a and 6b is the 3-chloropyridine ligand. 

Commonly referred to as a “throw-away ligand”, recent reports suggest that it could play a vital 

role in initiation, catalyst stability, and participate in the catalytic cycle.66–69 We systematically 

investigated the role of 3-chloropyridine in polymerizing 2 using 6b as the precatalyst. 

Gratifyingly, increasing the equiv of 3-chloropyridine decreased dispersity, and the molecular 

weight at 1.0 equiv matched theoretical values given by the monomer to precatalyst ratio. 

However, 2 equiv of 3-chloropyridine retarded the polymerization, yielding polymers with lower 

molecular weight and lower conversion (Figure 4-2). We hypothesized that added 3-

chloropyridine was reversibly binding to IPrPd(polymer) to form a less active or inactive 

intermediate.69 This binding equilibrium to 3-chloropyridine would improve molecular weight 

control and dispersity by reducing propagation rates while precatalysts were still initiating. Adding 

3-chloropyridine is not expected to affect initiation rates because the precatalyst does not have any 

accessible coordination sites. We determined that a slight excess of 3-chloropyridine (1.1 equiv 

relative to 6b) provided a suitable balance between slowing propagation and achieving high 

polymer yields. 

 

Figure 4-2. GPC chromatogram and scheme of P2 produced by 6b with 0 equiv ( ), 0.5 equiv ( ), 1 equiv (

), or 2 equiv ( ) of 3-chloropyridine (relative to precatalyst). 
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With polymerization conditions optimized to yield P2 with controlled molecular weight 

and low dispersities, we investigated initiation and cinnamyl transfer to the polymer. Model 

experiments identified that initiation should produce the linear reaction product,64,70 with an 1H 

chemical shift that was distinct from H/Br terminated P2 (Appendix 3). End-group analysis by 1H 

NMR spectroscopy verified that this peak was present in P2 produced by 6b, albeit in smaller 

ratios than expected based on the calculated molecular weight of the sample. The MALDI-TOF 

mass spectrum was consistent with this result—cinnamyl/H was the major peak series but H/H 

end-groups were also observed. Oxidative addition of IPrPd0 into 2, followed by a chain-growth 

polymerization could generate H/H end-groups. 

To investigate when end-group fidelity was lost, monomer 2 was polymerized at different 

[monomer]0/[precatalyst]0 to target different molecular weights (and therefore different numbers 

of catalyst turnovers). The end-group fidelity of cinnamyl/H was compared as a function of chain-

length to determine whether end-group ratios diminished during the polymerization. Cinnamyl/H 

end-groups were 81% at DP of 15, and were maintained above 80% through 90 repeat units. 

Clearly, the major loss of end-group control occurs early on and likely stems from initiation. Once 

initiated, the cinnamyl end-group is maintained over 90 catalyst turnovers. 
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Figure 4-3. MALDI-TOF mass spectrum of P2 produced by 6b with 1 equiv of 3-chloropyridine. Inset shows a 

zoomed in view at DP = 73 with cinnamyl/H (83% area ratio) and H/H (17 % area ratio) end-groups. 

With a promising precatalyst identified, we adjusted the polymerization conditions to 

further improve molecular weight control and end-group transfer. Lithium chloride is a common 

additive to modify the aggregation state, selectivity, and reactivity of Grignard reagents.71,72 

Because precatalyst initiation begins with transmetallation, we investigated whether altering the 

reactivity of 2 would affect end-group transfer from the precatalyst. Oligomerizations were 

performed using 2 prepared with differing amounts of LiCl. Adding LiCl resulted in a slight 

increase in molecular weight and decrease in dispersity, but end-group transfer did not follow a 

similar trend (Figure 4-4). Slight improvements in cinnamyl group transfer were observed with 

0.33 equiv of LiCl added (relative to iPrMgCl), but end-group transfer diminished when 1 

equivalent was added. These results suggest that LiCl influences initiating 6b, but the overall effect 

is small. 
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Figure 4-4. GPC chromatogram of P2 produced by 6b with (A) 65 equiv of 2 without LiCl ( ) or with 1.0 equiv 

LiCl ( ).  (B) 18 equiv of 2 with 0 equiv LiCl ( ), 0.33 equiv LiCl ( ), 0.66 equiv LiCl ( ), or 1.0 equiv 

LiCl ( ). Equiv LiCl is relative to iPrMgCl used to generate 2. 

 End-groups (%) 

Equiv LiCla H/H cinnamyl/H 

0 17 77 

0.33 15 77 

0.66 14 81 

1.0 16 67 

Table 4-1. Percent end-groups of P2 produced by 6b as determined by MALDI-TOF MS. Mn and dispersity for P2 

ranged from 3.7–4.6 kDa and 1.16–1.17, respectively, and are plotted in Figure 4-4B.  aEquiv LiCl is relative to 

iPrMgCl used to generate 2. 

Copolymerizations using 6b 

Precatalyst screening was primarily optimized by polymerizing 2, but the target is 

copolymerizing 1 and 2. Initial copolymerizations using 3a, which served as the basis for 

investigating IPrPd precatalysts, demonstrated that 1 is consumed more rapidly than 2 (Appendix 

3). The reactivity difference results from 1 outcompeting 2 during transmetallation with the 

catalyst. Although the semi-batch methods to prepare copolymers are better suited for initiating 

with the less reactive monomer, the incomplete end-group transfer to P2 during initiation prompted 
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us to investigate the initiation process with 1. Mixing 1 with 6b resulted in low conversion of 1 

and almost no polymer formation. These results are especially surprising given reports of faster, 

more controlled polymerizations of 1 relative to 2 using Ni and Pd precatalysts.31,73,74 To verify 

that 6b could polymerize 1, the block copolymerization of 2 then 1 was performed. After 

precatalyst was initiated using 2, P2 was successfully extended by adding 1 to yield P(2-block-1). 

Block copolymer formation was confirmed by near-identical overlap of GPC traces at 254 nm 

(both P1 and P2 segments absorb) and at 427 nm (only P1 absorbs, Appendix 3). These results 

indicate 6b is not initiated efficiently using 1, but propagation can occur if the precatalyst is pre-

initiated (e.g., semi-batch copolymerization). Therefore, 2 must be used to initiate 6b, so 

copolymerizations of 1 and 2 are expected to have the same end-group loss (~20%) as P2. The 

polymers without a cinnamyl group would be reactive at both termini, resulting in copolymer 

sequence scrambling due to catalyst migration. The large amount of potential impurity precludes 

copolymer sequence control of 1 and 2 using 6b. 

 

Scheme 4-10. Polymerizing 1 using 6b and added 3-chloropyridine failed to yield the expected P1. Block 

copolymerization of 2 then 1 extended P2 to yield P(2-block-1), demonstrating that the propagation of 1 can occur.   

Conclusions 

IPrPd-based precatalysts were explored for their unique ability to cross-propagate between 

monomers 1 and 2. However, catalyst migration (Chapter 2 and Chapter 3) precludes access to 

sequence-controlled polymers from precatalyst 3a. Precatalysts that could transfer a reactive 

ligand to the polymer to limit propagation to a single chain-end were screened for polymerizing 2. 

Precatalysts generated via oxidative addition with aryl halides or transmetallation with aryl 

Grignards were unstable towards isolation, and generating them in situ did not result in end-group 

transfer to polymers. Therefore, we focused on alternative strategies to generate stable precatalysts 

by employing bidentate X,L-type ligands. The palladacycle complexes screened produced P2 in 
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low yields with little molecular weight control and high dispersity. Switching to allyl-coordinated 

precatalysts improved all three criteria and were further optimized by changing the allyl to 

cinnamyl. Employing polymerization additives (3-chloropyridine and LiCl) lowered dispersity, 

but reactive ligand transfer to the polymer was only ~80% and was largely unaffected by the 

additives. Polymerization studies revealed that the major loss of cinnamyl terminated P2 occurs 

early on, likely during precatalyst initiation. Surprising, 6b is not initiated by 1, but 

copolymerization can occur if 2 and 1 are present. In summary, none of the precatalysts fit our 

criterion to transfer a reactive ligand during initiation with targeted Mn and low dispersity. 6b was 

identified as the most promising precatalyst, but end-group transfer was insufficient for obtaining 

sequence-specific copolymers. Other allyl derivatives or NHCs could be evaluated to increase end-

group fidelity by directing intramolecular oxidative addition during initiation. 
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Conclusions and future directions 

The demand for cheap, portable, and high-performing electronics is accelerating as more 

people that are not connected to the grid desire access to the internet and communication networks. 

Roll-to-roll printing provides a scalable, high-throughput method for organic photovoltaic (OPV) 

manufacture, and these light weight devices could be easily transported and installed without the 

need for additional building supports.1,2 The ambitious goals for OPVs have not been realized to 

date due to low power conversion efficiencies and relatively short lifetimes.3–5 Recent 

developments in conjugated polymer (CP) solar cells have generated inspiring results— 

polymer/polymer blend solar cells efficiencies have more than quadrupled in the past five years6 

and new small molecule electron acceptors7–10 surpass the efficiency of fullerenes at >12% 

efficiencies.10 Modifying both electron donor and acceptor components exponentially increases 

the design space for polymer solar cells that used to be pinned to the energy levels, solubility, and 

miscibility of fullerenes. The ability to affect further improvements and translate lab-scale devices 

to large-scale deployment will rely on new synthetic strategies to develop donor/acceptor 

materials, additives, and/or interfacial layers that provide stable morphological control.3,11–13 

While CPs are suitable for fulfilling all the roles listed above, synthetic methods for conjugated 

polymers, copolymers, and other advanced architectures are still in their infancy. The electronics 

of CPs for OPVs can be tuned using the broad substrate scope of step-growth polymerizations, but 

control over Mn, Đ, and copolymer sequence via chain-growth methods is desired. Thorough 

mechanistic studies of living, chain-growth polymerizations for conjugated polymers are 

necessary to bridge the gap between these two methods by expanding the monomer scope as well 

as copolymerization capabilities of chain-growth polymerizations.  

End-capping experiment results 

We used end-group labeling to investigate the characteristics of the catalyst-polymer π-

complex, which is the main feature that distinguishes catalyst-transfer condensation 
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polymerization (CTCP) from other cross-coupling methods. By employing an excess of 

competitive agent, we confidently assigned the reaction products to two separate pathways— (1) 

catalysts that formed strong π-complexes and could also migrate along the polymer via chain-

walking yielded the migration product, while (2) weaker binding or less mobile catalysts 

dissociated from the polymer to afford the dissociation product. All high-performing CTCP 

catalysts generated the migration products with high selectivity (>85%) when migrating across 

poly(3-decylthiophene), suggesting that the π-complex is robust and tolerant of different ligands 

and/or transition metals.  

We adapted the end-capping model system to investigate the π-complex with poly(2,5-

bis(hexyloxy)phenylene), which produced dramatically different results. Despite similarities in the 

molecular weight and dispersity of control polymerizations, migration varied significantly 

depending on the ligand and/or transition metal (Chart 5-1). The mixture of products obtained 

using the Ni phosphine catalysts and IPrPd(3-chloropyridine)Cl2 was sensitive to DP—more 

migration was observed across shorter polymers. 

 

Chart 5-1. Maximum DP where the migration percent was over 50% for poly(2,5-bis(hexyloxy)phenylene) or the 

migration percent at DP = 50 for poly(3-decylthiophene) sorted by catalyst as determined from MALDI-TOF MS 

analysis. 

The differences in catalyst chain-walking across polythiophene and polyphenylene are 

noteworthy considering that batch copolymerizing thiophene and phenylene monomers fail with 

Ni(dppe)Cl2 and Ni(dppp)Cl2 as the catalyst, and only block copolymers prepared using 

poly(phenylene) as the macroinitiator have been successful. However, thiophene/phenylene 
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copolymerizations are successful using IPrPd(3-chloropyridine)Cl2, which exhibits intermediate 

migration across phenylene. Future work could investigate whether dramatically different 

migration behavior is predictive of poor copolymerization results and whether catalyst that is 

highly mobile across each homopolymer performs better in copolymerizations. In related work, a 

versatile copolymerization catalyst/monomer system developed by Koeckelberghs used an 

unassociated (and highly mobile) catalyst to prepare conjugated ABC tri-block copolymers14 and 

gradient copolymers,15 although most polymers had low molecular weight (<10 kDa) and medium 

dispersity (>1.5). The higher dispersities are likely due to the exceptionally weak or absent π-

complex, which calculations showed to be higher in energy than free Pd phosphine catalyst and 

monomer.  

Precatalyst IPrNi(PPh3)Cl2 demonstrated prominent migration across both monomers in 

our experiments, and thiophene/phenylene copolymerizations have been conducted by other 

groups (Mn and Đ were not reported).16,17 Future work could leverage the capacity for 

IPrNi(PPh3)Cl2 to migrate across electronically distinct monomers to expand copolymerization 

scope, ideally maintaining Mn control and low Đ. Polymerizing multiple, differentiated 

comonomers using a living, chain-growth method would be a great step forward—high-

performing CPs are typically synthesized from two or more monomers using a step-growth 

method. The end-capping experiments could also provide a general route to quickly screen for 

possible comonomer combinations with CTCP—migration product indicates that the catalyst 

could transfer between repeat units (Scheme 5-1). Kiriy used a similar concept to identify 

incompatibility between benzothiadiazole and thiophene using a reactive ligand on Ni, but his 

approach required a multi-step synthesis.18  Capping agents can be prepared from simple starting 

materials that (1) do not require selective metalation like a monomer,19,20 (2) avoid self-

oligomerization issues that can arise from SRN1 reactions between bifunctional monomers (i.e., 

halogen and magnesium halide),21–23 and (3) do not require side-chains so that a large set of 

commercially available reagents could be used. Additionally, only one of the comonomers (e.g., 

(5-bromo-4-hexylthiophen-2-yl)magnesium chloride) needs to have an established polymerization 

procedure. A rapid method to screen for copolymerization potential, by quickly ruling out π-

binding incompatibilities, should accelerate development of CTCP copolymerizations and provide 

access to a broader range of opto-electronic properties. 
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Scheme 5-1. End-capping to screen building blocks used in high-efficiency solar cells24–27 for π-binding issues that 

could occur during copolymerizations. 

Translating end-capping experiments to polymerization behavior 

Kiriy has shown that polymerizing extended thiophene monomers that incorporate multiple 

aryl groups can challenge CTCP catalysts and lead to a broadening of dispersity.28 Changing the 

catalyst from Ni(PPh3)2(Ph)Br to Ni(dppp)Cl2 enabled the polymerization of quarterthiophene 

derivatives with the same dispersity as thiophene monomer with a single aryl unit.29 Migration 

across multiple aryl units has enabled access to polymers with specifically tuned sequences and 

precise amounts of comonomer incorporation.29–32 These small changes can have a large impact 

on thin-film morphology and performance, but major advantage of migration across multiple aryls 

is to produce donor-acceptor polymers. Ubiquitous in high performance devices, examples of 

alternating donor-acceptor polymers remain scarce in CTCP and focus on Ni(dppp)Cl2 as the 

precatalyst.33,34 New catalyst/monomer combinations that perform these challenging 

polymerizations could integrate the powerful tools of molecular weight and sequence control with 

the band-gap engineering critical to solar cell performance. Our end-capping experiments 

uncovered that IPrNi(PPh3)Cl2 can migrate across both thiophene and phenylene—we anticipate 

that this more general migration behavior could be applied to extended monomers that incorporate 

repeat units that cannot be polymerized individually. For example, poly(phenylenevinylene) has 

many commercial applications, but catalyst coordination to the vinyl group of phenylenevinylene 

monomers can stall CTCP polymerizations or facilitate chain-transfer.35 Much higher molecule 

Ar = 
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weights are achieved if the vinyl substituent is flanked by alkoxyphenylene on both ends (Figure 

5-1).36 Coordination to the vinyl group is partially blocked, leading to more efficient catalyst-

transfer to react at the phenyl termini. Similarly, leveraging the demonstrated reactivity of 

thiophene or phenylene monomers on both ends of an electronically desirable functional group 

and general migration behavior (revealed through the end-capping experiments) could lead to new 

chain-growth polymerizations. Pairing opto-electronic and molecular weight control in CTCP 

would facilitate determining structure-property relationships for polymer solar cells, and reduce 

the batch-to-batch variability that can be a major determinant of performance.37–39 

 

Figure 5-1. Multi-aryl monomers could be used to block coordination to groups (like vinyl) that are perform poorly 

in CTCP . 

Catalyst development for sequence-controlled copolymerizations 

The unique copolymerization capability of IPrPd(3-chloropyridine)Cl2 with thiophene and 

phenylene make it a promising scaffold for sequence-controlled copolymerizations, but catalyst 

migration is problematic for synthesizing di-block and gradient copolymers40—polymerizing from 

both ends scrambles the desired sequence. We pursued four main routes to access an IPrPd-based 

precatalyst that could transfer a reactive ligand to the polymer during initiation, thereby restricting 

propagation to only one direction. Reacting IPrPd(3-chloropyridine)Cl2 with aryl Grignards to 

form a stable IPrPd(aryl)Cl was unsuccessful due to the difficulty in achieving only a single 

transmetallation. In situ formation of a similar species via a cross-coupling (with excess aryl 

halide), then polymerizing phenylene gave targeted Mn and low dispersity but without any end-

group incorporation. We therefore switched strategies to evaluate stable precatalysts with 

precedence for high activities in small-molecule cross-couplings. Initiation from these air stable 

palladacycles was slow when polymerizing phenylene, but showed some improvement after 

switching to thiophene. The most promising polymerization results were obtained from 
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IPrPd(cinnamyl)Cl, where phenylene could be polymerized with targeted Mn and low Đ when 3-

chloropyridine was present as an additive. However, the cinnamyl group was only transferred to 

70–80% of poly(2,5-bis(hexyloxy)phenylene). Oligomerization studies identified that the polymer 

end groups did not change significantly throughout the polymerization, suggesting that incomplete 

end-group transfer occurred during initiation.    

The unsuccessful attempts to generate a functionalized IPrPd precatalyst illustrated the 

importance of initiation on polymer molecular weight and end-group transfer. Precatalysts with 

allyl-based reactive ligands remain a promising approach. Recent work has identified Pd(I) dimers 

as potential side-reaction when activating allyl-based IPrPd precatalysts, and these species could 

reduce reactive ligand transfer to polymer.41,42 Precatalysts with a 1-tBu-indenyl reactive ligand 

are unable to form this dimer, so each metal center could transfer a reactive ligand to the polymer. 

Promising copolymerization behavior has been also observed using Ni-diimine catalysts where 

block copolymerizations of thiophene and benzotriazole could be performed from either order of 

addition.43 Switching from IPrPd precatalysts may allow new synthetic routes that would expedite 

the discovery of a copolymerization precatalyst. 

Preparing electronically and sterically differentiated conjugated copolymers with well-

defined sequences could be a breakthrough for CTCP. Copolymers are used extensively as 

templates, additives, or single-components to achieve a range of solution or solid state properties. 

Fundamental studies are initially required to identify how changing Mn, Đ, and copolymer 

sequence influences the copolymer properties, and their subsequent effect on polymer blends. 

Using these insights as the foundation, conjugated copolymers could find use in a myriad of 

applications. In OPVs, balanced mixing/separation in the active layer facilitates charge 

generation/charge transport, but the morphology can evolve over time.44–47 Copolymer additives 

can stabilize the blend morphology to increase the lifetime of the solar cell—one of the main limits 

to their widespread use.46   

The work described in this thesis takes a mechanistic approach towards understanding the 

complexities of CTCP with a focus on the catalyst-polymer π-complex. The behavior of this 

fundamental intermediate has wide-ranging implications for living, chain-growth polymerizations 

of conjugated monomers. We studied popular catalysts with poly(3-decylthiophene) and poly(2,5-

bis(hexyloxy)phenylene), and explored precatalysts to direct their copolymerization. The end-
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capping model system revealed π-binding/catalyst mobility that was dependent on both monomer 

identity and precatalyst. The vast distances that IPrNi(PPh3)Cl2 can migrate across both thiophene 

and phenylene make it a promising candidate for polymerizing extended monomers with various 

aryl groups, and different monomer combinations in copolymerizations. Continued efforts to 

prepare reactive ligand functionalized precatalysts could enable new gradient copolymers. 

Advances in both monomer scope and copolymerization ability would be a powerful combination 

that could expand the utility of CTCP to many applications where Mn, Đ, and copolymer sequence 

effects have a dramatic effect on film morphology. 

