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Controlled polymerization methodologies have been pivotal to the development 

of advanced polymeric materials. These methodologies take advantage of 

chain-growth polymerization mechanisms wherein each initiating species 

theoretically generates a single growing polymer chain—this leads to tunable 

polymer molecular weights (Mns) and molecular weight distributions (dispersity, 

Đ), and thus supports the synthesis of novel, designer materials. Despite  major 

advancements in controlled polymerization methods, there is still significant 

difficulty in generating materials with highly regular structures in a controlled 

manner without the need for challenging multistep syntheses that often require 

several isolations, purifications, and chain-end modifications before the final 

polymer material is acquired. To overcome this challenge, we sought to explore 

externally controlled polymerizations as they are uniquely positioned to 

generate complex polymer structures and architectures due to the inherent 

spatiotemporal control they provide over the polymerization (Chapter 1). An in-

depth mechanistic analysis of photocontrolled cationic reversible addition-

fragmentation chain transfer (RAFT) polymerization was performed to gain a 

better understanding of the stimuli controlled polymerizations (Chapter 2). Using 

the mechanistic insight gained during this previous study, we sought to improve 

upon the previously developed photocontrolled cationic RAFT polymerization 



 

by generating efficient photocatalysts which achieve greater temporal control 

and extending this chemistry toward polymer chain-end modification (Chapter 

3). To enable the synthesis of multiblock copolymers through a facile process, 

a new chemically controlled cationic polymerization was developed and paired 

with an orthogonal photocontrolled radical polymerization, affording the 

synthesis of multiblock copolymers in a one-pot process (Chapter 4). Following 

this, a new electrochemically controlled cationic polymerization mediated by 

ferrocene was developed; this process was compatibilized with a 

photochemically controlled radical polymerization to facilitate the in situ 

synthesis of higher-order multiblock copolymers than were previously 

achievable by similar methodologies (Chapter 5). We then sought to develop a 

novel set of redox controlled acids and demonstrated that large changes in 

acidity occur upon oxidation, thus facilitating the polymerization of cyclic 

monomers (Chapter 6). 
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CHAPTER 1 

Advancements in Externally Controlled Polymerizations Toward the 

Development of Switchable Polymerization Systems 

1.1 Abstract 

The macroscopic properties of block copolymers are strongly influenced 

by the length, composition, and ordering of the constituent blocks. In order to 

develop novel polymeric materials with desirable physical properties, 

polymerization methodologies that enable precise control over monomer 

incorporation need to be developed. In this chapter, we will discuss recent 

advancements that employ external stimuli to selectively control monomer 

incorporation during the synthesis of block polymers. The application of 

external stimuli is an effective and non-invasive way to control polymer 

microstructure within a single reaction solution.  This chapter will discuss 

recent advances in the synthesis of polymers via external stimuli and will 

emphasize developments in which external stimuli modulates monomer 

selectivity. 

1.2 Introduction 

Since Szwarc’s discovery of living anionic polymerization1 the field has 

erupted with numerous methodologies with similar living characteristics (e.g., 

atom transfer radical polymerization (ATRP), reversible addition-fragmentation 

chain transfer (RAFT), nitroxide mediated polymerization (NMP), ring opening 

polymerization (ROP), ring opening metathesis polymerization (ROMP), and 

coordination-insertion polymerization),2  which enable the formation of 

polymeric structures and architectures with predictable molar masses (Mns), 

narrow molecular weight distributions (dispersity, Đ), and high chain-end 

fidelity. These processes have enabled the synthesis of advanced 
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macromolecules such as star polymers,3 graft polymers,4 dendrimers,5 

bottlebrush polymers,6 and multiblock polymers7 which display a range of 

advantageous physical properties dependent on the identity, order, and length 

of the constituent blocks. However, despite many major advancements in the 

field of controlled polymerizations, such structures and architectures remain 

difficult to access as they require challenging multistep syntheses. Due in part 

to these synthetic limitations, only a small portion of the myriad of possible 

polymeric architectures and structures have been explored. Although a 

daunting challenge, advancements in externally controlled polymerization 

methods hold the key to unlocking access to a wider array of polymeric 

materials with unique structures, architectures, and physical properties. 