. 
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I. 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). 2,5-

dibromo-3-decylthiophene was purchased from TCI America and purified via column 

chromatography with hexanes as eluent prior to use. IPrNi(PPh3)Cl2 was purchased from TCI 

America. iPrMgCl (2 M in THF), 5,5’-dibromo-2,2’-bithiophene, Ni(dppe)Cl2, Ni(dppp)Cl2, 

IPrPd(3-chloropyridine)Cl2, and Ni(PPh3)2Cl2 were purchased from Sigma-Aldrich. All other 

reagent grade materials and solvents were purchased from Sigma-Aldrich, Acros, or Fisher and 

were used without further purification unless otherwise noted. THF was dried and deoxygenated 

using an Innovative Technology (IT) solvent system composed of activated alumina, copper 

catalyst, and molecular sieves. N-Bromosuccinimide was recrystallized from hot water and dried 

over P2O5. The glovebox in which specified procedures were carried out was an MBraun 

LABmaster 130 with a N2 atmosphere and H2O levels below 4 ppm. Compounds 2a1 and S12 were 

prepared using modified literature procedures. 
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II. General experimental 

NMR Spectroscopy: Unless otherwise noted, 1H, and 13C NMR spectra for all compounds were 

acquired at rt in CDCl3 on a Varian MR400 Spectrometer operating at 400 and 100 MHz, 

respectively. Chemical shift data are reported in units of δ (ppm) relative to tetramethylsilane 

(TMS) and referenced with residual solvent. Multiplicities are reported as follows: doublet (d), 

triplet (t), multiplet (m). 

Mass Spectrometry: High-resolution mass spectrometry data were obtained on a Micromass 

AutoSpec Ultima Magnetic Sector mass spectrometer. 

Gel-Permeation Chromatography: 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 columns (8 mm (ID) 

× 300 mm (L)) and analyzed with Viscotek TDA 305 (with RI, UV-PDA Detector Model 2600 

(190–500 nm), RALS/LALS, and viscometer). All presented data correspond to the absorbance at 

254 nm normalized to the highest peak. Samples were dissolved in THF (with mild heating), and 

passed through a 0.2 μm PTFE filter prior to analysis.  

Gas Chromatography: Gas chromatography was carried out using a Shimadzu GC 2010 containing 

a Shimadzu SHRX5 column (crossbound 5% diphenyl–95% dimethyl polysiloxane; 15 m, 0.25 

mm ID, 0.25 μm df). 

Titrations of the Grignard Reagents: An accurately weighed sample of salicylaldehyde 

phenylhydrazone3
 (typically between 170-200 mg) was dissolved in 10.00 mL of THF. This 

solution was added dropwise using a 500 μL syringe to 0.10 mL of ArMgCl. The initial ArMgCl 

solution is pale yellow, turns bright orange, and then returns to pale yellow at the end-point. 

Precatalyst stock solutions: Precatalyst 4d (~55 mg) was weighed into a 5 mL volumetric flask in 

a glovebox, and then diluted with THF. These stocks solutions were stored in the freezer, and 

remain stable for several weeks or longer. 
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Precatalyst 4c (~5 mg) was weight into a 1 mL volumetric flask in a glovebox, and then diluted 

with THF immediately before use. If stored, the violet solution would turn blue over the course of 

several h.  

MALDI-TOF MS: Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

was performed on a Bruker Autoflex Speed. Positive ion spectra were obtained in reflectron mode. 

Polymer samples (~1 mg) were dissolved in CHCl3 (~3 mL) and mixed in a 1:1 (v/v) ratio with 

0.1 M trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DTCB) solution 

in CHCl3 then spotted. Serial dilutions (~five-fold) were performed to access a wide range of 

sample concentrations, and the spot yielding the highest signal/noise was subsequently analyzed. 

Molecular weight of HCl quenched P3DT with Br/H end groups was referenced to a series of low 

MW peptide standards. This P3DT was then used to calibrate the full MW range of the sample 

(~2–15 kDa). 

Raw data was processed in flexAnalysis Version 3.4. Peak smoothing was performed using one 

cycle of the SavitskyGolay algorithm to a peak width of five m/z, and baseline subtraction was 

performed using TopHat. Peak picking was performed using the centroid method for peaks with 

signal/noise greater than one. Migration percent was calculated at each DP where both migration 

(cap/cap end-groups) and dissociation (cap/Br end-groups) product peaks were found by peak 

picking. For spectra where no dissociation product peaks were detected at any DP, migration is 

reported as 100% for all peaks with signal/noise above five. 
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III. Synthetic procedures 

 

4-methyl-2-chloromagnesiothiophene (2a).1 In a glovebox, 3-methylthiophene (1.00 g, 10.0 

mmol, 1.40 equiv) and 2,2,6,6-tetramethylpiperidine (0.10 g, 0.73 mmol, 0.10 equiv) were added 

to a 25 mL Schlenk flask and diluted with THF (4.17 mL). With stirring, EtMgCl (7.16 mL of 

1.015 M in Et2O solution, 7.27 mmol, 1.00 equiv) was added slowly over 5 min. A reflux 

condenser was added and then the combined setup was removed from the glovebox. A N2 line was 

added and the solution was heated to 75 °C for 16 h. After cooling, the solution was transferred 

via cannula to a Schlenk tube and returned to the glovebox. 1H NMR spectroscopic analysis 

confirmed complete consumption of the EtMgCl. The solution was further diluted with THF (~10 

mL) and titrated prior to use (~0.2 M). 

 

 

 

2-bromo-3-hexylthiophene (S1).2 In a 200 mL Schlenk flask equipped with a stir bar, 3-

hexylthiophene (5.0 g, 30. mmol, 1.0 equiv) was added and 3 evacuation/N2 backfill cycles were 

performed.  Under N2 pressure, THF (50 mL) and DMF (10 mL) were added with stirring and the 

flask was cooled in an ice bath and covered with aluminum foil. N-bromosuccimide (5.50 g, 30.9 

mmol, 1.04 equiv) was added quickly in one portion. The reaction slowly warmed to rt over the 

first 3 h, and was quenched after 4.5 h with 20 mL aq. sat. Na2S2O3.  The mixture was extracted 

with hexanes (4 x 20 mL), and the combined organic layers were washed with H2O (2 x 20 mL) 

and brine (1 x 20 mL). The solution was dried over MgSO4, filtered, and then condensed to a 
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slightly yellow oil using a rotary evaporator. The oil was filtered through a silica gel column (~50 

mL) with hexanes (~250 mL) as the eluent to remove any color, collecting the entire sample in one 

portion.  The mother liquor was condensed to a colorless oil, and then a fractional distillation under 

high vacuum with heating gave 5.23 g of S1 as a colorless oil (71% yield). HRMS (EI+): Calcd. 

for C10H15BrS [M+H]+ 246.0078; found 246.0087. 

 

 

 

1.2 In a glovebox, 2,5-dibromo-3-decylthiophene (0.978 g, 2.56 mmol, 1.00 equiv) was added to a 

20 mL vial equipped with a stir bar and diluted with THF (~15 mL). A small amount of C22H44 

(~20 mg) was added as an internal standard, and then iPrMgCl (1.05 mL of a 1.98 M solution in 

THF, 2.07 mmol, 0.809 equiv). The mixture was stirred for 30 minutes. An aliquot of the solution 

was removed from the glovebox and quenched with conc. HCl (~0.5 mL). The aliquot was 

extracted with CHCl3 (2 x 1 mL), washed with H2O (1 x 1 mL), brine (1 x 1 mL), and dried over 

MgSO4. The mixture was filtered, and the mother liquor analyzed by GC to show a mixture of 

regioisomers at 80% and 20%, respectively. 
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IV. NMR spectra 

 

Figure A1-1. 1H and 13C NMR spectra for S1. 
1H NMR (400 MHz, CDCl3) δ 7.18 (d, J = 5.6 Hz, 1H), 6.79 (d, J = 5.6 Hz, 1H), 2.56 (t, J = 7.5 Hz, 2H), 1.60–1.54 

(m, 2H), 1.33–1.29 (m, 6H), 0.94–0.83 (m, 3H). 
13C NMR (100 MHz, CDCl3) δ 142.13, 128.38, 125.26, 108.94, 31.78, 29.86, 29.56, 29.06, 22.76, 14.24. 
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V. Reactivity of the competitive agent using all catalysts 

 

General procedure for the cross-coupling of 5,5’-dibromo-2,2’-bithiophene (3) and 2-bromo-

3-hexylthiophene (S1) with 2 catalyzed by 4a-e. 

Solution A. In a glovebox, 3 (2.21 mL of a 0.168 M solution in THF, 0.372 mmol) and 2-bromo-

3-hexylthiophene (2.24 mL of a 0.333 M solution, 0.744 mmol) were added to a 20 mL vial with 

a stir bar and C22H46 (~30 mg). An aliquot (~0.1 mL) was removed from the glovebox and 

quenched with conc. HCl (~1 mL) as the time zero point.  

Separately, the insoluble precatalysts (4a, 4b, and 4e) were each weighed (~1–1.4 mg) into a 4 mL 

vial and diluted with THF (~1–1.4 mL) to achieve a precatalyst concentration of 0.00075 M during 

the reaction. For precatalysts soluble in THF (4c and 4d), stock solutions (~0.1 mL of a 0.015 M 

solution in THF) of each were diluted with THF (~0.7 mL) in a 4 mL vial equipped with a stir bar 

to achieve a precatalyst concentration of 0.00075 M during the reaction. 

Next, Solution A (~0.7–1 mL, 75 equiv of each heteroaryl bromide*) was added to the precatalyst 

solutions and the combined mixture was stirred for 2 min.  Then 2 (0.34–0.50 mL of a 0.221 M 

solution in THF, 50 equiv) was added with stirring. The reaction turned yellow within 20 s, and 

this color persisted for the next 1 h before quenching. 

The reaction mixture was removed from the glovebox and quenched with conc. HCl (~2 mL). The 

quenched mixture was extracted with CHCl3 (3 x 0.5 mL) with heating using a heat gun. The 

combined organic layers were washed with H2O (1 x 2 mL) and brine (1 x 2 mL) before drying 

over MgSO4. The solution was filtered, and then diluted with DCM (~1 mL) for GC analysis. 
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Conversion of the aryl halides was determined by GC from the change in peak area ratio with 

C22H46 internal standard. 

*1 mol of 3 was treated as 2 equiv of heteroaryl bromide.   

 

Figure A1-2. Average percent conversion of 3 ( ), and 2-bromo-3-hexylthiophene ( ) in cross-coupling 

competition experiments with 2 sorted by precatalyst. Error bars represent one standard deviation. 

Precatalyst 
Conversion (%) 

3 S1 

 Run 1 Run 2 Average STD Run 1 Run 2 Average STD 

4a 42 40 41 2 32 32 30 3 

4b 51 39 45 8 29 29 31 2 

4c 69 79 74 7 24 24 20 5 

4d 58 73 65 10 14 14 14 0 

4e 82 91 86 6 17 17 12 6 

Table A1-1. Conversion data plotted in Figure A1-2. 
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VI. Effect of competitive agent on polymerizing 1 

 

Polymerizing 1 in the presence of 3. 

4c and 4d. Precatalyst from a stock solution (~0.1 mL of a ~0.015 M solution in THF, 0.0015 

mmol, 1.0 equiv) was added to a 10 mL Schleck flask equipped with a stir bar and diluted with 

THF (~1.2 mL) to achieve a precatalyst concentration of 0.00075 M during the polymerization. 

For each precatalyst, a flask was prepared with 3 (0.14 mL of a 0.33 M solution in THF, 0.045 

mmol, 30 equiv) or without. The flasks were sealed with a rubber septum before removing from 

the glovebox and placed under N2. Previously prepared 1 (0.65 mL of a 0.12 M solution in THF, 

0.81 mmol, 54 equiv) was added to initiate the polymerization. The reaction was quenched after 

30 min by adding conc. HCl (~2 mL). 

4a, 4b, and 4e. Precatalyst was weighed (~4 mg) into 20 mL vials equipped with a stir bar and 

diluted with THF (~6 mL) to achieve a precatalyst concentration of 0.00075 M during the 

polymerization. For each precatalyst, a vial was prepared with 3 (~0.3 mL of a 0.13 M solution in 

THF, 30 equiv) or without. Previously prepared 1 (~1 mL of a 0.12 M solution in THF, 0.81 mmol, 

54 equiv) was added to initiate the polymerization. The reaction was quenched after 30 min by 

adding conc. HCl (~2 mL). 

All quenched reactions were extracted with CHCl3 (3 x 1 mL) with heating using a heat gun. The 

combined organic layers were washed with H2O (1 x 2 mL) and brine (1 x 2 mL).  The solvent 

was then removed via rotary evaporation and the solids were re-dissolved with heating in THF 

(~10 mL).  After cooling to rt, MgSO4 (~10 mg) was added and the mixture was filtered through a 

PTFE syringe filter (0.2 μm). A small portion was removed for GC and GPC analysis, and the 

remaining liquid was removed using a rotary evaporator to yield a purple solid.  The solid was 

dissolved in minimal CHCl3 (~0.2 mL), and then precipitated into MeOH (10 mL) in a centrifuge 
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tube and centrifuged at 4500 rpm for 30 min. The supernatant was decanted and the solid polymer 

was dried under high vacuum for 4 h. 

The solids (~2 mg) were dissolved in CDCl3 (2 mL) and analyzed by 1H NMR spectroscopy.  Next, 

the NMR solutions were filtered through a pipette column (basic, acidic, then neutral alumina with 

a KimWipe plug) and rinsed with CHCl3 (~0.5 mL).  The resultant polymer solution (2.5 μL) was 

mixed with DCTB matrix (2.5 μL of a 0.1 M solution in CHCl3) in an Eppendorf tube. The 

polymer/matrix solution (~1.5 μL) was spotted onto the MALDI 96-well target, and the remaining 

solution in the Eppendorf tube was diluted five-fold with additional DCTB matrix (2.5 μL of a 0.1 

M solution in CHCl3). The diluted sample was spotted onto the MALDI target in the same manner, 

and further five-fold dilutions (with DCTB matrix solution) were performed and spotted to yield 

four spots for each polymer sample. 
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Precatalyst 4a 

 

Figure A1-3. GPC chromatogram (prior to precipitation) of P3DT produced by 4a with 0 ( ) or 30 equiv ( ) 

of 3. 

Equiv of 3 Conversion  

of 1 (%)a 

Mn (kDa)b Đb Br/H end-groups (%)c 

0 94.6 12.8 1.16 92 

30 92.5 10.5 1.12 87 

Table A1-2. Data for P3DT produced by 4a with 0 or 30 equiv of 3. aDetermined by GC analysis. bDetermined by 

GPC analysis. cCalculated from the average peak area ratios (at each DP) from the five most intense peaks observed 

by MALDI-TOF MS analysis. 
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Precatalyst 4b 

 

Figure A1-4. GPC chromatogram (prior to precipitation) of P3DT produced by 4b with 0 ( ) or 30 equiv ( ) 

of 3.  

Equiv of 3 Conversion  

of 1 (%)a 

Mn (kDa)b Đb Br/H end-groups (%)c 

0 95.2 22.6 1.31 85 

30 94.7 20.8 1.30 81 

Table A1-3. Data for P3DT produced by 4b with 0 or 30 equiv of 3. aDetermined by GC analysis. bDetermined by 

GPC analysis. cCalculated from the average peak area ratios (at each DP) from the five most intense peaks observed 

by MALDI-TOF MS analysis. 
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Precatalyst 4c 

 

Figure A1-5. GPC chromatogram (prior to precipitation) of P3DT produced by 4c with 0 ( ) or 30 equiv ( ) of 

3. 

Equiv of 3 Conversion  

of 1 (%)a 

Mn (kDa)b Đb Br/H end-groups (%)c 

0 > 98 11.8 1.19 70 

30 > 98 10.1 1.22 65 

Table A1-4. Data for P3DT produced by 4c with 0 or 30 equiv of 3. aDetermined by GC analysis. bDetermined by 

GPC analysis. cCalculated from the average peak area ratios (at each DP) from the five most intense peaks observed 

by MALDI-TOF MS analysis. 
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Precatalyst 4d 

 

Figure A1-6. GPC chromatogram (prior to precipitation) of P3DT produced by 4d with 0 ( ) or 30 equiv ( ) 

of 3. 

Equiv of 3 Conversion  

of 1 (%)a 

Mn (kDa)b Đb Br/H end-groups (%)c 

0 95.4 14.1 1.23 66 

30 86.9 16.1 1.26 82 

Table A1-5. Data for P3DT produced by 4d with 0 or 30 equiv of 3. aDetermined by GC analysis. bDetermined by 

GPC analysis. cCalculated from the average peak area ratios (at each DP) from the five most intense peaks observed 

by MALDI-TOF MS analysis. 
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Precatalyst 4e 

 

Figure A1-7. GPC chromatogram (prior to precipitation) of P3DT produced by 4e with 0 ( ) or 30 equiv ( ) of 

3. 

Equiv of 3 Conversion  

of 1 (%)a 

Mn (kDa)b Đb Br/H end-groups (%)c 

0 78 6.0 3.83 33 

30 83 5.4 2.52 28 

Table A1-6. Data for P3DT produced by 4e with 0 or 30 equiv of 3. aDetermined by GC analysis. bDetermined by 

GPC analysis. cCalculated from the average peak area ratios (at each DP) from the five most intense peaks observed 

by MALDI-TOF MS analysis. The major end-group for both conditions was Br/Br. 
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VII. End-capping model experiments 

 

Representative procedure for end-capping P3DT. 

Polymerization (on Schlenk line) 

4c and 4d. In a glovebox, precatalyst from a stock solution (~0.10 mL of a ~0.015 M solution in 

THF, 0.0015 mmol, 1.0 equiv) was added to a 10 mL Schleck flask equipped with a stir bar and 

diluted with THF (~1.2 mL) to achieve a precatalyst concentration of 0.00075 M during the 

polymerization. The flasks were sealed with a rubber septum before removing from the glovebox 

and placed under N2. Previously prepared 1 (0.65 mL of a 0.12 M solution in THF, 0.81 mmol, 54 

equiv) was added to initiate the polymerization. 

End-capping (on Schlenk line) 

After 30 minutes, an aliquot of the polymerization solution (1.0 mL, 0.00075 mmol catalyst, 1.0 

equiv) was transferred to a 25 mL Schlenk tube containing 2 (0.051 mL of a 0.22 M solution in 

THF/Et2O, 0.011 mmol, 15 equiv) and 3 (0.135 mL of a 0.17 M solution in THF, 0.023 mmol, 30 

equiv) with stirring. The remaining polymerization solution was quenched with conc. HCl (~1 mL) 

immediately after the aliquot was drawn. After 1 h of end-capping, the solution was quenched by 

adding conc. HCl (~1 mL). 
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Polymerization (in a glovebox) 

4a, 4b, and 4e. Precatalyst was weighed (~4 mg) into 20 mL vials equipped with a stir bar and 

diluted with THF (~6 mL) to achieve a precatalyst concentration of 0.00075 M during the 

polymerization. Previously prepared 1 (~1 mL of a 0.12 M solution in THF, 0.81 mmol, 54 equiv) 

was added to initiate the polymerization. 

End-capping 

After 30 minutes, an aliquot of the polymerization solution (1.0 mL, 0.00075 mmol catalyst, 1.0 

equiv) was transferred to a 4 mL vial containing 2 (0.051 mL of a 0.22 M solution in THF/Et2O, 

0.011 mmol, 15 equiv) and 3 (0.135 mL of a 0.17 M solution in THF, 0.023 mmol, 30 equiv) with 

stirring. The remaining polymerization solution was removed from the glovebox and quenched 

with conc. HCl (~1 mL) immediately after the aliquot was drawn. After 1 h of end-capping, the 

solution was removed from the glovebox and quenched by adding conc. HCl (~1 mL). 

All quenched reactions were extracted with CHCl3 (3 x 1 mL) with heating using a heat gun. The 

combined organic layers were washed with H2O (1 x 2 mL) and brine (1 x 2 mL).  The solvent 

was then removed via rotary evaporation and the solids were re-dissolved with heating in THF 

(~10 mL).  After cooling to rt, MgSO4 (~10 mg) was added and the mixture was filtered through a 

PTFE syringe filter (0.2 μm). A small portion was removed for GC and GPC analysis, and the 

remaining liquid was removed using a rotary evaporator to yield a purple solid.  The solid was 

dissolved in minimal CHCl3 (~0.2 mL), and then precipitated into MeOH (10 mL) in a centrifuge 

tube and centrifuged at 4500 rpm for 30 min. The supernatant was decanted and the solid polymer 

was dried under high vacuum for 4 h. 

The solids (~2 mg) were dissolved in CDCl3 (2 mL) and analyzed by 1H NMR spectroscopy.  Next, 

the NMR solutions were filtered through a pipette column (basic, acidic, then neutral alumina with 

a KimWipe plug) and rinsed with CHCl3 (~0.5 mL).  The resultant polymer solution (2.5 μL) was 

mixed with DCTB matrix (2.5 μL of a 0.1 M solution in CHCl3) in an Eppendorf tube. The 

polymer/matrix solution (~1.5 μL) was spotted onto the MALDI 96-well target, and the remaining 

solution in the Eppendorf tube was diluted five-fold with additional DCTB matrix (2.5 μL of a 0.1 
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M solution in CHCl3). The diluted sample was spotted onto the MALDI target in the same manner, 

and further five-fold dilutions (with DCTB matrix solution) were performed and spotted to yield 

four spots for each polymer sample. 
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Representative analysis 

Precatalyst 4a 

 

Figure A1-8. GPC chromatogram of P3DT produced by 4a pre ( ) or post ( ) end-capping with 2 (15 equiv) 

and 3 (30 equiv). 

Condition Conversion  

of 1 (%)a 

Mn (kDa)b Đb End-groups 

(%)c 

pre-capping 95 12.8 1.16 92 (Br/H) 

post-capping 96 12.2 1.15 91 (cap/cap) 

Table A1-7. Data for P3DT produced by 4a pre or post end-capping with 2 (15 equiv) and 3 (30 equiv). aDetermined 

by GC analysis. bDetermined by GPC analysis. cCalculated from the average peak area ratios (at each DP) from the 

five most intense peaks observed by MALDI-TOF MS analysis. 
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Figure A1-9. MALDI-TOF mass spectra of P3DT produced by 4a pre end-capping ( ). Insets (right) show P3DT 

end-groups at DP = 34 (top) and DP = 52 (bottom). 
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Figure A1-10. MALDI-TOF mass spectra of P3DT produced by 4a post end-capping with 2 (15 equiv) and 3 (30 

equiv). Migration (cap/cap, ) and dissociation (cap/Br, ) product peaks are highlighted from all other masses (

). Insets (right) show P3DT end-groups at DP = 34 (top) and DP = 52 (bottom). 
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m/z of migration 

product (Da) 

 Catalyst migration (%) 

DP Run 1 Run 2 Run 3 Run 4 Avg. SD 

5532 24    98   

5754 25    98   

5976 26    98   

6199 27    98   

6421 28    97   

6644 29    97   

6866 30   94 97 96 2 

7088 31   95 97 96 2 

7311 32   95 97 96 2 

7533 33   95 96 96 1 

7756 34   95 96 96 1 

7978 35   94 96 95 1 

8200 36  95 94 96 95 1 

8423 37 94 95 94 95 95 1 

8645 38 94 95 94 95 94 1 

8868 39 93 96 93 94 94 1 

9090 40 93 95 93 93 94 1 

9312 41 92 95 93  93 1 

9535 42 93 94 93  93 1 

9757 43 92 94 92  93 1 

9979 44 92 93 92  92 1 

10202 45 90 93 91  92 1 

10424 46 90 93 91  91 1 

10647 47 90 93 90  91 2 

10869 48 90 94 89  91 2 

11091 49 91 94 89  91 2 

11314 50 90  88  89 1 

11536 51   88    

11759 52   85    

Table A1-8. Catalyst migration values for 4a from Run 1–4. Avg and STD values are plotted in Figure A1-23. 
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Precatalyst 4b 

 

Figure A1-11. GPC chromatogram of P3DT produced by 4b pre ( ) or post ( ) end-capping with 2 (15 equiv) 

and 3 (30 equiv). 

Condition Conversion  

of 1 (%)a 

Mn (kDa)b Đb End-groups 

(%)c 

pre-capping > 98 10.5 1.22 95 (Br/H) 

post-capping > 98 9.5 1.26 100 (cap/cap) 

Table A1-9. Data for P3DT produced by 4b pre or post end-capping with 2 (15 equiv) and 3 (30 equiv). aDetermined 

by GC analysis. bDetermined by GPC analysis. cCalculated from the average peak area ratios (at each DP) from the 

five most intense peaks observed by MALDI-TOF MS analysis. 
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Figure A1-12. MALDI-TOF mass spectra of P3DT produced by 4b pre end-capping ( ). Insets (right) show P3DT 

end-groups at DP = 34 (top) and DP = 43 (bottom). 
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Figure A1-13. MALDI-TOF mass spectra of P3DT produced by 4b post end-capping with 2 (15 equiv) and 3 (30 

equiv). Migration (cap/cap, ) and dissociation (cap/Br, ) product peaks are highlighted from all other masses (

). Insets (right) show P3DT end-groups at DP = 34 (top) and DP = 43 (bottom). 
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m/z of migration 

product (Da) 

 Catalyst migration (%) 

DP Run 1 Run 2 Run 3 Run 4 Avg. SD 

5532 24   100 100 100 0 

5754 25   100 100 100 0 

5976 26   100 100 100 0 

6199 27   100 100 100 0 

6421 28   100 100 100 0 

6644 29   100 100 100 0 

6866 30   100 100 100 0 

7088 31   100 100 100 0 

7311 32   100 100 100 0 

7533 33   100 100 100 0 

7756 34  100 100 100 100 0 

7978 35  100 100 100 100 0 

8200 36  100 100 100 100 0 

8423 37  100 100 100 100 0 

8645 38  100 100 100 100 0 

8868 39  100 100 100 100 0 

9090 40  100 100 100 100 0 

9312 41  100 100  100 0 

9535 42  100 100  100 0 

9757 43 95 100 100  98 3 

9979 44 100 100   100 0 

10202 45 96 100   98 3 

10424 46 94 100   97 5 

10647 47 94 100   97 4 

10869 48 96 100   98 3 

11091 49 95 100   97 4 

11314 50 94 100   97 4 

11536 51  100     

11759 52  100     

11981 53  100     

12203 54  100     

12426 55  100     

12648 56  100     

12871 57  100     

13093 58  100     

13315 59  100     

13538 60  100     

13760 61  100     

13982 62  100     

14205 63  100     

14427 64  100     
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14650 65  100     

14872 66  100     

15094 67  100     

15317 68  100     

Table A1-10. Catalyst migration values for 4b from Run 1–4. Avg and STD values are plotted in Figure A1-23. 
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Precatalyst 4c 

  

Figure A1-14. GPC chromatogram of P3DT produced by 4c pre ( ) or post ( ) end-capping with 2 (15 equiv) 

and 3 (30 equiv). 

Condition Conversion  

of 1 (%)a 

Mn (kDa)b Đb End-groups 

(%)c 

pre-capping > 98 11.8 1.19 65 (Br/H) 

post-capping > 98 12.1 1.22 93 (cap/cap) 

Table A1-11. Data for P3DT produced by 4c pre or post end-capping with 2 (15 equiv) and 3 (30 equiv). aDetermined 

by GC analysis. bDetermined by GPC analysis. cCalculated from the average peak area ratios (at each DP) from the 

five most intense peaks observed by MALDI-TOF MS analysis. 
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Figure A1-15. MALDI-TOF mass spectra of P3DT produced by 4c pre end-capping ( ). Insets (right) show P3DT 

end-groups at DP = 34 (top) and DP = 52 (bottom). 
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Figure A1-16. MALDI-TOF mass spectra of P3DT produced by 4c post end-capping with 2 (15 equiv) and 3 (30 

equiv). Migration (cap/cap, ) and dissociation (cap/Br, ) product peaks are highlighted from all other masses (

). Insets (right) show P3DT end-groups at DP = 34 (top) and DP = 52 (bottom). 
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m/z of migration  

product (Da)  

 Catalyst migration (%) 

DP Run 1  Avg.  SD 

8868 39 100 100 N/A 

9090 40 100 100 N/A 

9312 41 100 100 N/A 

9535 42 100 100 N/A 

9757 43 100 100 N/A 

9979 44 100 100 N/A 

10202 45 100 100 N/A 

10424 46 100 100 N/A 

10647 47 100 100 N/A 

10869 48 100 100 N/A 

11091 49 100 100 N/A 

11314 50 100 100 N/A 

11536 51 100 100 N/A 

11759 52 100 100 N/A 

11981 53 100 100 N/A 

12203 54 100 100 N/A 

12426 55 100 100 N/A 

Table A1-12. Catalyst migration values for 4c from Run 1. Avg and STD values are plotted in Figure A1-23. 
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Precatalyst 4d 

  

Figure A1-17. GPC chromatogram of P3DT produced 4d pre ( ) or post ( ) end-capping with 2 (15 equiv) and 

3 (30 equiv). 

Condition Conversion  

of 1 (%)a 

Mn (kDa)b Đb Br/H end-

groups (%)c  

pre-capping 95 14.1 1.23 66 (Br/H) 

post-capping 98 13.6 1.23 100 (cap/cap) 

Table A1-13. Data for P3DT produced by 4d pre or post end-capping with 2 (15 equiv) and 3 (30 equiv). aDetermined 

by GC analysis. bDetermined by GPC analysis. cCalculated from the average peak area ratios (at each DP) from the 

five most intense peaks observed by MALDI-TOF MS analysis. 
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Figure A1-18. MALDI-TOF mass spectra of P3DT produced by 4d pre end-capping ( ). Insets (right) show P3DT 

end-groups at DP = 34 (top) and DP = 52 (bottom). 
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Figure A1-19. MALDI-TOF mass spectra of P3DT from end-capping model system using 4d. Migration (cap/cap,

) and dissociation (cap/Br, ) product peaks are highlighted from all other masses ( ). Insets (right) show 

P3DT end-groups at DP = 34 (top) and DP = 52 (bottom). 
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m/z of migration  

product (Da)  

 Catalyst migration (%)  

DP Run 1  Avg.  SD 

7978 35 100 100 N/A 

8200 36 100 100 N/A 

8423 37 100 100 N/A 

8645 38 100 100 N/A 

8868 39 100 100 N/A 

9090 40 100 100 N/A 

9312 41 100 100 N/A 

9535 42 100 100 N/A 

9757 43 100 100 N/A 

9979 44 100 100 N/A 

10202 45 100 100 N/A 

10424 46 100 100 N/A 

10647 47 100 100 N/A 

10869 48 100 100 N/A 

11091 49 100 100 N/A 

11314 50 100 100 N/A 

11536 51 100 100 N/A 

11759 52 100 100 N/A 

11981 53 100 100 N/A 

12203 54 100 100 N/A 

12426 55 100 100 N/A 

12648 56 100 100 N/A 

12871 57 100 100 N/A 

13093 58 100 100 N/A 

13315 59 100 100 N/A 

13538 60 100 100 N/A 

13760 61 100 100 N/A 

13982 62 100 100 N/A 

14205 63 100 100 N/A 

14427 64 100 100 N/A 

Table A1-14. Catalyst migration values for 4d from Run 1. Avg and STD values are plotted in Figure A1-23. 
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Precatalyst 4e 

 

Figure A1-20. GPC chromatogram of P3DT produced 4e pre ( ) or post ( ) end-capping with 2 (15 equiv) and 

3 (30 equiv). 

Condition Conversion  

of 1 (%)a 

Mn (kDa)b Đb Br/H end-

groups (%)c  

pre-capping 78 6.0 3.83 
54 (Br/H) 

41 (Br/Br) 

post-capping 84 5.2 4.16 52 (cap/cap) 

Table A1-15. Data for P3DT produced by 4e pre or post end-capping with 2 (15 equiv) and 3 (30 equiv). aDetermined 

by GC analysis. bDetermined by GPC analysis. cCalculated from the average peak area ratios (at each DP) from the 

five most intense peaks observed by MALDI-TOF MS analysis. 
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Figure A1-21. MALDI-TOF mass spectra of P3DT produced by 4e pre end-capping ( ). Insets (right) show P3DT 

end-groups at DP = 25 (top) and DP = 34 (bottom). 
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Figure A1-22. MALDI-TOF mass spectra of P3DT from end-capping model system using 4e. Migration (cap/cap,

) and dissociation (cap/Br, ) product peaks are highlighted from all other masses ( ). Insets (right) show 

P3DT end-groups at DP = 25 (top) and DP = 34 (bottom). 
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m/z of migration  

product (Da)  

 Catalyst migration (%) 

DP Run 1  Avg.  SD 

5087 22 49 49 N/A 

5309 23 50 50 N/A 

5532 24 50 50 N/A 

5754 25 49 49 N/A 

5976 26 48 48 N/A 

6199 27 50 50 N/A 

6421 28 47 47 N/A 

6644 29 51 51 N/A 

6866 30 49 49 N/A 

7088 31 51 51 N/A 

7311 32 59 59 N/A 

7533 33 57 57 N/A 

7756 34 58 58 N/A 

Table A1-16. Catalyst migration values for 4e from Run 1. Avg and STD values are plotted in Figure A1-23.  
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VIII. Catalyst migration (%) 

Catalyst migration was determined using the peak areas (A) for cap/cap (Acap/cap) and cap/Br 

(Acap/Br) peaks at each DP. Catalyst migration was only calculated at DP where both peaks are 

detected by peak picking (see MALDI general procedures, pg. 2), except for 4c and 4d where 

cap/Br was not identified at any m/z. 

While cap/H end-groups also correspond to the migration pathway, these end-groups could also 

be generated from non-ideal reaction pathways (which give rise to H/H end-groups during acid 

quenching of typical polymerizations). Cap/H, although present is small amounts, was not included 

in this calculation to eliminate any possible contribution from this undesired pathway. 

catalyst migration = Acap/cap / (Acap/cap + Acap/Br) 
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Figure A1-23. Migration percent at each DP for catalysts 4a–4e tested in the end-capping experiments. Migration 

pathway was calculated from peak areas of the cap/cap and cap/Br peaks (at each DP) determined by MALDI-TOF 

MS. 
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IX. Random-walking calculations 

In the end-capping experiments, a typical polymerization of 1 is terminated by adding 2 and 3. All 

catalysts should initially transmetallate with 3, forming catalyst-P3DT π-complex following 

reductive elimination. Using the most thermodynamically favorable η-2 coordination mode, there 

are two coordination sites on each monomer (and the cap).4,5 The π-complex initially forms 

between the catalyst and cap, placing the catalyst one step away from the capped end and eight 

linear steps away from the C-Br terminus. This starting configuration can be represented by the 

position matrix [0,1,0,0,0,0,0,0,0,0], and is identified as location 2 (Figure A1-24). 

 

Figure A1-24. Numerical representation of catalyst binding to the cap of P3DT (DP = 4) with cap/Br end-groups for 

use in the random-walking calculations. Zeroes represent unoccupied π-binding sites, while a one identifies the 

catalyst location in the position matrix. 

Literature reports on catalyst migration in CTP use a random-walking model to describe end-to-

end migration.6,7 We employed a purely random-walk for all positions on the polymer chain 

(besides the chain ends) where the catalyst has an equal probability (1/2) of walking one unit 

towards either chain end. At the capped end, chain-walking always occurs towards the middle of 

the chain. Catalyst is assumed to react quantitatively when it reaches the C-Br terminus (i.e., after 

reaching the C-Br end, it stays there). These parameters result in the following transition matrix 

(Table A1-17). 

  



152 

 

0 1 0 0 0 0 0 0 0 0 

1/2 0 1/2 0 0 0 0 0 0 0 

0 1/2 0 1/2 0 0 0 0 0 0 

0 0 1/2 0 1/2 0 0 0 0 0 

0 0 0 1/2 0 1/2 0 0 0 0 

0 0 0 0 1/2 0 1/2 0 0 0 

0 0 0 0 0 1/2 0 1/2 0 0 

0 0 0 0 0 0 1/2 0 1/2 0 

0 0 0 0 0 0 0 1/2 0 1/2 

0 0 0 0 0 0 0 0 0 1 

Table A1-17. Transition matrix for a random walk with 10 linear steps from chain-end to chain-end (i.e., DP = 4 with 

cap/Br end-groups). 

Calculations were performed in Wolfram Mathematica, Version 10.4. The random distribution 

function DiscreteMarkovProcess was used to calculate the products of the position and transition 

matrices to identify all the possible routes that a catalyst could take to migrate back and forth along 

the polymer (starting from location 2). 

A = DiscreteMarkovProcess[position matrix x transition matrix] 

Because catalyst is assumed to react quantitatively when it reaches the α terminus (position 10 

when DP = 4), we were interested in the number of steps that it takes for a catalyst to randomly 

walk from location 2 to location 10. We use the first passage time distribution function to 

determine the number of steps for the catalyst to reach the chain-end (location 10) for the first 

time. 

D = FirstPassageTimeDistribution[A, 10]; 

Thus far, all calculations interrogate the number of steps for 100% catalyst migration, but our end-

capping experiments reveal that migration is not quantitative. We use the probability distribution 

function to identify how many steps are required for the catalyst to reach position 10 once. For 

example, there is only one possible way for the catalyst to migrate from location 2 to 10 in eight 

steps (migrate exclusively from left to right along the position matrix), but there are eight possible 

ways to migrate in ten steps (and so on). The probability for any catalyst to reach the α end in each 

number of steps increases initially, then slowly decreases (Figure A1-25). 
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PDF[D, k]; DiscretePlot[%, {k, 0, 300}, ExtentSize -> Right] 

 

Figure A1-25. Plot of the probability distribution function of the first passage distribution for a purely random walk 

across 10 locations (corresponding to a DP of 4). 

Calculating the integral of the probability distribution function (i.e., the cumulative distribution 

function) yields the cumulative percent of catalysts that migrated across the polymer within a given 

number of steps (Figure A1-26). This cumulative percent at a given number of steps is analogous 

to the migration percent determined experimentally. For a polymer with DP = 4, the number of 

steps would vary from 60 to 268 by selecting a migration from 50% to 98%. 

CDF[D, k]; DiscretePlot[%, {k, 0, 300}, ExtentSize -> Right] 

 

Figure A1-26. Plot of the cumulative distribution function of the first passage distribution for a purely random walk 

across 10 locations (corresponding to a DP of 4). 
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We calculated the cumulative distribution function at numerous points between DP = 4–34 in the 

same manner identified above. Calculating the random walking process at higher DP simply 

expands the transition and position matrices (the starting point is always location 2), but the 

catalyst can still only walk one unit left or right for each step. The same cumulative distribution 

function at each DP can be used with the experimental data from all precatalysts. We calculated 

the number of steps at 95% migration at select DP from 4–34, fit this with a quadratic equation, 

then extrapolated for DP > 34. Because precatalysts 4b–4d yielded predominately migration 

products and were insensitive to DP, the values at 95% migration were applied to all catalysts. 

 

DP 

# of steps for  

95% migration 

4 210 

9 946 

14 2,204 

19 3,988 

29 9,132 

34 12,486 

49 25,705a 

59 37,139a 

69 50,670a 

79 66,299a 

Figure A1-27. The number of steps calculated from the cumulative distribution functions are plotted versus DP ( ). 

A quadratic fit ( , r2 = 1.0000, (# of steps = -0.5874 x DP2 + 10.7004 x DP + 10.4878) is used to extrapolate the 

number of steps due to the high computational workload required at high DP. aSteps were calculated from the quadratic 

fit. 

The output from these calculations is the number of steps required to achieve a migration percent 

that matches experimental data (for each catalyst at each DP). Although the random-walking 

model doesn’t directly calculate chain-transfer/dissociation, the number of steps is linearly 

correlated to chain-transfer/dissociation in the end-capping experiments if the probability for 

chain-transfer/dissociation is constant across all polymer lengths. Given the high solubility, rod 

conformation, and effective conjugation length of ~10 repeat units of P3DT, we expect that the 

catalyst-P3DT π-complex is similar for all DP > 10. Therefore, the probability of chain-

transfer/dissociation at each step should be independent of chain-length, and the cumulative 

probability of chain-transfer/dissociation is correlated to the total number of steps. The nearly 

exclusive migration products obtained in the end-capping experiments across the long P3DT for 
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4b–4d required an extraordinary number of steps, making the probability of chain-

transfer/dissociation at each step extremely low. 

For 4a, the decrease in percent migration with increasing DP allows us to evaluate the validity of 

the random-walking calculation by fitting it to experimental data—does the decay in percent 

migration (experimental) with DP correlate to a similar number of calculated steps at each DP? If 

the random walking process is representative of catalyst migration in the end-capping experiments, 

we would expect a similar number of steps for each catalyst over the full range of DPs. In other 

words, the number of steps is correlated to the probability of dissociation at each step. Each catalyst 

should have a distinct probability of dissociation, but this value should remain constant for all DP 

(as discussed above). Using the number of chain-walking steps as a proxy for the probability of 

dissociation, we can fit the experimental data to the random-walking model. We identified the 

number of steps for 4a to migrate by iterating the number of steps (S) until the cumulative 

probability (M) matched the experimentally determined migration percent. An arbitrary example 

for 80% migration when DP = 4 is shown below (calculated to 3 significant digits, Figure A1-28). 

N[CDF[D,S],3] = M 

N[CDF[D,118],3] = 0.796 

 

Figure A1-28. Plot of the cumulative distribution function of the first passage distribution for a purely random walk 

across 10 locations (corresponding to a DP of 4). The number of steps required to match 80% migration is 118. 
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We observe a wide variation in the number of steps at different DP for 4a, suggesting that the 

simple random chain-walking model is insufficient to describe the migration behavior (Table 

A1-18). 

DP Migration (%) Calculated # of steps 

36 95 13977 

42 93 17056 

47 91 19369 

50 89 20514 

Table A1-18. Percent migration (experimental data) and calculated # of steps at each DP for 4a.  
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I. 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 in 100 mL quantities from Sigma Aldrich. IPrNi(PPh3)Cl2 

was purchased from TCI America, Ni(dppp)Cl2, Ni(dppe)Cl2, Ni(PPh3)2Cl2, and IPrPd(3-

chloropyridine)Cl2 were purchased from Sigma-Aldrich (IPr = 1,3-bis(2,6-di-

isopropylphenyl)imidazol-2-ylidene, PPh3 = triphenylphosphine, dppp = 1,3-

bis(diphenylphosphino)propane, and dppe = 1,2-bis(diphenylphosphino)ethane). All other reagent 

grade materials and solvents were purchased from Sigma-Aldrich, Acros, or Fisher and were used 

without further purification unless otherwise noted. THF was dried and deoxygenated using an 

Innovative Technology (IT) solvent system composed of activated alumina, copper catalyst, and 

molecular sieves. N-Bromosuccinimide was recrystallized from hot H2O and dried over P2O5. The 

glovebox in which specified procedures were carried out was an MBraun LABmaster 130 with a 

N2 atmosphere and H2O levels below 4 ppm. Compounds S1,1 S2,1 and 21 were prepared using 

modified literature procedures. 
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II. General experimental 

NMR Spectroscopy: Unless otherwise noted, 1H and 13C NMR spectra for all compounds were 

acquired at rt in CDCl3 on a Varian vnmrs 700 spectrometer operating at 700 and 176 MHz, 

respectively, Varian vnmrs 500 spectrometer operating at 500 and 126 MHz, respectively or 

Varian MR400 Spectrometer operating at 400 and 100 MHz, respectively. 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), triplet (t), doublet of triplets (dt), or 

multiplet (m). Residual H2O is denoted by an *. 

Mass Spectrometry: High-resolution mass spectrometry data were obtained on a Micromass 

AutoSpec Ultima Magnetic Sector mass spectrometer. 

Gel-Permeation Chromatography: 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 columns (8 mm (ID) 

× 300 mm (L)) and analyzed with Viscotek TDA 305 (with RI, UV-PDA Detector Model 2600 

(190–500 nm), RALS/LALS, and viscometer). All presented data correspond to the absorbance at 

254 nm normalized to the highest peak. Samples were dissolved in THF (with mild heating), and 

passed through a 0.2 μm PTFE filter prior to analysis.  

Gas Chromatography: Gas chromatography was carried out using a Shimadzu GC 2010 containing 

a Shimadzu SHRX5 column (crossbound 5% diphenyl – 95% dimethyl polysiloxane; 15 m, 0.25 

mm ID, 0.25 μm df). 

Titrations of the Grignard Reagents: An accurately weighed sample of salicylaldehyde 

phenylhydrazone2 (typically between 170–200 mg) was dissolved in 10.00 mL of THF. This 

solution was added dropwise using a 0.5 mL syringe to 0.10 mL of (aryl)MgCl. The initial 

(aryl)MgCl solution is pale yellow, turns bright orange, and then returns to pale yellow at the end-

point. 

Precatalyst stock solutions: Precatalyst 4d (~55 mg) was weighed into a 5 mL volumetric flask in 

a glovebox, and then diluted with THF. These stocks solutions were stored in the freezer, and 

remain stable for several weeks or longer. 
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Precatalyst 4c (~5 mg) was weight into a 1 mL volumetric flask in a glovebox, and then diluted 

with THF immediately before use. If stored, the violet solution would turn blue over the course of 

several h.  

MALDI-TOF MS: Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

was performed on a Bruker Autoflex Speed. Positive ion spectra were obtained in reflectron mode. 

Polymer samples (~1 mg) were dissolved in CHCl3 (~3 mL) and mixed in a 1:1 (v/v) ratio with 

0.1 M trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DTCB) solution 

in CHCl3 then spotted. Serial dilutions (~five-fold) were performed to access a wide range of 

sample concentrations, and the spot yielding the highest signal/noise was subsequently analyzed. 

Molecular weight of HCl quenched P1 with Br/H end groups was referenced to a series of low 

MW peptide standards. The referenced P1 was then used to calibrate the full MW range of the 

sample. 

Raw data was processed in flexAnalysis Version 3.4. Baseline subtraction was performed using 

TopHat, and for polymer samples with a maximum m/z <10,000, peak smoothing was performed 

using one cycle of the SavitskyGolay algorithm to a peak width of 0.1 m/z and peak picking was 

performed using the SNAP method for peaks with signal/noise greater than two. For polymer 

samples with a maximum m/z >10,000, peak smoothing was performed using one cycle of the 

SavitskyGolay algorithm to a peak width of 5 m/z and peak picking was performed using the 

centroid method for peaks with signal/noise greater than one. End-group percentages were 

calculated by comparing the signal areas of picked peaks at each DP. Migration percent was 

calculated at each DP where both migration (cap/cap end-groups) and dissociation (cap/Br end-

groups product peaks were found by peak picking. 
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III. Synthetic procedures 

 
1,4-bis(hexyloxy)phenylene (S1).1 A 500 mL flask was equipped with a stir bar, then 

hydroquinone (20 g, 0.20 mol, 1.0 equiv), DMF (120 mL), potassium carbonate (63 g, 0.45 mol, 

2.5 equiv), and 1-bromohexane (63 mL, 0.45 mol, 2.5 equiv) were added sequentially. The reaction 

mixture was stirred under N2 at 80 °C for 5 d. The reaction mixture was cooled to rt, then poured 

into H2O (400 mL). The mixture was extracted with hexanes (3 x 200 mL) and the organic layer 

was washed with H2O (2 x 200 mL) and brine (1 x 200 mL), before drying over MgSO4. The 

brown mixture was filtered, and concentrated in vacuo. The resulting oil was passed through silica 

gel using DCM as the eluent. Recrystallization from hot MeOH gave a white, crystalline solid (29 

g, 57% yield). HRMS (EI): [M+] Calcd. for C16H30O2, 224.1599; found, 224.1597. 

 

 

 
1,4-bis(hexyloxy)-2,5-dibromophenylene (S2).1 A 500 mL flask was equipped with a stir bar, 

then S1 (24 g, 0.86 mol, 1.0 equiv) and CHCl3 (98 mL) were added. The flask was cooled to 0 °C 

in 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 and the pressure was vented through an aq. solution of 10% 

Na2SO3 (~ 150 mL). After 3 h, the reaction was quenched with an aq. sat. solution of Na2SO3 and 

vigorously stirred until colorless. The aqueous mixture was extracted with DCM (3 x 100 mL) and 

the combined organic layers were washed with H2O (2 x 100 mL) and brine (1 x 100 mL), then 

dried over MgSO4, filtered, and concentrated in vacuo. The residue was dissolved in CHCl3 (~10 
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mL), then MeOH (~100 mL) was layered on top to recrystallize overnight. The solids were filtered 

to afford white crystals (29 g, 77% yield). HRMS (EI): [M+] Calcd. for C16H28Br2O2, 434.0456; 

found, 434.0455. 

 

 

 
(4-bromo-2,5-bis(hexyloxy)phenyl)magnesium chloride (2).1 In a glovebox, S2 (0.109 g, 0.250 

mmol, 1.00 equiv) was added to a 4 mL vial equipped with a stir bar. A small amount of C22H46 

(~ 5 mg) was added and the mixture was diluted with THF (1.1 mL). Next, iPrMgCl (0.11 mL of 

a 2 M solution in THF, 0.22 mmol, 0.88 equiv) was added and the solution was stirred for 16 h 

before titrating (0.15 M, see pg. 3). 
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IV. NMR spectra 

 

Figure A2-1. 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, 6.7 Hz, 4H), 1.49–1.39 (m, 

8H), 1.38–1.27 (m, 4H), 0.90 (t, J = 6.9 Hz, 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 A2-2. 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 (dt, J = 14.8, 6.7 Hz, 4H), 1.53–1.44 (m, 

4H), 1.39–1.28 (m, 8H), 0.91 (t, J = 6.9 Hz, 6H). 
13C NMR (176 MHz, CDCl3) δ 150.22, 118.62, 111.28, 70.46, 31.63, 29.23, 25.76, 22.72 
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V. Competitive agent screening 

 

General procedure for the cross-coupling of 2-bromobenzonitrile, and 2-bromo-1,4-

bis(methoxy)phenylene with 3a catalyzed by 4a–e. 

Solution A. In a glovebox, 2-bromobenzonitrile (2.23 mL of a 0.333 M solution, 0.744 mmol) and 

2-bromo-1,4-bis(methoxy)phenylene (2.24 mL of a 0.333 M solution, 0.744 mmol) were added to 

a 20 mL vial with a stir bar and C22H46 (~30 mg). An aliquot (~0.1 mL) was removed from the 

glovebox and quenched with conc. HCl (~1 mL) as the time zero point.  

Separately, the insoluble precatalysts (4a, 4b, and 4e) were each weighed (~1–1.4 mg) into a 4 mL 

vial and diluted with THF (~1–1.4 mL) to achieve a catalyst concentration of 0.00075 M during 

the reaction. For precatalysts soluble in THF (4c and 4d), stock solutions (~0.1 mL of a 0.015 M 

solution in THF) of each were diluted with THF (~0.7 mL) in a 4 mL vial equipped with a stir bar 

to achieve a catalyst concentration of 0.00075 M during the reaction. 

Next, Solution A (~0.7–1 mL, 75 equiv of each heteroaryl bromide) was added to the catalyst 

solutions and the combined mixture was stirred for 2 min.  Then 3a (~0.34–0.5 mL of a 0.25 M 

solution in THF, 50 equiv) was added and the solution was stirred for 2 h before quenching. 

The reaction mixture was removed from the glovebox and quenched with conc. HCl (~2 mL). The 

quenched mixture was extracted with CHCl3 (3 x 0.5 mL) with heating. The combined organic 

layers were washed with H2O (1 x 2 mL) and brine (1 x 2 mL) before drying over MgSO4. The 

solution was filtered, and then diluted with DCM (~1 mL) for GC analysis. 

Conversion of the aryl halides was determined by GC from the change in peak area ratio with 

C22H46 internal standard.  



167 

 

 

Figure A2-3. Percent conversion of 3b( ), and 2-bromo-1,4-bis(methoxy)phenylene ( ) in cross-coupling 

competition experiments with 3a sorted by catalyst. 

Precatalyst 

Conversion (%) 

3b 2-bromo-1,4- 

bis(methoxy)phenylene 

 Run 1 Run 2 Avg. STD Run 1 Run 2 Avg. STD 

4a 32 13 23 13 0 0 0 0 

4b 20 12 16 6 2 0 0 1 

4c 64 76 70 8 6 0 3 4 

4d 61 77 69 11 0 0 0 0 

4e 58 76 67 13 0 0 0 0 

Table A2-1. Conversion data plotted in Figure A2-3. 
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VI. End-capping experiments 

 

Representative procedure for end-capping 1 

Polymerization 

4c/4d. Precatalyst from a stock solution (~0.1 mL of a ~0.0015 M solution in THF, 0.0015 mmol, 

1.0 equiv) was each added to a 10 mL Schleck flask equipped with a stir bar and diluted with THF 

(~1.2 mL) to achieve a catalyst concentration of 0.00075 M during the polymerization. The flasks 

were sealed with a rubber septum before removing from the glovebox and placed under N2. 

Previously prepared 1 was added in the following amounts to initiate the polymerization: 

to 4c: 40 equiv 1 (0.50 mL of a 0.12 M solution in THF, 0.060 mmol). 

to 4d: 20 equiv 1 (0.25 mL of a 0.12 M solution in THF, 0.060 mmol). 

4a, 4b, and 4e. Precatalyst was weighed (~3 mg) into a 20 mL vial equipped with a stir bar and 

diluted with THF (~6 mL) to achieve a catalyst concentration of 0.00075 M during the 

polymerization. Previously prepared 1 was added in the following amounts to initiate the 

polymerization: 

to 4a/b: 6.0 equiv 1 (0.28 mL of a 0.12 M solution in THF, 0.034 mmol). 

to 4e: 20 equiv 1 (1.0 mL of a 0.12 M solution in THF, 0.12 mmol). 

 

End-capping 

After polymerizing for 45 min, an aliquot of the polymerization solution (1.0 mL) was added to 4 

mL vials containing 3a (0.046 mL of a 0.25 M in THF, 0.011 mmol, 15 equiv) and 3b (0.10 mL 
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of a 0.385 M solution in THF, 0.038 mmol, 50 equiv).  The remainder of the polymerization 

solution was immediately removed from the glovebox and quenched with conc. HCl (~1 mL). 

End-capping solutions were stirred for an additional 2 h before removing from the glovebox and 

quenching with conc. HCl (~1 mL). 

The quenched reactions were extracted with CHCl3 (3 x 1 mL) with heating. The combined organic 

layers were washed with H2O (1 x 2 mL) and brine (1 x 2 mL).  The solvent was then removed via 

rotary evaporation and the solids were re-dissolved with heating in THF (~10 mL).  After cooling 

to rt, MgSO4 (~10 mg) was added and the mixture was filtered through a PTFE syringe filter (0.2 

μm). A small portion was removed for GC and GPC analysis, and the remaining liquid was 

removed using a rotary evaporator to yield a white solid.  The solid was dissolved in minimal 

CHCl3 (~0.2 mL), and then precipitated into MeOH (10 mL) in a centrifuge tube and centrifuged 

at 4500 rpm for 30 min. The supernatant was decanted and the solid polymer was dried under high 

vacuum for 4 h. 

The solids (~2 mg) were dissolved in CDCl3 (2 mL) and analyzed by 1H NMR spectroscopy.  Next, 

the NMR solutions were filtered through a pipette column (basic, acidic, then neutral alumina with 

a KimWipe plug) and rinsed with CHCl3 (~0.5 mL).  The resultant polymer solution (2.5 μL) was 

mixed with DCTB matrix (2.5 μL of a 0.1 M solution in CHCl3) in an Eppendorf tube. The 

polymer/matrix solution (~1.5 μL) was spotted onto the MALDI 96-well target, and the remaining 

solution in the Eppendorf tube was diluted five-fold with additional DCTB matrix (2.5 μL of a 0.1 

M solution in CHCl3). The diluted sample was spotted onto the MALDI target in the same manner, 

and further five-fold dilutions (with DCTB matrix solution) were performed and spotted to yield 

four spots for each polymer sample. 
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Representative analysis 

Precatalyst 4a 

 

Figure A2-4. GPC chromatogram of P1 produced by 4a pre ( ) or post ( ) end-capping with 3a (15 equiv) and 

3b (50 equiv). 

Condition Conversion  

of 1 (%)a 

Mn (kDa)b Đb End-groups 

(%)  

pre-capping 68 1.4 1.36 78 (Br/H)c 

post-capping 68 1.8 1.18 Mostly cap/Br 

Table A2-2. Data for P1 produced by 4a pre or post end-capping with 3a (15 equiv) and 3b (50 equiv). aDetermined 

by GC analysis. bDetermined by GPC analysis. cCalculated from the average peak area ratios (at each DP) from the 

five most intense peaks observed by MALDI-TOF MS analysis. 
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Figure A2-5. MALDI-TOF mass spectra of P1 produced by 4a before end-capping. Insets (right) show P1 end-groups 

at DP = 3 (top) and DP = 7 (bottom).  
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Figure A2-6. MALDI-TOF mass spectra of P1 produced by 4a after end-capping with 3a (15 equiv) and 3b (50 

equiv). Migration (cap/cap, ) and dissociation (cap/Br, ) product peaks are highlighted from all other masses (

). Insets (right) show P1 end-groups at DP = 3 (top) and DP = 7 (bottom). 

m/z of migration  

product (Da) 

Catalyst migration (%) 

DP Run 1 Run 2 Run 3 Avg. SD 

735 2 52 48 46 49 3 

1012 3 6 5 6 6 0 

1288 4 2 2 2 2 0 

1564 5 1 1 1 1 0 

1841 6 1  1 1 0 

Table A2-3. Catalyst migration values for 4a from Run 1–3. Avg and STD values are plotted in Figure A2-19. 
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Precatalyst 4b 

  

Figure A2-7. GPC chromatogram of P1 produced by 4b pre ( ) or post ( ) end-capping with 3a (15 equiv) and 

3b (50 equiv). 

Condition Conversion  

of 1 (%)a 

Mn (kDa)b Đb End-groups 

(%)  

pre-capping 80 1.7 1.31 89 (Br/H)c 

post-capping 81 1.7 1.30 Mostly cap/Br 

Table A2-4. Data for P1 produced by 4a pre or post end-capping with 3a (15 equiv) and 3b (50 equiv). aDetermined 

by GC analysis. bDetermined by GPC analysis. cCalculated from the average peak area ratios (at each DP) from the 

five most intense peaks observed by MALDI-TOF MS analysis. 
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Figure A2-8. MALDI-TOF mass spectra of P1 produced by 4b before end-capping. Insets (right) show P1 end-

groups at DP = 3 (top) and DP = 7 (bottom).  
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Figure A2-9. MALDI-TOF mass spectra of P1 produced by 4b after end-capping with 3a (15 equiv) and 3b (50 

equiv). Migration (cap/cap, ) and dissociation (cap/Br, ) product peaks are highlighted from all other masses (

). Insets (right) show P1 end-groups at DP = 3 (top) and DP = 7 (bottom). 

  



176 

 

m/z of migration  

product (Da) 

Catalyst migration (%) 

DP Run 1 Run 2 Run 3 Run 4 Run 5 Avg. SD 

735 2 46 50 71 82 72 64 15 

1012 3 15 16 32 16 17 19 7 

1288 4 7 8 9 7 6 7 1 

1564 5 3 2 3 3 2 3 1 

1841 6 2 1 2 2 1 2 0 

2117 7 1 1 1 1 1 1 0 

2394 8 1  1 1 1 1 0 

2670 9   1 1  1 0 

2946 10   1     

Table A2-5. Catalyst migration values for 4b from Run 1–5. Avg and STD values are plotted in Figure A2-19. 
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Precatalyst 4c 

  

Figure A2-10. GPC chromatogram of P1 produced by 4c pre ( ) or post ( ) end-capping with 3a (15 equiv) 

and 3b (50 equiv). 

Condition Conversion  

of 1 (%)a 

Mn (kDa)b Đb End-groups 

(%)c 

pre-capping 93.1 8.8 1.24 83 (Br/H) 

post-capping 93.1 9.2 1.34 93 (cap/cap) 

Table A2-6. Data for P1 produced by 4c pre or post end-capping with 3a (15 equiv) and 3b (50 equiv).  aDetermined 

by GC analysis. bDetermined by GPC analysis. cCalculated from the average peak area ratios (at each DP) from the 

five most intense peaks observed by MALDI-TOF MS analysis. 
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Figure A2-11. MALDI-TOF mass spectra of P1 produced by 4c before end-capping. Insets (right) show P1 end-

groups at DP = 18 (top) and DP = 33 (bottom). 
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Figure A2-12. MALDI-TOF mass spectra of P1 produced by 4c after end-capping with 3a (15 equiv) and 3b (50 

equiv). Migration (cap/cap, ) and dissociation (cap/Br, ) product peaks are highlighted from all other masses (

). Insets (right) show P1 end-groups at DP = 18 (top) and DP = 33 (bottom). 
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m/z of migration  

product (Da) 

Catalyst migration (%) 

DP Run 1 Run 2 Run 3 Avg. SD 

5711 20 95 95  95 0 

5987 21 93 94  94 0 

6264 22 94 94  94 0 

6540 23 94 93  94 0 

6816 24 94 94  94 0 

7093 25 93 93  93 0 

7369 26 92 93  93 0 

7646 27 93 94  93 1 

7922 28 93 92  93 1 

8198 29 92 92  92 0 

8475 30 92 93  93 0 

8751 31 92 91  92 1 

9028 32 89 92  90 2 

9304 33 92 92  92 0 

9581 34  92  92 N/A 

9857 35  91 93 92 1 

10133 36   93   

10410 37   96   

10686 38   92   

10963 39   94   

11231 40   92   

Table A2-7. Catalyst migration values for 4c from Run 1–3. Avg and STD values are plotted in Figure A2-19. 
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Precatalyst 4d 

  

Figure A2-13. GPC chromatogram of P1 produced 4d pre ( ) or post ( ) end-capping with 3a (15 equiv) and 

3b (50 equiv).  

Condition Conversion  

of 1 (%)a  

Mn (kDa)b Đb End-groups 

(%) 

pre-capping 69 3.0 1.18 94 (Br/H)c 

post-capping 71 2.9 1.22 
53 at DP = 12 

(cap/cap) 

Table A2-8. Data for P1 produced by 4d pre or post end-capping with 3a (15 equiv) and 3b (50 equiv).  aDetermined 

by GC analysis. bDetermined by GPC analysis. cCalculated from the average peak area ratios (at each DP) from the 

five most intense peaks observed by MALDI-TOF MS analysis. 
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Figure A2-14. MALDI-TOF mass spectra of P1 produced by 4d before end-capping. Insets (right) show P1 end-

groups at DP = 7 (top) and DP = 18 (bottom). 
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Figure A2-15. MALDI-TOF mass spectra of P1 produced by 4d after end-capping with 3a (15 equiv) and 3b (50 

equiv). Migration (cap/cap, ) and dissociation (cap/Br, ) product peaks are highlighted from all other masses (

). Insets (right) show P1 end-groups at DP = 7 (top) and DP = 18 (bottom).  
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m/z of migration  

product (Da) 

Catalyst migration (%) 

DP Run 1 Run 2 Run 3 Avg. SD 

1564 5  98 98 98 0 

1841 6 88 94 95 92 4 

2117 7 80 87 89 86 5 

2394 8 77 79 81 79 2 

2670 9 68 70 72 70 2 

2946 10 62 63 65 63 1 

3223 11 56 59 57 57 2 

3499 12 50 53 52 52 1 

3776 13 47 48 47 47 1 

4052 14 42 44 43 43 1 

4329 15 38 40 39 39 1 

4605 16 35 37 36 36 1 

4881 17 32 34 33 33 1 

5158 18 30 32 31 31 1 

5434 19 28 31 31 30 2 

5711 20 26     

5987 21 25     

6264 22 24     

6540 23 23     

Table A2-9. Catalyst migration values for 4d from Run 1–3. Avg and STD values are plotted in Figure A2-19. 
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Precatalyst 4e 

  

Figure A2-16. GPC chromatogram of P1 produced 4e pre ( ) or post ( ) end-capping with 3a (15 equiv) and 

3b (50 equiv).  

Condition Conversion  

of 1 (%)a 

Mn (kDa)b Đb End-groups 

(%)  

pre-capping 81 5.3 1.42 48 (Br/H)c 

post-capping 81 3.4 1.52 
54 at DP = 9 

(cap/cap) 

Table A2-10. Data for P1 produced by 4e pre or post end-capping with 3a (15 equiv) and 3b (50 equiv).  aDetermined 

by GC analysis. bDetermined by GPC analysis. cCalculated from the average peak area ratios (at each DP) from the 

five most intense peaks observed by MALDI-TOF MS analysis. 
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Figure A2-17. MALDI-TOF mass spectra of P1 produced by 4e before end-capping. Insets (right) show P1 end-

groups at DP = 7 (top) and DP = 18 (bottom).  
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Figure A2-18. MALDI-TOF mass spectra of P1 produced by 4e after end-capping with 3a (15 equiv) and 3b (50 

equiv). Migration (cap/cap, ) and dissociation (cap/Br, ) product peaks are highlighted from all other masses (

). Insets (right) show P1 end-groups at DP = 7 (top) and DP = 18 (bottom). 
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m/z of migration  

product (Da) 

Catalyst migration (%) 

DP Run 1 Run 2 Run 3 Run 4 Avg. SD 

1564 5 86 80 82 82 83 2 

1841 6 80 71 72 70 73 4 

2117 7 72 60 65 60 64 6 

2394 8 65 55 52 59 58 6 

2670 9 59 49 50 52 53 5 

2946 10 54 40 43 47 46 6 

3223 11 46 36 37 40 40 5 

3499 12 40 31 32 34 34 4 

3776 13 35 26 28 31 30 4 

4052 14 30 22 22 23 24 4 

4329 15 26 18 20 22 22 3 

4605 16 24 17 20 23 21 3 

4881 17 22 15 18 17 18 3 

5158 18 20 13 17 19 17 3 

5434 19 17 11  14 14 3 

5711 20 16      

5987 21 15      

6264 22 12      

Table A2-11. Catalyst migration values for 4e from Run 1–4. Avg and STD values are plotted in Figure A2-19. 
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VII. Catalyst migration 

Catalyst migration was determined using the peak areas (A) for cap/cap (Acap/cap) and cap/Br 

(Acap/Br) peaks at each DP. Catalyst migration was only calculated at DP where both peaks are 

detected by peak picking (see MALDI general procedures, pg. 2). 

While cap/H end-groups also correspond to the migration pathway, these end-groups could also 

be generated from non-ideal reaction pathways (which give rise to H/H end-groups during acid 

quenching of typical polymerizations). Cap/H, although present is small amounts, was not included 

in this calculation to eliminate any possible contribution from this undesired pathway. 

catalyst migration = Acap/cap / (Acap/cap + Acap/Br) 



190 

 

 

Figure A2-19. Migration pathway percent calculated at each DP for precatalysts 4a–e across P1 in the end-capping 

model experiments. Migration pathway percent was calculated from peak areas determined by MALDI-TOF MS. 

Error bars represent one standard deviation. 
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VIII. Random-walking calculations 

In the end-capping experiments, a typical polymerization of 1 is terminated by adding 3a and 3b. 

All catalysts should initially transmetallate with 3a, forming a catalyst-P1 π-complex following 

reductive elimination. Using the most thermodynamically favorable η-2 coordination mode, there 

are two coordination sites on each monomer (and the cap).3,4 The π-complex initially forms 

between the catalyst and cap, placing the catalyst one step away from the capped end and eight 

linear steps away from the C-Br terminus. This starting configuration can be represented by the 

position matrix [0,1,0,0,0,0,0,0,0,0], and is identified as location 2 (Figure A2-20). 

 

Figure A2-20. Numerical representation of catalyst binding to the cap of P1 (DP = 4) with cap/Br end-groups for use 

in the random-walking calculations. Zeroes represent unoccupied π-binding sites, while a one identifies the catalyst 

location in the position matrix. 

Literature reports on catalyst migration in CTP use a random-walking model to describe end-to-

end migration.5,6 We employed a purely random-walk for all positions on the polymer chain 

(besides the chain ends) where the catalyst has an equal probability (1/2) of walking one unit 

towards either chain end. At the capped end, chain-walking always occurs towards the middle of 

the chain. Catalyst is assumed to react quantitatively when it reaches the C-Br terminus (i.e., after 

reaching the C-Br end, it stays there). These parameters result in the following transition matrix 

(Table A2-12). 
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0 1 0 0 0 0 0 0 0 0 

1/2 0 1/2 0 0 0 0 0 0 0 

0 1/2 0 1/2 0 0 0 0 0 0 

0 0 1/2 0 1/2 0 0 0 0 0 

0 0 0 1/2 0 1/2 0 0 0 0 

0 0 0 0 1/2 0 1/2 0 0 0 

0 0 0 0 0 1/2 0 1/2 0 0 

0 0 0 0 0 0 1/2 0 1/2 0 

0 0 0 0 0 0 0 1/2 0 1/2 

0 0 0 0 0 0 0 0 0 1 

Table A2-12. Transition matrix for a random walk with 10 linear steps from chain-end to chain-end (i.e., DP = 4 with 

cap/Br end-groups). 

Calculations were performed in Wolfram Mathematica, Version 10.4. The random distribution 

function DiscreteMarkovProcess was used to calculate the products of the position and transition 

matrices to identify all the possible routes that a catalyst could take to migrate back and forth along 

the polymer (starting from location 2). 

A = DiscreteMarkovProcess[position matrix x transition matrix] 

Because catalyst is assumed to react quantitatively when it reaches the α terminus (position 10 

when DP = 4), we were interested in the number of steps that it takes for a catalyst to randomly 

walk from location 2 to location 10. We use the first passage time distribution function to 

determine the number of steps for the catalyst to reach the chain-end (location 10) for the first 

time. 

D = FirstPassageTimeDistribution[A, 10]; 

Thus far, all calculations interrogate the number of steps for 100% catalyst migration, but our end-

capping experiments reveal that migration is not quantitative. We use the probability distribution 

function to identify how many steps are required for the catalyst to reach position 10 once. For 

example, there is only one possible way for the catalyst to migrate from location 2 to 10 in eight 

steps (migrate exclusively from left to right along the position matrix), but there are eight possible 

ways to migrate in ten steps (and so on). The probability for any catalyst to reach the α end in each 

number of steps increases initially, then slowly decreases (Figure A2-21). 

PDF[D, k]; DiscretePlot[%, {k, 0, 300}, ExtentSize -> Right] 
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Figure A2-21. Plot of the probability distribution function of the first passage distribution for a purely random walk 

across 10 locations (corresponding to a DP of 4). 

Calculating the integral of the probability distribution function (i.e., the cumulative distribution 

function) yields the cumulative percent of catalysts that migrated across the polymer within a given 

number of steps (Figure A2-22). This cumulative percent at a given number of steps is analogous 

to the migration percent determined experimentally. For a polymer with DP = 4, the number of 

steps would vary from 60 to 268 by selecting a migration from 50% to 98%. 

CDF[D, k]; DiscretePlot[%, {k, 0, 300}, ExtentSize -> Right] 

 

Figure A2-22. Plot of the cumulative distribution function of the first passage distribution for a purely random walk 

across 10 locations (corresponding to a DP of 4).  

We calculated the cumulative distribution function at numerous points between DP = 4–34 in the 

same manner identified above. Calculating the random walking process at higher DP simply 

expands the transition and position matrices, but the catalyst can still only walk one unit left or 
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right for each step. The same cumulative distribution functions can be used with the experimental 

data from all catalysts. We identified the number of steps for each catalyst to migrate by iterating 

the number of steps (S) until the cumulative probability (M) matched the experimentally 

determined migration percent. An arbitrary example for 80% migration when DP = 4 is shown 

below (calculated to 3 significant digits, Figure A2-23). 

N[CDF[D,S],3] = M 

N[CDF[D,118],3] = 0.796 

 

Figure A2-23. Plot of the cumulative distribution function of the first passage distribution for a purely random walk 

across 10 locations (corresponding to a DP of 4). The number of steps required to match 80% migration is 118.  

The output from these calculations is the number of steps required to achieve a migration percent 

that matches experimental data (for each catalyst at each DP). Although the random-walking 

model doesn’t directly calculate chain-transfer/dissociation, the number of steps is linearly 

correlated to chain-transfer/dissociation in the end-capping experiments if the probability for 

chain-transfer/dissociation is constant across all polymer lengths. Given the high solubility, rigid-

rod conformation, and relatively short effective conjugation length for P1, we expect that the 

catalyst-P1 π-complex is similar for all DP > 5. Therefore, the probability of chain-

transfer/dissociation at each step should be independent of chain-length, and the cumulative 

probability of chain-transfer/dissociation is correlated to the total number of steps. If the random 

walking process is representative of catalyst migration in the end-capping experiments, we would 

expect a similar number of steps for each catalyst over the full range of DPs. In other words, the 

number of steps is correlated to the probability of dissociation at each step. Each catalyst should 

have a distinct probability of dissociation that remains constant for all DP (as discussed above). 
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Using the number of chain-walking steps as a proxy for the probability of dissociation, we can fit 

the experimental data to the random-walking model. If a catalyst can migrate 520 steps before 

dissociation, the migration percent would be 93% when DP = 7, but fall to 25% when DP = 17.  

We observe a wide variation in the number of steps at different DP for 4d, suggesting that the 

simple random chain-walking model is insufficient to describe the migration behavior (Figure 

A2-24). 
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Figure A2-24. (A) Experimental values for the migration pathway are plotted against molecular weight/DP for 4d (

) and statistical calculations ( ) at 520 steps. (B) Plots of cumulative distribution function for DP = 7, 9, 11, 13, 15, 

and 17 for 0–700 steps are overlaid with the end-capping data [plotted in (A)] from 4d ( ) and the statistical 

calculations points ( ). A reference line at 520 steps ( ) is provided to illustrate the experimental deviation from 

the random-walking calculation. (C) Logistic function fit to migration percent across DP = 5–18 for 4d. 
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Other groups have suggested that an additional parameter, termed stickiness, should be used to 

account for the different electronic and steric environment when the catalyst is one unit away from 

the chain-end (i.e., location 3 and location 7 represented in Figure A2-20).5,6 We verified that 

stickiness plays a minor role in random walking for 4d by comparing three binding affinities to the 

cap; one where the catalyst is repelled by the cap (C = 1), one where chain-walking is purely 

random (C = 2), and another where the catalyst is attracted to the cap (C = 3). Independently, we 

evaluated stickiness to the phenylene-Br chain-end (B) using the same range of values (B = 1, 2, 

or 3). These parameters result in the following 10 x 10 transition matrix: 

0 1 0 0 0 0 0 0 0 0 

1/2 0 1/2 0 0 0 0 0 0 0 

0 C/4 0 (4-C)/4 0 0 0 0 0 0 

0 0 1/2 0 1/2 0 0 0 0 0 

0 0 0 1/2 0 1/2 0 0 0 0 

0 0 0 0 1/2 0 1/2 0 0 0 

0 0 0 0 0 1/2 0 1/2 0 0 

0 0 0 0 0 0 (4-B)/4 0 B/4 0 

0 0 0 0 0 0 0 1/2 0 1/2 

0 0 0 0 0 0 0 0 0 1 

Table A2-13. Transition matrix used for DP = 4 to account for sticky, neutral, or repulsive chain-ends (C = cap end, 

Br = phenylene-Br end) where B/C could each have values of 3, 2, or 1. 

We calculated all nine combinations of sticky/repulsive chain-ends, observing that a sticky cap (C 

= 3) and neutral phenylene-Br (B = 2) improves the fit to experimental data but does not capture 

the curvature at high or low migration percentages (Figure A2-25, note that C = 2, B = 1 yields the 

same results as C = 3, B = 2). Therefore, end-group effects do not fully account for the observed 

discrepancy between experimental results (from 4d) and the random-walking calculations. For 

migration using 4a/4b, end-group stickiness/repulsion dominates the migration calculation due to 

the very small number of repeating units. Alternatively, the ratio of migration product is insensitive 

to DP when precatalyst 4c is used, so no fitting can be performed. 
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Figure A2-25. Experimental values for the migration pathway are plotted against molecular weight/DP for 4d ( ) and 

statistical calculations for a purely random walk (520 steps, ) or a random walk that is biased towards the cap (C = 

3) and neutral to phenylene-Br (B = 2) (816 steps, ). 

m/z of migration  

product (Da) 
Migration (%) 

experimental random biased 

1564 98 100 100 

1841 92   

2117 86 93 88 

2394 79   

2670 70 78 75 

2946 63   

3223 57 62 60 

3499 52   

3776 47 47 47 

4052 43   

4329 39 35 36 

4605 36   

4881 33 25 27 

5158 31   

5434 30 18 20 

Table A2-14. Migration and molecular weight values plotted in Figure A2-25.  
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I. 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 in 100 mL quantities from Sigma-Aldrich. Palladium(II) 

dichloride and IPrPd(allyl)Cl (6a) were purchased from Strem (IPr = 1,3-bis(2,6-di-

isopropylphenyl)imidazol-2-ylidene). All other reagent grade materials and solvents were 

purchased from Sigma-Aldrich, Acros, or Fisher and were used without further purification unless 

otherwise noted. THF was dried and deoxygenated using an Innovative Technology (IT) solvent 

system composed of activated alumina, copper catalyst, and molecular sieves. N-

Bromosuccinimide was recrystallized from hot H2O and dried over P2O5. The glovebox in which 

specified procedures were carried out was an MBraun LABmaster 130 with a N2 atmosphere and 

H2O levels below 4 ppm. Compounds S1,1 S2,1 2,1 S3,2 1,2 S4,3 S5,3 3a,4 5a,5 5b,5 5c,5 and 6b6 

were prepared using modified literature procedures. 
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II. General experimental 

NMR Spectroscopy: Unless otherwise noted, 1H, 13C, and 31P NMR spectra for all compounds were 

acquired at rt in CDCl3 on a Varian vnmrs 700 spectrometer operating at 700 and 176 MHz, 

respectively, Varian vnmrs 500 spectrometer operating at 500, 162, and 126 MHz, respectively or 

Varian MR400 Spectrometer operating at 400 and 100 MHz, respectively. 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), triplet (t), doublet of 

doublets (dd), triplet of doublets (td), pentet (p), heptet (h), or multiplet (m). Residual H2O is 

denoted by an *. 

Mass Spectrometry: High-resolution mass spectrometry data were obtained on a Micromass 

AutoSpec Ultima Magnetic Sector mass spectrometer. 

Gel-Permeation Chromatography: 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 columns (8 mm (ID) 

× 300 mm (L)) and analyzed with Viscotek TDA 305 (with RI, UV-PDA Detector Model 2600 

(190–500 nm), RALS/LALS, and viscometer) or a Waters 1515 HPLC instrument equipped with 

Waters Styragel® (7.8 x 300 mm) THF HR 0.5, THF HR 1, and THF HR 4 type columns in 

sequence and analyzed with Waters 2487 dual absorbance detector (254 nm). Samples were 

dissolved in THF (with mild heating), and passed through a 0.2 μm PTFE filter prior to analysis.  

All presented data correspond to the absorbance at 254 nm normalized to the highest peak. 

Gas Chromatography: Gas chromatography was carried out using a Shimadzu GC 2010 containing 

a Shimadzu SHRX5 column (crossbound 5% diphenyl–95% dimethyl polysiloxane; 15 m, 0.25 

mm ID, 0.25 μm df). 

Titrations of the Grignard Reagents: An accurately weighed sample of salicylaldehyde 

phenylhydrazone7 (typically between 170–200 mg) was dissolved in 10.00 mL of THF. This 

solution was added dropwise using a 0.5 mL syringe to 0.10 mL of (aryl)MgCl. The initial 



203 

 

(aryl)MgCl solution is pale yellow, turns bright orange, and then returns to pale yellow at the end-

point. 

MALDI-TOF MS: Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

was performed on a Bruker Autoflex Speed. Positive ion spectra were obtained in reflectron mode. 

Polymer samples (~1 mg) were dissolved in CHCl3 (~3 mL) and mixed in a 1:1 (v/v) ratio with 

0.1 M trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DTCB) solution 

in CHCl3 then spotted. Serial dilutions (~five-fold) were performed to access a wide range of 

sample concentrations, and the spot yielding the highest signal/noise was subsequently analyzed. 

Molecular weight of HCl quenched P1 or P2 with Br/H end groups was referenced to a series of 

low MW peptide standards. The referenced polymer was then used to calibrate the full MW range 

of the sample. 

Raw data was processed in flexAnalysis Version 3.4, with baseline subtraction performed using 

TopHat. For polymer samples with a maximum m/z <10,000, peak smoothing was performed 

using one cycle of the SavitskyGolay algorithm to a peak width of 0.1 m/z and peak picking was 

performed using the SNAP method for peaks with signal/noise greater than two. For polymer 

samples with a maximum m/z >10,000, peak smoothing was performed using one cycle of the 

SavitskyGolay algorithm to a peak width of 5-15 m/z and peak picking was performed using the 

centroid method for peaks with signal/noise greater than one. End-group percentages were 

calculated by comparing the signal areas of picked peaks at each DP, then averaged across at least 

five DPs. End-group percentages were independent of DP unless otherwise noted.  
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III. Synthetic procedures 

 

1,4-bis(hexyloxy)benzene (S1).1 A 500 mL flask was equipped with a stir bar, then hydroquinone 

(20 g, 0.20 mol, 1.0 equiv), DMF (120 mL), potassium carbonate (63 g, 0.45 mol, 2.5 equiv), and 

1-bromohexane (63 mL, 0.45 mol, 2.5 equiv) were added sequentially. The reaction mixture was 

stirred under N2 at 80 °C for 5 d. The reaction mixture was cooled to rt, then poured into H2O (400 

mL). The mixture was extracted with hexanes (3 x 200 mL) and the organic layer was washed with 

H2O (2 x 200 mL) and brine (1 x 200 mL), before drying over MgSO4. The brown mixture was 

filtered, and concentrated in vacuo. The resulting oil was passed through silica gel using DCM as 

the eluent. Recrystallization from hot methanol gave a white, crystalline solid (29 g, 57% yield). 

 

 

 

1,4-bis(hexyloxy)-2,5-dibromobenzene (S2).1 A 500 mL flask was equipped with a stir bar, then 

S1 (24 g, 0.086 mol, 1.0 equiv) and CHCl3 (98 mL) were added. The flask was cooled to 0 °C in 

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 and the pressure was vented through an aq. solution of 10% 

Na2SO3 (~150 mL). After 3 h, the reaction was quenched with an aq. sat. solution of Na2SO3 and 

vigorously stirred until colorless. The aqueous mixture was extracted with DCM (3 x 100 mL) and 

the combined organic layers were washed with H2O (2 x 100 mL) and brine (1 x 100 mL), then 
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dried over MgSO4, filtered, and concentrated in vacuo. The residue was recrystallized overnight 

from CHCl3/MeOH and filtered to afford white crystals (29 g, 77% yield). 

 

 

 

(4-bromo-2,5-bis(hexyloxy)phenyl)magnesium chloride (2).1 In a glovebox, S2 (0.109 g, 0.25 

mmol, 1 equiv) was added to a 4 mL vial equipped with a stir bar. A small amount of C22H46 (~5 

mg) was added and the mixture was diluted with THF (1.1 mL). Next, iPrMgCl (0.11 mL of a 2 

M solution in THF, 0.22 mmol, 0.88 equiv) was added and the solution was stirred for 16 h before 

titrating (0.15 M, see pg. S3). 

 

 

 

2,5-dibromo-3-hexylthiophene (S3).2 In a 200 mL Schlenk flask equipped with a stir bar, 3-

hexylthiophene (5.0 g, 30. mmol, 1.0 equiv) was added and 3 evacuation/N2 backfill cycles were 

performed.  Under N2 pressure, THF (50 mL) and DMF (10 mL) were added with stirring and the 

flask was cooled in an ice bath and covered with aluminum foil. N-Bromosuccimide (11.6 g, 65.3 

mmol, 2.20 equiv) was added quickly in one portion. The reaction slowly warmed to rt over the 

first 3 h, and quenched after 4.5 h with aq. sat. Na2S2O3 (20 mL).  The mixture was extracted with 

hexanes (4 x 20 mL), and the combined organic layers were washed with H2O (2 x 20 mL) and 
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brine (1 x 20 mL). The solution was dried over MgSO4, filtered, and then concentrated to a slightly 

yellow oil using a rotary evaporator. The oil was filtered through a silica gel column (~50 mL) 

with hexanes (~250 mL) as the eluent to remove any color, collecting the entire sample as in one 

portion.  The solution was concentrated to a colorless oil, which was fractionally distilled under 

high vacuum with heating (7.5 g, 76% yield). 

 

 

 

1.2 In a glovebox, 2,5-dibromo-3-hexylthiophene (0.834 g, 2.56 mmol, 1.00 equiv) was added to 

a 20 mL vial equipped with a stir bar and diluted with THF (~15 mL). A small amount of C22H44 

(~20 mg) was added as an internal standard, and then iPrMgCl (1.1 mL of a 1.98 M solution in 

THF, 2.1 mmol, 0.81 equiv). The mixture was stirred for 30 min. An aliquot of the solution was 

removed from the glovebox and quenched with conc. HCl (~0.5 mL). The aliquot was extracted 

with CHCl3 (2 x 1 mL), washed with H2O (1 x 1 mL), brine (1 x 1 mL), and dried over MgSO4. 

The mixture was filtered, and the mother liquor analyzed by GC to show a mixture of regioisomers 

at 80% and 20%, respectively. 
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(1E,2E)-N1,N2-bis(2,6-di-isopropylphenyl)ethane-1,2-diimine (S4).3 A 500 mL round-bottom 

flask was equipped with a stir bar, then 2,6-diisopropylaniline (100 g, 0.60 mol, 2.0 equiv) and 

HOAc (0.60 mL, 8.9 mmol, 0.035 equiv) were dissolved in MeOH (135 mL) then heated to 50 °C. 

Next, glyoxal (39 g of a 40% solution in H2O, 0.27 mol, 1.0 equiv) was added to cause an 

immediate change from colorless to orange-yellow. The reaction mixture was stirred at 50 °C for 

15 min over which time the mixture solidified. Additional MeOH (50 mL) was added to enable 

stirring, which proceeded for an extra 10 h before filtering. The filter cake was washed with cold 

MeOH (2 x 50 mL) and dried in vacuo to give a yellow solid (94.8 g, 84 % yield). 

 

 

 

1,3-bis(2,6-di-isopropylphenyl)imidazolium chloride (S5).3 In air, S4 (50.0 g, 133 mmol, 1.00 

equiv) and paraformaldehyde (4.01 g, 133 mmol, 1.00 equiv) were combined with EtOAc (1.2 L) 

and heated to 70 °C. A solution of TMSCl (16.9 mL, 0.479 mmol, 1.03 equiv) in EtOAc (25 mL) 

was added dropwise over 45 min with vigorous stirring, and then stirred for an additional 3 h. The 

reaction mixture was cooled to 0 °C overnight.  The solids were filtered, washed with EtOAc (3 x 

100 mL), and dried in vacuo to afford a fine white powder (44.4 g, 78% yield). 
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[1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene](3-chloropyridyl)palladium(II) dichloride 

(3a).4 Palladium(II) chloride (0.177 g, 0.100 mmol, 1.00 equiv), S5 (0.467 g, 0.110 mmol, 1.10 

equiv), K2CO3 (0.69 g, 0.50 mmol, 5.0 equiv), and 3-chloropyridine (4.0 mL) were added to a 15 

mL pressure tube equipped with a stir bar. The pressure tube was sealed, and the solution was 

heated to 80 °C for 16 h. After cooling to rt, the mixture was subjected to a silica gel column with 

a celite pad at the top. The compound was eluted with a DCM/EtOAc gradient (100/0 to 50/50), 

and the combined fractions were concentrated using a rotary evaporator. The solids were 

redissolved in minimal DCM (~0.2 mL), then hexanes (~5 mL) were carefully layered on top and 

the mixture was placed in the freezer overnight. Yellow crystals were collected by filtration and 

rinsed with hexanes (~1 mL). The sample was dried under high vacuum for 8 h to yield 3a (0.463 

g, 68%). Elemental Analysis: Calcd for C32H40Cl3N3Pd. C, 56.57; H, 5.93; N, 6.18; Found C, 

56.40; H, 5.98; N, 6.02. 
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[1,3-bis(2,6-di-isopropylphenyl)imidazol-2-ylidene](triphenylphosphino)palladium(0) (4a).8 

In a glovebox, 6a (0.190 g, 0.332 mmol, 1.00 equiv) and potassium tert-butoxide (0.038 g, 0.36 

mmol, 1.1 equiv) were added to a 50 mL pressure tube and iPrOH (5 mL) was added with stirring. 

Next, triphenylphosphine (0.091 g, 0.35 mmol, 1.1 equiv) was added to the cloudy tan solution 

and the tube was sealed. Quickly, the solution turned to a cloudy, neon yellow, and was stirred for 

a total of 2 h. The solids were collected via filtration and the filter cake washed with cold iPrOH 

(~3 mL), cold hexanes (~1 mL), and then dried in vacuo for 6 h to yield a neon yellow solid (0.185 

g, 72 % yield). 

 

 

 

Chloro{2-[(dimethylamino)methyl]phenyl}[1,3-bis(2,6-di-isopropylphenyl)imidazol-2-

ylidene]palladium(II) (5a).5 Palladium(II) chloride (0.177 g, 0.100 mmol, 1.00 equiv), N,N-

dimethyl-1-phenylmethanamine (0.148 g, 0.110 mmol, 1.10 equiv), and MeCN (3 mL) were added 

to a 15 mL pressure tube equipped with a stir bar. The solution was heated to 80 °C (open to air) 

for 30 min to yield an orange solution, and then K2CO3 (0.69 g, 0.50 mmol, 5.0 equiv) was added. 

The reaction was stirred for an additional 10 min to yield a canary yellow solution, then S5 (0.467 

g, 0.110 mmol, 1.10 equiv) and MeCN (2 mL) were added. The pressure tube was sealed, and the 
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solution was stirred for an additional 16 h. After cooling to rt, the entire mixture was subjected to 

a silica gel column with a celite pad at the top. The column was eluted with a DCM/EtOAc gradient 

(100/0 to 50/50), and the desired fractions were concentrated using a rotary evaporator. The solids 

were redissolved in minimal DCM (~0.2 mL), then hexanes (~5 mL) were carefully layered on top 

and the mixture was placed in the freezer overnight. Light yellow/green crystals were collected by 

filtration and rinsed with hexanes (~1 mL). The sample was dried under high vacuum for 8 h to 

yield 5a (0.352 g, 53%). 

 

 

 

Chloro[2-(benzyl)pyridine][1,3-bis(2,6-di-isopropylphenyl)imidazol-2-

ylidene]palladium(II) (5b).5 Palladium(II) chloride (0.177 g, 0.100 mmol, 1.00 equiv), 2-

benzylpyridine (0.186 g, 0.110 mmol, 1.10 equiv), and MeCN (3 mL) were added to a 15 mL 

pressure tube equipped with a stir bar. The solution was heated to 80 °C (open to air) for 30 min 

to yield an orange solution, and then K2CO3 (0.69 g, 0.50 mmol, 5.0 equiv) was added. The reaction 

was stirred for an additional 10 min to yield a canary yellow solution, then S5 (0.467 g, 0.110 

mmol, 1.10 equiv) and MeCN (2 mL) were added. The pressure tube was sealed, and the solution 

was stirred for an additional 16 h. After cooling to rt, the entire mixture was subjected to a silica 

gel column with a celite pad at the top. The column was eluted with a DCM/EtOAc gradient (100/0 

to 50/50), and the desired fractions were concentrated using a rotary evaporator. The solids were 

redissolved in minimal DCM (~0.2 mL), then hexanes (~5 mL) were carefully layered on top and 

the mixture was placed in the freezer overnight. A white powder was collected by filtration and 
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rinsed with hexanes (~1 mL). The sample was dried under high vacuum for 8 h to yield 5b (0.286 

g, 41%). 

 

 

 

Chloro[2-(phenyl)pyridine][1,3-bis(2,6-di-isopropylphenyl)imidazol-2-

ylidene]palladium(II) (5c).5 Palladium(II) chloride (0.177 g, 0.100 mmol, 1.00 equiv), 2-

phenylpyridine (0.171 g, 0.110 mmol, 1.10 equiv), and MeCN (3 mL) were added to a 15 mL 

pressure tube equipped with a stir bar. The solution was heated to 80 °C (open to air) for 30 min 

to yield an orange solution, and then K2CO3 (0.69 g, 0.50 mmol, 5.0 equiv) was added. The reaction 

was stirred for an additional 10 min to yield a canary yellow solution, then S5 (0.467 g, 0.110 

mmol, 1.10 equiv) and MeCN (2 mL) were added. The pressure tube was sealed, and the solution 

was stirred for an additional 16 h. After cooling to rt, the entire mixture was subjected to a silica 

gel column with a celite pad at the top. The column was eluted with a DCM/EtOAc gradient (100/0 

to 50/50), and the desired fractions were concentrated using a rotary evaporator. The solids were 

redissolved in minimal DCM (~0.2 mL), then hexanes (~5 mL) were carefully layered on top and 

the mixture was placed in the freezer overnight. A white powder was collected by filtration and 

rinsed with hexanes (~1 mL). The sample was dried under high vacuum for 8 h to yield 5c (0.458 

g, 67%). Elemental Analysis: Calcd for C38H44ClN3Pd. C, 66.66; H, 6.48; N, 6.14; Found C, 66.86; 

H, 6.78; N, 6.111. 
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Di-μ-chlorobis[(1,2,3-η)-1-phenyl-2-propenyl]dipalladium(II) (S6).9 Palladium(II) chloride 

(0.53 g, 0.30 mmol, 1.0 equiv) and KCl (0.43 g, 0.60 mmol, 2.0 equiv) were added to a 50 mL 

round bottom flask with a stir bar and sealed with a rubber septum. Degassed H2O (25 mL) was 

added, and the mixture slowly dissolved to yield a clear, orange-brown solution. After stirring for 

1 h, cinnamyl chloride (1.4 g, 0.90 mmol, 3.0 equiv) was added and the mixture was stirred for an 

additional 24 h. The mixture was extracted with CHCl3 (5 x 10 mL), washed with H2O (1 x 15 

mL), and dried over MgSO4 (~0.1 g). The mixture was filtered and the filtrate was rinsed with 

CHCl3 (~2 mL) to remove all yellow color. The mother liquor was concentrated to yield a golden 

oil. The oil was diluted in DCM (~0.2 mL), then hexanes (5 mL) was slowly layered on and the 

solution was placed in the freezer. Yellow crystals were collected via filtration, then recrystallized 

from DCM/Hexanes overnight in the same manner as above. The mixture was filtered, and the 

filtrate dried under high vacuum for 8 h (0.52 g, 64%). Elemental Analysis: Calcd for 

C18H18Cl2Pd2. C, 41.73; H, 3.50; Found C, 41.70; H, 3.53. 
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Chloro[(1,2,3-η)-3-phenyl-2-propenyl][1,3-bis(2,6-di-isopropylphenyl)imidazol-2-

ylidene]palladium(II) (6b).6 In a glovebox, S5 (0.327 g, 0.771 mmol, 2.03 equiv) and KOtBu 

(0.0959 g, 0.859 mmol, 2.26 equiv) were added to a 20 mL vial equipped with a stir bar and THF 

(23 mL) was added. The homogenous solution was stirred for 4.5 h, then S6 (0.210 g, 0.0380 

mmol, 1.00 equiv) was added and the mixture was stirred for an additional 4 h. The solution was 

removed from the glovebox, then filtered through celite and the mother liquor was concentrated to 

a dark tan oil that was purified via column chromatography using silica gel (~30 mL) with 

Hex/EtOAc (7/3 v/v) as eluent. Combined fractions were concentrated to a yellow solid, then 

redissolved in minimal DCM (~0.2 mL) and hexanes (~5 mL) were carefully layered on top. The 

mixture was placed in the freezer overnight, and the yellow crystals were collected by filtration 

and rinsed with hexanes (~1 mL). The sample was dried under high vacuum for 8 h to yield 6b 

(0.198 g, 34%). 
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IV. NMR spectra 

 

Figure A3-1. 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, 6.7 Hz, 4H), 1.49–1.39 (m, 

8H), 1.38–1.27 (m, 4H), 0.90 (t, J = 6.9 Hz, 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 A3-2. 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 (dt, J = 14.8, 6.7 Hz, 4H), 1.53–1.44 (m, 

4H), 1.39–1.28 (m, 8H), 0.91 (t, J = 6.9 Hz, 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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Figure A3-3. 1H and 13C NMR spectra for S3. 
1H NMR (500 MHz, CDCl3) δ 6.78 (s, 1H), 2.60–2.42 (m, 2H), 1.62–1.47 (m, 2H), 1.37–1.23 (m, 6H), 0.89 (t, J = 

6.9 Hz, 3H). 
13C NMR (176 MHz, CDCl3) δ 143.13, 131.09, 110.42, 108.04, 31.71, 29.70, 29.64, 28.93, 22.72, 14.24. 
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Figure A3-4. 1H and 13C NMR spectra for 3a. 
1H NMR (500 MHz, CDCl3) δ 8.60 (d, J = 2.3 Hz, 1H), 8.52 (dd, J = 5.6, 1.3 Hz, 1H), 7.55 (ddd, J = 8.2, 2.4, 1.3 

Hz, 1H), 7.50 (t, J = 7.8 Hz, 2H), 7.35 (d, J = 7.8 Hz, 4H), 7.14 (s, 2H), 7.07 (dd, J = 8.2, 5.6 Hz, 1H), 3.16 (hept, J 

= 6.9 Hz, 4H), 1.48 (d, J = 6.6 Hz, 12H), 1.12 (d, J = 6.9 Hz, 12H).  
13C NMR (176 MHz, CDCl3) δ 150.59, 149.55, 146.79, 137.57, 135.13, 130.47, 125.28, 124.48, 124.20, 28.90, 

26.46, 23.37. 
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Figure A3-5.1H and 13C NMR spectra for S4. 
1H NMR (500 MHz, CDCl3) δ 8.11 (s, 2H), 7.22–7.13 (m, 6H), 2.94 (hept, J = 6.9 Hz, 4H), 1.21 (d, J = 6.9 Hz, 

24H). 
13C NMR (176 MHz, CDCl3) δ 163.23, 148.11, 136.85, 136.51, 125.26, 123.32, 28.18, 22.68. 
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Figure A3-6. 1H and 13C NMR spectra for S5. 
1H NMR (700 MHz, CDCl3) δ 10.11 (s, 1H), 8.14 (s, 2H), 7.56 (t, J = 7.9 Hz, 2H), 7.35 (dd, J = 7.8, 2.0 Hz, 4H), 

4.11 (q, J = 7.0 Hz, 4H), 2.44 (hept, J = 6.7 Hz, 4H), 1.28 (d, J = 6.8 Hz, 12H), 1.24 (dd, J = 7.0, 2.1 Hz, 12H). 
13C NMR (176 MHz, CDCl3) δ 171.27, 145.15, 138.76, 132.30, 130.03, 126.94, 124.87, 29.29, 24.90, 23.89. 
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Figure A3-7. 1H and 31P NMR spectra for 4a. 
1H NMR (400 MHz, C6D6) δ 7.48 (m, 6H), 7.30–7.24 (m, 3H), 7.14 (s, 2H), 7.03–6.97 (m, 10H), 6.46 (s, 2H), 2.98 

(hept, J = 6.9 Hz, 4H), 1.60 (d, J = 6.8 Hz, 12H), 1.20 (d, J = 6.9 Hz, 12H). 
31P NMR (162 MHz, C6D6) δ 30.34.  
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Figure A3-8. 1H and 13C NMR spectra for 5a. 
1H NMR (400 MHz, CDCl3) δ 7.49–7.43 (m, 2H), 7.39–7.32 (m, 3H), 7.24–7.20 (m, 2H), 6.90–6.73 (m, 3H), 6.59 

(d, J = 7.4 Hz, 1H), 3.42 (p, J = 6.7 Hz, 2H), 3.22 (p, J = 6.7 Hz, 2H), 2.45 (d, J = 1.2 Hz, 6H), 1.55 (dd, J = 6.6, 1.1 

Hz, 6H), 1.23 (dd, J = 6.8, 1.2 Hz, 6H), 1.08 (dd, J = 6.9, 1.2 Hz, 6H), 0.88 (dd, J = 6.7, 1.2 Hz, 6H). 
13C NMR (100 MHz, CDCl3) δ 147.91, 144.85, 136.29, 129.77, 125.46, 124.64, 124.11, 123.85, 122.71, 121.60, 

72.75, 49.88, 29.14, 28.46, 26.49, 26.28, 23.37, 23.25.  
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Figure A3-9.1H and 13C NMR spectra for 5b. 
1H NMR (700 MHz, CDCl3) δ 8.79 (d, J = 5.7 Hz, 1H), 7.54 (s, 1H), 7.44–7.33 (m, 5H), 7.17 (s, 2H), 7.06 (d, J = 

7.7 Hz, 1H), 7.02–6.98 (m, 1H), 6.87 (dd, J = 7.4, 5.8 Hz, 1H), 6.72 (d, J = 7.4 Hz, 1H), 6.60 (td, J = 7.0, 2.2 Hz, 

1H), 3.76 (d, J = 12.6 Hz, 2H), 3.37 (d, J = 13.3 Hz, 1H), 3.31 (s, 3H), 2.35 (s, 1H), 1.61 (s, 3H), 1.52 (s, 3H), 1.42–

1.36 (m, 3H), 1.28 (s, 3H), 1.20 (d, J = 6.7 Hz, 3H), 1.02–0.97 (m, 3H), 0.95–0.90 (m, 3H), 0.42–0.37 (m, 3H). 
13C NMR (176 MHz, CDCl3) δ 176.17, 159.34, 153.19, 149.56, 148.21, 147.60, 145.40, 145.11, 140.24, 137.28, 

136.93, 136.52, 136.01, 129.92, 129.39, 125.70, 125.21, 124.90, 124.61, 124.06, 123.53, 123.44, 123.06, 122.97, 

122.23, 120.91, 49.20, 28.88, 28.74, 26.75, 26.33, 26.21, 23.95, 23.24, 21.66. 
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Figure A3-10. 1H and 13C NMR spectra for 5c. 
1H NMR (500 MHz, CDCl3) δ 9.30 (dd, J = 5.7, 1.6 Hz, 1H), 7.58 (td, J = 7.8, 1.7 Hz, 1H), 7.46 (d, J = 8.0 Hz, 1H), 

7.39–7.33 (m, 6H), 7.16 (dd, J = 7.7, 1.5 Hz, 2H), 6.97–6.93 (m, 2H), 6.87 (td, J = 7.4, 1.5 Hz, 1H), 6.72 (d, J = 7.5 

Hz, 1H), 3.36 (hept, J = 6.8 Hz, 2H), 3.28 (hept, J = 6.7 Hz, 2H), 1.49 (d, J = 6.5 Hz, 7H), 1.17 (d, J = 6.8 Hz, 6H), 

1.04 (d, J = 6.9 Hz, 7H), 0.79 (d, J = 6.7 Hz, 6H).  
13C NMR (126 MHz, CDCl3) δ 178.94, 164.49, 155.86, 150.27, 147.92, 146.58, 145.10, 137.88, 137.70, 136.09, 

130.03, 129.04, 125.09, 124.37, 124.16, 123.23, 122.90, 121.55, 117.49, 77.16, 29.14, 28.65, 26.71, 26.32, 23.38, 

23.08. 
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Figure A3-11.1H and 13C NMR spectra for S6. 
1H NMR (500 MHz, CDCl3) δ 7.49 (d, J = 7.4 Hz, 2H), 7.34 (t, J = 7.4 Hz, 1H), 7.28 (d, J = 7.6 Hz, 1H), 5.80 (td, J 

= 11.6, 6.8 Hz, 1H), 4.62 (d, J = 11.3 Hz, 1H), 3.97 (d, J = 6.8 Hz, 1H), 3.04 (d, J = 11.9 Hz, 1H). 
13C NMR (176 MHz, CDCl3) δ 137.10, 129.21, 128.67, 128.09, 106.11, 81.96, 59.64. 
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Figure A3-12. 1H and 13C NMR spectra for 6b. 
1H NMR (400 MHz, C6D6) δ 7.55 (t, J = 7.8 Hz, 2H), 7.44–7.33 (m, 4H), 7.23 (s, 5H), 5.16 (dt, J = 12.7, 9.2 Hz, 

1H), 4.42 (d, J = 12.7 Hz, 1H), 3.24–2.95 (m, 4H), 1.84 (d, J = 11.7 Hz, 1H), 1.47 (dd, J = 21.5, 6.6 Hz, 12H), 1.23 

(d, J = 6.9 Hz, 12H). 
13C NMR (176 MHz, C6D6) δ 187.56, 146.77, 146.72, 138.64, 136.69, 130.40, 128.49, 128.44, 128.34, 128.26, 

128.20, 128.16, 128.13, 128.06, 126.92, 124.50, 124.27, 124.25, 108.91, 90.60, 46.14, 29.01, 28.98, 26.60, 26.29, 

23.38, 23.27. 
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V. Copolymerizing 1 and 2 with 3a. 

 

Batch copolymerizing 1 and 2 with 3a.  

In a glovebox, 3a (1.0 mL of a 0.0015 M solution in THF, 0.0015 mmol, 1.0 equiv) was added to 

a 10 mL Schlenk flask equipped with a stir bar and diluted with THF (~1.2 mL) to achieve a 

catalyst concentration of 0.00075 M during the polymerization. The flask was sealed with a rubber 

septum. Separately, 1 (1.36 mL of a ~0.48 M solution in THF) and 2 (1.36 mL of a ~0.41 M 

solution in THF) were combined in a Schlenk tube and sealed with a PTFE stopper and rubber 

septum. Both solutions were removed from the glovebox and placed under N2. The monomer 

solution (2.25 mL, 0.054 mmol 1 (36 equiv), 0.046 mmol 2 (31 equiv)) were added to the 

precatalyst solution and the combined mixture was stirred for 40 min. Aliquots (~0.3 mL) were 

drawn every 4 min from 0–44 min and quenched in conc. HCl (~0.5 mL). Aliquots were extracted 

with CHCl3 (3 x 0.5 mL) with heating. The combined organic layers were then washed with H2O 

(1 x 1 mL) and brine (1 x 1 mL).  The solvent was then removed via rotary evaporation and the 

solids were re-dissolved with heating in THF (~10 mL).  After cooling to rt, MgSO4 (~20 mg) was 

added and the mixture was filtered through a PTFE syringe filter (0.2 μm) and analyzed by GC 

and GPC. 
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Figure A3-13. GPC chromatogram of P(1-co-2) catalyzed by 3a at 254 nm ( ) and 427 nm (---). All aryl groups 

absorb light at 254 nm, but only P1 segments absorb at 427 nm. 

 

 

Figure A3-14. (A) number average molecular weight ( ) and dispersity ( ) versus percent conversion (1 and 2 

combined) for the copolymerization of 1 and 2 using 3a. (B) Percent total conversion ( ), conversion of 1 ( ), and 

conversion of 2 ( ) versus time. 
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Time (min) 
Conversion 

of 1 (%) 

Conversion 

of 2 (%) 

Total 

conversion (%) 
Mn (kDa) Đ 

4 41 0 0 4.1 1.28 

8 79 9 25 7.4 1.22 

12 92 12 46 9.2 1.19 

16 >98 17 54 10.5 1.20 

20 >98 23 62 12.6 1.20 

24 >98 37 69 13.2 1.21 

28 >98 47 73 13.6 1.24 

32 >98 52 76 13.9 1.21 

36 >98 59 80 14.0 1.21 

40 >98 63 82 14.4 1.21 

44 >98 66 83 15.1 1.22 

Table A3-1. Molecular weight, dispersity, and conversion values as plotted in Figure A3-14. 
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VI. Attempted transmetallation to yield IPrPd(aryl)Cl 

 

Trial 1 at 0 °C monitored by NMR. 

In a glovebox, 3a (0.0147 g, 0.0220 mmol, 1.00 equiv) was diluted in THF (1.0 mL) then 

transferred to a J-Young NMR tube and sealed with a rubber septum. Separately, a solution of 2-

methoxyphenylmagnesium chloride (MeOPhMgCl) was added to a J-Young NMR tube and sealed 

with a rubber septum. 

Both NMR tubes were removed from the glovebox and immersed in a 0 °C ice bath for 15 min.  

After cooling, both 3a and MeOPhMgCl were analyzed by 1H NMR spectroscopy at 0 °C. Next, 

MeOPhMgCl (0.20 mL of a 0.123 M solution in THF, 0.025 mmol, 1.0 equiv) was added to 3a by 

syringe, shaken briefly, then loaded into the instrument to monitor the reaction at 0 °C by 1H NMR 

spectroscopy over 25 min. 

The mixture was quenched with brine and extracted with hexanes (3 x 1 mL), before drying briefly 

over MgSO4. The solids were removed by filtration, and the mother liquor was concentrated via 

rotary evaporation to yield a very small amount of off-white solid. The primary product was 

determined to be 2,2’-dimethoxybiphenyl (Figure A3-16). Prominent signals from 1H chemical 

shifts for 3a or anisole are absent.  
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Figure A3-15. Selected regions of the 1H NMR spectra of Trial 1 in THF. Bottom (3a) and top (MeOPhMgCl) 

spectra correspond to the two starting materials prior to mixing. The middle three spectra show the reaction progress 

at 1, 5, and 25 min after mixing (bottom to top). Prominent peaks are highlighted in the reaction spectrum from the 

starting materials [3a ( ), MeOPhMgCl ( ) and the reaction product ( )]. 
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Figure A3-16. 1H NMR spectrum in CDCl3 of Trial 1 after workup. The integrals highlighted (dark red) correspond 

to 2,2’-dimethoxybiphenyl. 
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Trial 2 at -30 °C. 

In a glovebox, 3a (2.3 mL of a 0.0015 M solution in THF, 0.033 mmol, 1.0 equiv) was added to a 

10 mL Schlenk tube, diluted with THF (2.75 mL), and sealed with a rubber septum. Separately, a 

solution of 2-methoxylphenylmagnesium chloride was added to a Schleck tube and sealed with a 

rubber septum. 

Both vessels were removed from the glovebox, placed under N2, and then immersed in a -30 °C 

ice/brine bath for 15 min.  After cooling, 2-methoxyphenylmagnesium chloride (0.50 mL of a 

0.074 M solution in THF, 0.036 mmol, 1.1 equiv) was added over 1 min. The mixture was stirred 

for 40 min at -30 °C, then warmed to rt for 1 h before quenching with brine. The mixture was 

extracted with hexanes (3 x 5 mL), then dried briefly over MgSO4. The solids were removed by 

filtration, and the mother liquor was concentrated via rotary evaporation to yield a very small 

amount of off-white residue and analyzed by 1H NMR spectroscopy (matched the major peaks for 

2,2’-dimethoxybiphenyl, Figure A3-16).  
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Trial 3 at -42 °C. 

In a glovebox, 3a (4.0 mL of a 0.0015 M solution in THF, 0.060 mmol, 1.0 equiv) was added to a 

25 mL Schlenk tube, diluted with THF (3.0 mL), and sealed with a rubber septum. Separately, a 

solution of 2-methoxylphenylmagnesium chloride was added to a Schlenk tube and sealed with a 

rubber septum. 

Both vessels were removed from the glovebox, placed under N2, then immersed in a -42 °C dry 

ice/acetone bath for 15 min.  After cooling, 2-methoxyphenylmagnesium chloride (0.43 mL of a 

0.15 M solution in THF, 0.060 mmol, 1.0 equiv) was added over 1 min. The mixture was stirred 

for 1 h at -42 °C, then warmed to rt for 1 h before quenching with brine. The mixture was extracted 

with hexanes (3 x 5 mL), then dried briefly over MgSO4. The solids were removed by filtration, 

and the mother liquor was concentrated via rotary evaporation to yield a yellow oil. Hexanes (~5 

mL) was layered on top of the oil, and the mixture was placed in the freezer overnight. The mixture 

was filtered to yield a yellow powder, which matched 3a by 1H NMR spectroscopy. 
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Figure A3-17. 1H NMR spectra in CDCl3 of analytically pure 3a (top) and recovered 3a from Trial 3 (bottom). 
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VII. Oxidative addition to yield IPrPd(aryl)I 

 

Synthesis and decomposition of 4b to yield IPrPhI. 

In a glovebox, 4a (0.50 mL of a 0.0015 M solution in THF, 0.00075 mmol, 1.0 equiv) was 

combined with iodobenzene (0.15 mL of a 0.051 M solution in THF, 0.00075 mmol, 1.0 equiv) in 

an NMR tube with a screw top, and shaken vigorously. The sample was removed from the 

glovebox and the reaction was monitored by 1H and 31P NMR spectroscopy for 1 h, over which 

time the solution went from cloudy yellow to dark maroon.  

The sample was returned to the glovebox and hexanes (~1 mL) was layered on, but no solid was 

recovered. 
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Figure A2 - 1: 1H NMR spectra of Synthesis and decomposition of 4b to yield IPrPhI after 15 min ( ) and 35 

min ( ). The highlighted peaks ( ) correspond to the decomposition product, IPrPhI.10 
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Figure A2 - 2: 31P NMR spectra of Synthesis and decomposition of 4b to yield IPrPhI after 25 min ( ) and 45 

min ( ).  

 



238 

 

  

 

Synthesis of IPrPd(PPh3)(o-tolyl)I, 4c. 

In a glovebox, 4a (0.003 g, 0.003 mmol, 1 equiv) was added to a 20 mL vial equipped with a stir 

bar and diluted with toluene (1 mL) to yield a clear, intense neon yellow solution. Next, 2-

iodotoluene (0.010 g, 0.046 mmol, 15 equiv) was added. The solution was stirred vigorously for 6 

h, during which time the solution became less brightly colored. The volatiles were removed in 

vacuo for 6 h to yield a small amount of an off-white powder. The entire sample was analyzed by 

1H, 
13C, and 31P NMR spectroscopy. 
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Figure A3-18. 1H and 31P spectra of 4c. 
1H NMR (500 MHz, C6D6) δ 7.53–7.46 (m, 2H), 7.45–7.38 (m, 5H), 7.36 (dd, J = 7.8, 1.7 Hz, 1H), 7.34–7.24 (m, 

2H), 7.01–6.94 (m, 5H), 6.93–6.88 (m, 6H), 6.82 (d, J = 1.3 Hz, 1H), 6.79 (d, J = 7.3 Hz, 1H), 6.63 (s, 1H), 6.49 

(dtd, J = 25.2, 7.3, 1.7 Hz, 2H), 6.31 (d, J = 7.4 Hz, 1H), 4.86 (hept, J = 6.8 Hz, 1H), 4.21 (h, J = 6.6 Hz, 1H), 3.10 

(hept, J = 6.6 Hz, 1H), 1.81 (d, J = 6.7 Hz, 3H), 1.56 (d, J = 6.4 Hz, 4H), 1.32 (d, J = 6.4 Hz, 3H), 1.20 (d, J = 6.7 

Hz, 3H), 1.07 (d, J = 6.8, 2.2 Hz, 3H), 0.81 (d, J = 6.8 Hz, 3H), 0.77 (d, J = 6.7 Hz, 3H), 0.40 (d, J = 6.8 Hz, 3H). 
31P NMR (162 MHz, C6D6) δ 24.72, 23.04, 22.60, 22.51, 22.48, 22.45, 22.33. 
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Figure A3-19. 13C NMR spectrum of 4c. 
13C NMR (126 MHz, C6D6) δ 183.64, 182.43, 154.13, 148.23, 147.92, 147.26, 146.41, 142.44, 138.45, 138.42, 

136.96, 136.83, 135.14, 135.10, 135.06, 135.00, 133.78, 133.44, 130.10, 129.88, 128.86, 128.76, 128.75, 127.94, 

127.84, 127.73, 127.65, 127.54, 127.45, 127.05, 126.97, 125.66, 125.62, 125.31, 124.82, 124.39, 124.35, 123.94, 

123.44, 123.10, 122.10, 29.41, 29.02, 28.77, 28.26, 27.29, 26.87, 26.14, 26.10, 24.61, 23.91, 23.84, 22.91, 20.88. 
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Figure A3-20. HSQCAD NMR spectrum of 4c. 
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Figure A3-21. HSQCAD NMR spectrum highlighting the 1H/13C correlations of the CH ( ) and CH3 ( ) of the 

iPr groups on the IPr ligand and CH3 ( ) of the tolyl ligand of 4c. 
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Polymerizing 2 using 4c. 

4c (0.3 mL of a 0.005 M solution in benzene, 0.003 mmol, 1. equiv) was added to a 10 mL Schlenk 

flask equipped with a stir bar.  Next, the solution was diluted with THF (1.2 mL) and the flask was 

sealed with a rubber septum, removed from the glovebox and placed under N2. 

As a reference, 3a (0.20 mL of a 0.0015 M solution in THF, 0.0030 mmol, 1.0 equiv) was added 

to a 10 mL Schlenk flask equipped with a stir bar.  Next, the solution was diluted with THF (1.2 

mL) and the flask was sealed with a rubber septum, removed from the glovebox and placed under 

N2. 

Previously prepared 2 (0.30 mL of a 0.28 M solution in THF, 0.084 mmol, 28 equiv) was added 

to precatalyst solutions 3a or 4c to initiate each polymerization. The reaction was quenched after 

1 h by adding conc. HCl (~2 mL). The quenched reactions were extracted with CHCl3 (3 x 1 mL) 

with heating. The combined organic layers were then washed with H2O (1 x 2 mL) and brine (1 x 

2 mL).  The solvent was then removed via rotary evaporation and the solids were re-dissolved with 

heating in THF (~10 mL).  After cooling to rt, MgSO4 (~20 mg) was added and the mixture was 

filtered through a PTFE syringe filter (0.2 μm). A small portion was removed for GC and GPC 

analysis, and the remaining liquid was removed using a rotary evaporator to yield a white solid 

(from 3a or a small amount of oil from 4c).  The residue was dissolved in minimal CHCl3 (~0.2 

mL), and then precipitated into MeOH (10 mL) in a centrifuge tube and centrifuged at 4500 rpm 

for 30 min. The supernatant was decanted and the solid polymer was dried under high vacuum for 

4 h to afford 5 mg from 4c (18% yield) or 15 mg from 3a (61 % yield). 
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Figure A3-22. GPC chromatogram of P2 catalyzed by 4c ( ) and 3a ( ). 

Catalyst Mn (kDa) Đ Conversion of 2 (%) 

3a 6.5 1.14 77 

4c N/Aa N/Aa 72 

Table A3-2. Molecular weight, dispersity, and conversion values of P2 catalyzed by 4c.a Mn and Đ could not be 

calculated due to the low molecular weight peak tail that extended beyond the lower limit of the GPC calibration 

curve.  
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VIII. In situ cross-coupling to generate IPrPd(aryl)X, then polymerizing 2 

 

Cross-coupling using 3a, then polymerizing 2 from in situ precatalyst. 

3a (0.5 mL of a 0.0015 M solution in THF, 0.00075 mmol, 1.0 equiv) was added to a 4 mL vial 

equipped with a stir bar. Next, 2-chlorotoluene (0.0092 g, 0.075 mmol, 10 equiv) was added and 

the solution was stirred. After 2 min, 4-tolylmagnesium chloride (0.00075 mL of a 2 M solution 

in THF, 0.021 mmol, 4.0 equiv) was added, then aliquots of the solution (0.1 mL, 0.0015 mmol) 

were added to three 10 mL Schlenk flasks and diluted with THF (1.6 mL) before sealing with a 

rubber septum. The flasks were removed from the glovebox and placed under N2. 

Previously prepared 2 (0.25 mL of a 0.43 M solution in THF, 0.11 mmol, 72 equiv) was added to 

each solution containing precatalyst 3a 1, 10, or 90 min after 4-tolylmagnesium chloride had been 

added. The reaction was quenched after 2 h by adding conc. HCl (~2 mL). The quenched reactions 

were extracted with CHCl3 (3 x 1 mL) with heating. The combined organic layers were washed 

with H2O (1 x 2 mL) and brine (1 x 2 mL).  The solvent was then removed via rotary evaporation 

and the solids were re-dissolved with heating in THF (~10 mL).  After cooling to rt, MgSO4 (~20 

mg) was added and the mixture was filtered through a PTFE syringe filter (0.2 μm). A small portion 

was removed for GC and GPC analysis, and the remaining liquid was removed using a rotary 

evaporator to yield a tan solid.  The solid was dissolved in minimal CHCl3 (~0.2 mL), and then 

precipitated into MeOH (10 mL) in a centrifuge tube and centrifuged at 4500 rpm for 30 min. The 

supernatant was decanted and the solid material was dried under high vacuum for 4 h. 

The solids (~2 mg) were dissolved in CDCl3 (2 mL) and analyzed by 1H NMR spectroscopy.  Next, 

the NMR solutions were filtered through a pipette column (basic, acidic, then neutral alumina with 
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a KimWipe plug) and rinsed with CHCl3 (~0.5 mL).  The resultant polymer solution (2.5 μL) was 

mixed with DCTB matrix (2.5 μL of a 0.1 M solution in CHCl3) in an Eppendorf tube. The 

polymer/matrix solution (~1.5 μL) was spotted onto the MALDI 96-well target, and the remaining 

solution in the Eppendorf tube was diluted five-fold with additional DCTB matrix (2.5 μL of a 0.1 

M solution in CHCl3). The diluted sample was spotted onto the MALDI target in the same manner, 

and further five-fold dilutions (with DCTB matrix solution) were performed and spotted to yield 

four spots for each polymer sample.  
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Figure A3-23.GPC chromatogram of P2 catalyzed by 3c after pre-initiating with 2-chlorotoluene (10 equiv) and p-

tolylmagnesium chloride for 1 ( ), 10 ( ), or 90 ( ) min. 

Time after 

preinitiation 

(min) 

Mn (kDa) Đ Conversion of 2 (%) 

1 17.8 1.37 53 

10 19.3 1.35 65 

90 18.6 1.30 58 

Table A3-3. Molecular weight, dispersity, and conversion values for polymerizing 2 using 3c as plotted in Figure 

A3-23. 
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Figure A3-24. MALDI-TOF mass spectrum of P2 produced by 3c after pre-initiating for 1 min. Inset shows a 

zoomed in view at DP = 37. 

 

 

Figure A3-25. MALDI-TOF mass spectrum of P2 produced by 3c after pre-initiating for 10 min. Inset shows a 

zoomed in view at DP = 37. 



249 

 

 

Figure A3-26. MALDI-TOF mass spectrum of P2 produced by 3c after pre-initiating for 90 min. Inset shows a 

zoomed in view at DP = 37. 

 

Time after pre-

initiation (min) 

% End group 

H/H Br/H 

1 7 91 

10 4 96 

90 4 92 

Table A3-4. Percent end-groups for P2 catalyzed by 3c after pre-initiating with 2-chlorotoluene (10 equiv) and p-

tolylmagnesium chloride for 1, 10, or 90 min as determined by MALDI-TOF MS and as plotted in Figure A3-24, 

Figure A3-25, and Figure A3-26. 
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IX. Polymerizing 1 and 2 with precatalyst 5a–c 

 

Polymerizing 2 with 5a–c. 

Precatalysts (~0.50 mL of a ~0.030 M solution in THF, 0.0015 mmol, 1.0 equiv) were added to a 

10 mL Schlenk flask equipped with a stir bar and diluted with THF (~3 mL) to achieve a catalyst 

concentration of 0.0015 M during the polymerization. The flask was removed from the glovebox 

and placed under N2. 

Previously prepared 2 (1.0 mL of a 0.41 M solution in THF, 0.81 mmol, 50 equiv) was added to 

each precatalyst solution to initiate the polymerization. The reaction was quenched after 45 min 

by adding conc. HCl (~2 mL). The quenched reactions were extracted with CHCl3 (3 x 1 mL) with 

heating. The combined organic layers were then washed with H2O (1 x 2 mL) and brine (1 x 2 

mL).  The solvent was then removed via rotary evaporation and the solids were re-dissolved with 

heating in THF (~10 mL).  After cooling to rt, MgSO4 (~20 mg) was added and the mixture was 

filtered through a PTFE syringe filter (0.2 μm) and analyzed by GC and GPC. 
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Figure A3-27. GPC chromatogram of P2 catalyzed by 5a ( ), 5b ( ), or 5c ( ). 

Catalyst Mn (kDa) Đ Conversion of 2 (%) 

5a 27.1 4.28 30 

5b 1.4 2.58 11 

5c 32.9 3.69 66 

Table A3-5. Molecular weight, dispersity, and conversion values for polymerizing 2 using 5a, 5b, or 5c. 
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Polymerizing 1 with 5a. 

5a (1.0 mL of a 0.0015 M solution in THF, 0.0015 mmol, 1.0 equiv) was added to 2 separate 25 

mL Schlenk flasks equipped with a stir bar and diluted with THF (6.80 mL [solution A] or 8.0 mL 

[solution B]) to achieve a catalyst concentration of 0.0015 M during the polymerization.  The flasks 

were removed from the glovebox and placed under N2. 

Previously prepared 1 (2.2 mL of a 0.40 M solution in THF, 0.085 mmol, 56 equiv) was added to 

solution A to initiate the polymerization. Separately, previously prepared 1 (0.93 mL of a 0.40 M 

solution in THF, 0.038 mmol, 25 equiv) was added to solution B to initiate the polymerization.  

The reactions were quenched after 45 min by adding conc. HCl (~2 mL). The quenched reactions 

were extracted with CHCl3 (3 x 1 mL) with heating. The combined organic layers were then 

washed with H2O (1 x 2 mL) and brine (1 x 2 mL).  The solvent was then removed via rotary 

evaporation and the solids were re-dissolved with heating in THF (~10 mL).  After cooling to rt, 

MgSO4 (~20 mg) was added and the mixture was filtered through a PTFE syringe filter (0.2 μm) 

and analyzed by GC and GPC. 
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Figure A3-28. GPC chromatogram of P1 catalyzed by 5a using 57 ( ) or 25 ( ) equiv of 1 relative to 5a. 

Equiv of 1 Mn (kDa) Đ Conversion of 1 (%) 

57 23.6 1.73 92 

25 26.5 1.49 93 

Table A3-6. Molecular weight, dispersity, and conversion values for polymerizing 1 using 5a as plotted in Figure 

A3-28. 
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Polymerizing 1 with 5a and 3-chloropyridine. 

5a (1.0 mL of a 0.0015 M solution in THF, 0.0015 mmol, 1.0 equiv) and 3-chloropyridine (0.33 

mL of a 0.046 M solution in THF, 0.0015 mmol, 1.0 equiv) were each added to two separate 25 

mL Schlenk flasks equipped with a stir bar and diluted with THF (6.80 mL [solution A] or 8.0 mL 

[solution B]) to achieve a catalyst concentration of 0.0015 M during the polymerization.  The flasks 

were removed from the glovebox and placed under N2. 

Previously prepared 1 (2.3 mL of a 0.40 M solution in THF, 0.095 mmol, 63 equiv) was added to 

solution A to initiate the polymerization. Separately, previously prepared 1 (0.75 mL of a 0.40 M 

solution in THF, 0.030 mmol, 20 equiv) was added to solution B to initiate the polymerization.  

The reactions were quenched after 65 min by adding conc. HCl (~2 mL). The quenched reactions 

were extracted with CHCl3 (3 x 1 mL) with heating. The combined organic layers were then 

washed with H2O (1 x 2 mL) and brine (1 x 2 mL).  The solvent was then removed via rotary 

evaporation and the solids were re-dissolved with heating in THF (~10 mL).  After cooling to rt, 

MgSO4 (~20 mg) was added and the mixture was filtered through a PTFE syringe filter (0.2 μm) 

and analyzed by GC and GPC. 

 



255 

 

 

Figure A3-29. GPC chromatogram of P1 catalyzed by 5a with 1 equiv of 3-chloropyridine using 63 ( ) or 20 (

) equiv of 1 relative to 5a. 

Equiv of 1 Mn (kDa) Đ Conversion of 1 (%) 

63 17.7 1.36 88 

20 9.7 1.20 72 

Table A3-7. Molecular weight, dispersity, and conversion values for polymerizing 1 using 5a as plotted in Figure 

A3-29.  
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X. Polymerizing 2 with precatalyst 6a/6b 

 

Polymerizing 2 with 6a/6b. 

Catalyst 3aa, 6a, or 6b (~0.20 mL of a ~0.0015 M solution in THF, 0.0030 mmol, 1.0 equiv) were 

added to a 10 mL Schlenk flask equipped with a stir bar and diluted with THF (~1.4 mL) to achieve 

a catalyst concentration of 0.0015 M during the polymerization. The flasks were removed from 

the glovebox and placed under N2. 

Previously prepared 1  (0.20 mL of a 0.40 M solution in THF, 0.81 mmol, 54 equiv) was added to 

initiate the polymerization. The reaction was quenched after 1 h by adding conc. HCl (~2 mL). 

The quenched reactions were extracted with CHCl3 (3 x 1 mL) with heating. The combined organic 

layers were then washed with H2O (1 x 2 mL) and brine (1 x 2 mL).  The solvent was then removed 

via rotary evaporation and the solids were re-dissolved with heating in THF (~10 mL).  After 

cooling to rt, MgSO4 (~20 mg) was added and the mixture was filtered through a PTFE syringe 

filter (0.2 μm) and analyzed by GC and GPC. 

a Polymerizing 2 with 3a was performed as a reference. 



257 

 

 

Figure A3-30. GPC chromatogram of P2 catalyzed by 3a ( ), 6a ( ), or 6b ( ). 

Catalyst Mn (kDa) Đ Conversion of 2 (%) 

3a 9.2 1.13 93 

6a 129.3 2.66 55 

6b 25.6 1.84 90 

Table A3-8. Molecular weight, dispersity, and conversion values for polymerizing 2 using 3a, 6a, or 6b as plotted in 

Figure A3-30. 
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XI. Effect of 3-chloropyridine on polymerizing 2 with precatalyst 6b 

 

Polymerizing 2 with 6b and 3-chloropyridine (0–2 equiv). 

6b (0.14 mL of a 0.00157 M solution in THF, 0.0015 mmol, 1.0 equiv) was added to 10 mL 

Schlenk flasks equipped with a stir bar, and 3-chloropyridine (0.13 M solution in THF, 0–2.0 

equiv) was added in the amount specified below:  

Solution A: 0 equiv 3-chloropyridine  

Solution B: 0.5 equiv 3-chloropyridine (0.0058 mL, 0.00075 mmol) 

Solution C: 1.0 equiv 3-chloropyridine (0.012 mL, 0.0015 mmol) 

Solution D: 2.0 equiv 3-chloropyridine (0.023 mL, 0.0030 mmol) 

Each flask was diluted with THF (1.37 mL) to achieve a catalyst concentration of 0.00075 M 

during the polymerization. The flasks were removed from the glovebox and placed under N2. 

Previously prepared 1 (0.48 mL of a 0.41 M solution in THF, 0.19 mmol, 130 equiv) was added 

to solutions A–D to initiate each polymerization. The reaction was quenched after 2 h by adding 

conc. HCl (~2 mL). The quenched reactions were extracted with CHCl3 (3 x 1 mL) with heating. 

The combined organic layers were then washed with H2O (1 x 2 mL) and brine (1 x 2 mL).  The 

solvent was then removed via rotary evaporation and the solids were re-dissolved with heating in 
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THF (~10 mL).  After cooling to rt, MgSO4 (~20 mg) was added and the mixture was filtered 

through a PTFE syringe filter (0.2 μm) and analyzed by GC and GPC. 
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Figure A3-31. GPC chromatogram of P2 produced by 6b with 0 equiv ( ), 0.5 equiv ( ), 1 equiv ( ), or 2 

equiv ( ) of 3-chloropyridine (relative to catalyst). 

Equiv of 3-chloropyridine Mn (kDa) Đ Conversion of 2 (%) 

0 59.6 2.19 88 

0.5 59.5 1.81 84 

1.0 54.5 1.60 77 

2.0 33.4 1.25 48 

Table A3-9. Molecular weight, dispersity, and conversion of 2 for P2 produced by 6b with different amounts of 3-

chloropyridine (relative to catalyst) as plotted in Figure A3-31. 
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Polymerizing 2 with 6b and 3-chloropyridine (0.5–1.1 equiv). 

6b (0.22 mL of a 0.0135 M solution in THF, 0.0030 mmol, 1.0 equiv) was added to 10 mL Schlenk 

flasks equipped with a stir bar, and 3-chloropyridine (0.22 M solution in THF, 0.5–1.1 equiv) was 

added in the amount specified below:  

Solution A: 0.5 equiv 3-chloropyridine (0.0070 mL, 0.0015 mmol) 

Solution B: 0.9 equiv 3-chloropyridine (0.0013 mL, 0.0027 mmol) 

Solution C: 1.0 equiv 3-chloropyridine (0.0014 mL, 0.0030 mmol) 

Solution D: 1.1 equiv 3-chloropyridine (0.0015 mL, 0.0033 mmol) 

Each flask was diluted with THF (1.16 mL) to achieve a catalyst concentration of 0.0015 M during 

the polymerization. The flasks were removed from the glovebox and placed under N2. Previously 

prepared 1 (0.48 mL of a 0.41 M solution in THF, 0.19 mmol, 130 equiv) was added to solutions 

A–D to initiate each polymerization. The reaction was quenched after 30 min by adding conc. HCl 

(~2 mL). The quenched reactions were extracted with CHCl3 (3 x 1 mL) with heating. The 

combined organic layers were then washed with H2O (1 x 2 mL) and brine (1 x 2 mL).  The solvent 

was then removed via rotary evaporation and the solids were re-dissolved with heating in THF 

(~10 mL).  After cooling to rt, MgSO4 (~20 mg) was added and the mixture was filtered through a 

PTFE syringe filter (0.2 μm) and analyzed by GC and GPC. 
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Figure A3-32. GPC chromatogram of P2 produced by 6b with 0.5 equiv ( ), 0.9 equiv ( ), 1 equiv ( ), or 

1.1 equiv ( ) of 3-chloropyridine (relative to catalyst). 

Equiv of 3-chloropyridine Mn (kDa) Đ Conversion of 2 (%) 

0.5 11.34 1.42 43 

0.9 10.6 1.23 32 

1.0 9.1 1.20 31 

1.1 8.5 1.15 25 

Table A3-10. Molecular weight, dispersity, and conversion of 2 for P2 produced by 6b with different amounts of 3-

chloropyridine (relative to catalyst) as plotted in Figure A3-32.  
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Polymerizing 2 with 6b and different pyridines. 

6b (0.22 mL of a 0.0135 M solution in THF, 0.0030 mmol, 1.0 equiv) was added to 10 mL Schlenk 

flasks equipped with a stir bar, and various pyridines (0.0033 mmol, 1.05 equiv) were added in the 

amount specified below:  

Solution A: 1.05 equiv 3-chloropyridine (0.0033 mL of a 0.93 M solution in THF) 

Solution B: 1.05 equiv 3-fluoropyridine (0.0033 mL of a 0.95 M solution in THF) 

Solution C: 1.05 equiv pyridine (0.0033 mL of a 0.94 M solution in THF) 

Each flask was diluted with THF (1.3 mL) to achieve a catalyst concentration of 0.0015 M during 

the polymerization. The flasks were removed from the glovebox and placed under N2. Previously 

prepared 1 (0.50 mL of a 0.41 M solution in THF, 0.21 mmol, 66 equiv) was added to solutions 

A–C to initiate each polymerization. The reaction was quenched after 65 min by adding conc. HCl 

(~2 mL). The quenched reactions were extracted with CHCl3 (3 x 1 mL) with heating. The 

combined organic layers were then washed with H2O (1 x 2 mL) and brine (1 x 2 mL).  The solvent 

was then removed via rotary evaporation and the solids were re-dissolved with heating in THF 

(~10 mL).  After cooling to rt, MgSO4 (~20 mg) was added and the mixture was filtered through a 

PTFE syringe filter (0.2 μm) and analyzed by GC and GPC. 
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Figure A3-33. GPC chromatogram of P2 produced by 6b with 1.05 equiv of 3-chloropyridine ( ), 3-

fluoropyridine ( ), or pyridine ( ) (relative to catalyst). 

Pyridine Mn (kDa) Đ Conversion of 2 (%) 

3-chloropyridine 11.3 1.14 79 

3-fluoropyridine 10.4 1.14 76 

pyridine 3.2 1.14 63 

Table A3-11. Molecular weight, dispersity, and conversion of 2 for P2 produced by 6b with 1.05 equiv of 3-

chloropyridine, 3-fluoropyridine, or pyridine as plotted in Figure A3-33. 
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XII. Effect of LiCl on polymerizing 2 with precatalyst 6b 

 

Polymerizing 2 with precatalyst 6b and added LiCl. 

Solution A. In a glovebox, S2 (0.45 g, 1.0 mmol, 1.0 equiv) was added to a 20 mL vial equipped 

with a stir bar. A small amount of C22H46 (~25 mg) was added and the mixture was diluted with 

THF (1.1 mL). Next, iPrMgCl (0.47 mL of a 2 M solution in THF, 0.95 mmol, 0.90 equiv) was 

added and the solution was stirred for 26 h before titrating (0.41 M, see pg. 3). The solution was 

added to a 25 mL Schlenk tube, sealed with a PTFE stopcock and rubber septum, and then removed 

from the glovebox and placed under N2. 

Solution B. In a glovebox, S2 (0.90 g, 2.1 mmol, 1.0 equiv) and LiCl (0.087 g, 2.0 mmol, 1.0 equiv) 

was added to a 20 mL vial equipped with a stir bar. A small amount of C22H46 (~25 mg) was added 

and the mixture was diluted with THF (1.1 mL). Next, iPrMgCl (0.94 mL of a 2 M solution in 

THF, 1.9 mmol, 0.90 equiv) was added and the solution was stirred for 26 h before titrating (0.40 

M, see pg. 3). The solution was added to a 25 mL Schlenk tube, sealed with a PTFE stopcock and 

rubber septum, and then removed from the glovebox and placed under N2. 

6b (1.0 mL of a 0.0135 M solution in THF, 0.014 mmol, 1.0 equiv) and 3-chloropyridine (0.014 

mL of a 0.93 M solution in THF, 0.014  mmol, 1.0 equiv) were added to 25 mL Schlenk flasks 

equipped with a stir bar. Each flask was diluted with THF (6.8 mL) to achieve a catalyst 
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concentration of 0.0015 M during the polymerization. The flasks were removed from the glovebox 

and placed under N2. 

Solution A (2.15 mL of a 0.41 M solution in THF, 0.88 mmol, 65 equiv) was added to a 25 mL 

Schlenk flask with catalyst to initiate polymerization A, and solution B (2.2 mL of a 0.40 M solution 

in THF, 0.88 mmol, 65 equiv) was added to a 25 mL Schlenk flask with catalyst to initiate 

polymerization B. The reactions were quenched after 95 min by adding conc. HCl (~2 mL). The 

quenched reactions were extracted with CHCl3 (3 x 1 mL) with heating. The combined organic 

layers were then washed with H2O (1 x 2 mL) and brine (1 x 2 mL).  The solvent was then removed 

via rotary evaporation and the solids were re-dissolved with heating in THF (~10 mL).  After 

cooling to rt, MgSO4 (~20 mg) was added and the mixture was filtered through a PTFE syringe 

filter (0.2 μm) and analyzed by GC and GPC. 
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Figure A3-34. GPC chromatogram of P2 produced by 6b with 1.0 equiv LiCl ( ) or without LiCl ( ). 

Equiv LiCla Mn (kDa) Đ Conversion of 2 (%) 

0 23.5 1.19 53 

1.0 16.8 1.32 54 

Table A3-12. Molecular weight, dispersity, and conversion of 2 for P2 produced by 6b with or without added LiCl 

as plotted in Figure A3-34. a Equiv LiCl is relative to iPrMgCl used to generate 2. 
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Figure A3-35. MALDI-TOF mass spectrum of P2 produced by 6b with 1 equiv of 3-chloropyridine. Inset shows a 

zoomed in view at DP = 73 with cinnamyl/H (83% area ratio) and H/H (17% area ratio) end-groups. 
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Oligomerizing 2 with added LiCl using 6b. 

In a glovebox, S2 (0.25 g, 0.57 mmol, 1.0 equiv) was added to a 4 mL vial equipped with a stir 

bar. A small amount of C22H46 (~15 mg) was added and the mixture was diluted with THF (0.6 

mL). Next, iPrMgCl (0.26 mL of a 2 M solution in THF, 0.52 mmol, 0.90 equiv) was added and 

the solution was stirred for 16 h before titrating (0.43 M, see pg. 3). The remaining solution was 

divided into four separate 10 mL Schlenk flasks and the following solutions were added. 

oligomerization A: 18 equiv LiCl (0.18 mL of a 0.3 M solution in THF, 0.054 mmol, 18.0 equiv) 

and THF (1.42 mL). 

oligomerization B: 12 equiv LiCl (0.12 mL of a 0.3 M solution in THF, 0.036 mmol, 18.0 equiv) 

and THF (1.48 mL). 

oligomerization C: 6 equiv LiCl (0.06 mL of a 0.3 M solution in THF, 0.018 mmol, 18.0 equiv) 

and THF (1.54 mL). 

oligomerization D: THF (1.60 mL). 

The Schlenk flasks were sealed with rubber septum, and then removed from the glovebox and 

placed under N2. 
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6b (1.3 mL of a 0.0126 M solution in THF, 0.017 mmol, 1.0 equiv) and 3-chloropyridine (0.19 

mL of a 0.093 M solution in THF, 0.018  mmol, 1.1 equiv) were added to a 25 mL Schlenk tube. 

The flasks were removed from the glovebox and placed under N2. 

Precatalyst solution (0.24 mL, 0.0030 mmol, 1.0 equiv) was added to each 10 mL Schlenk flask to 

initiate oligomerizations A-D. The reactions were quenched after 60 min by adding conc. HCl (~2 

mL). The quenched reactions were extracted with CHCl3 (3 x 1 mL) with heating. The combined 

organic layers were then washed with H2O (1 x 2 mL) and brine (1 x 2 mL).  The solvent was then 

removed via rotary evaporation and the solids were re-dissolved with heating in THF (~10 

mL).  After cooling to rt, MgSO4 (~20 mg) was added and the mixture was filtered through a PTFE 

syringe filter (0.2 μm). A small portion was removed for GC and GPC analysis, and the remaining 

liquid was removed using a rotary evaporator to yield a tan solid.  The solid was dissolved in 

minimal CHCl3 (~0.2 mL), and then precipitated into MeOH (10 mL) in a centrifuge tube and 

centrifuged at 4500 rpm for 30 min. The supernatant was decanted and the solid polymer was dried 

under high vacuum for 4 h. 

The solids (~2 mg) were dissolved in CDCl3 (2 mL) and analyzed by 1H NMR spectroscopy.  Next, 

the NMR solutions were filtered through a pipette column (basic, acidic, then neutral alumina with 

a KimWipe plug) and rinsed with CHCl3 (~0.5 mL).  The resultant polymer solution (2.5 μL) was 

mixed with DCTB matrix (2.5 μL of a 0.1 M solution in CHCl3) in an Eppendorf tube. The 

polymer/matrix solution (~1.5 μL) was spotted onto the MALDI 96-well target, and the remaining 

solution in the Eppendorf tube was diluted five-fold with additional DCTB matrix (2.5 μL of a 0.1 

M solution in CHCl3). The diluted sample was spotted onto the MALDI target in the same manner, 

and further five-fold dilutions (with DCTB matrix solution) were performed and spotted to yield 

four spots for each polymer sample.  
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Figure A3-36. GPC chromatogram of P2 produced by 6b with 0 equiv LiCl ( ), 0.33 equiv LiCl ( ), 0.66 

equiv LiCl ( ), or 1 equiv LiCl ( ). 

Equiv LiCla Mn (kDa) Đ Conversion of 2 (%) 

0 3.7 1.16 55 

0.33 4.5 1.17 54 

0.66 4.3 1.16 54 

1.0 4.6 1.16 46 

Table A3-13. Molecular weight, dispersity, and conversion of 2 for P2 produced by 6b with or without added LiCl 

as plotted in Figure A3-36. a Equiv LiCl is relative to iPrMgCl used to generate 2. 
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Figure A3-37. MALDI-TOF mass spectrum of P2 produced by 6b without LiCl. Inset shows a zoomed in view at DP 

= 14. 

 

 

Figure A3-38. MALDI-TOF mass spectrum of P2 produced by 6b with 0.33 equiv LiCl (relative to iPrMgCl used 

to generate 2). Inset shows a zoomed in view at DP = 14. 
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Figure A3-39. MALDI-TOF mass spectrum of P2 produced by 6b with 0.66 equiv LiCl (relative to iPrMgCl used 

to generate 2). Inset shows a zoomed in view at DP = 14. 

 

 

Figure A3-40. MALDI-TOF mass spectrum of P2 produced by 6b with 1.0 equiv LiCl (relative to iPrMgCl used to 

generate 2). Inset shows a zoomed in view at DP = 14. 
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 % End group 

Equiv LiCla H/H iPr/H Br/H Cin/H 

0 17 2 4 77 

0.33 15 1 5 77 

0.66 14 2 7 81 

1.0 16 3 14 67 

Table A3-14. Percent end-groups of P2 from polymerizing 2 with 6b and added LiCl as determined by MALDI-

TOF MS as plotted in Figure A3-37, Figure A3-38, Figure A3-39, and Figure A3-40.a Equiv LiCl is relative to 

iPrMgCl used to generate 2. 
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