Externally controlled polymerizations, which regulate chain growth with an 

external stimulus (e.g., chemical,8–11 photochemical,12–20 mechanochemical,21–

24 electrochemical,25–28 and thermal29–31), are uniquely positioned to generate 

complex polymer structures and architectures due to the inherent 

spatiotemporal control they provide over the polymerization (Figure 1.1).32 

While externally controlled polymerizations have enabled major advancements 

in the fields of bioassay development, lithography, 3D printing, and 

Figure 1.1. Illustration decoupling spatiotemporal control into core principles of 

temporal and spatial control over polymerization. 
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microelectronics, to date there are few examples of external stimuli being used 

to selectively control monomer incorporation at a growing polymer chain.33–35 

Many polymerization methods are limited to monomers with specific 

functionalities and do not proceed well with other classes of monomers. 

Furthermore, in forming higher-order block polymers it is necessary to 

consider monomer reactivity ratios to selectively control monomer 

incorporation within the scope of a specific reaction mechanism to achieve the 

desired structure. For example, certain monomers lend themselves toward the 

synthesis of A-B gradient diblock copolymers through careful selection of 

monomers with compatible reactivity ratios.36 However, only a small subset of 

Figure 1.2. a. Multistep monomer synthesis to generate multiblock 

copolymers. b. Cycle illustrating power of externally controlled polymerizations 

to control the selective incorporation of monomer in a one-pot process to 

generate structurally-defined multiblock polymers. 
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monomers have compatible reactivity ratios  which severely limits the scope of 

materials accessible by traditional controlled polymerization methods. To 

increase the scope of these polymerization methods, polymer chemists have 

often resigned themselves to generating block polymers in multistep 

processes—modifying the characteristics of the polymer chain-end to then 

permit the selective incorporation of a different monomer type and repeating 

the process to afford the desired polymer (Figure 1.2.a). While this does 

permit the synthesis of certain advanced structures and architectures, it is 

reliant on syntheses giving near quantitative yields, otherwise homopolymer 

impurities may be introduced into the final polymer material which may act as 

plasticizers and adversely affect physical properties.37 One way to overcome 

these limitations is to the develop systems in which monomer selectivity or 

polymerization mechanism can be changed in situ simply by applying an 

external stimulus (Figure 1.2.b). Herein, we seek to highlight recent 

advancements in the field of externally controlled polymerizations where 

changes in the applied external stimuli facilitate the generation of higher-order 

block polymer structures from a single growing polymer chain-end without the 

need for intermediate isolation, purification, or chain-end modification of the 

polymer. Strategies employing externally controlled polymerizations offer great 

promise in generating highly advanced macromolecular structures and 

architectures in facile one-pot procedures.  

 

1.3 External Redox Control Directs Monomer Selectivity 

Within polymerization methods utilizing the same general reaction 

mechanism, it remains difficult to alter selectivity from one monomer to 

another without undergoing significant structural changes in the identity of the 
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polymer chain-end, the initiating species, or catalyst to tune reactivity; this 

precludes the generation of higher-order macromolecular structures from facile 

one-pot procedures. One way in which controlled polymerization methods 

have successfully approached this problem is by using external stimuli to alter 

catalyst selectivity toward certain monomers. This has been accomplished by 

carefully designing systems in which changes in the catalyst oxidation state 

affects monomer selectivity during the polymerization. External stimuli can 

then be utilized to dictate monomer selectivity at will, enabling the in situ 

synthesis of block copolymers. 

 Over the last two decades, externally controlled systems in which 

monomer selectivity can be regulated by changes in the catalysts oxidation 

state have been explored by incorporating redox-active functionality within 

catalyst frameworks allowing for reactivity at a metal center to be modulated in 

ring opening polymerization (ROP) methodologies. Gibson and coworkers38 

reported the first example of redox-controlled ROP demonstrating that 

oxidation state changes of a ferrocenyl-substituted salen ligand drastically 

altered the catalyst’s reactivity toward rac-lactide. While this seminal work 

Figure 1.3. Catalyst structures utilized for redox-controlled 

switchable ROP of cyclic monomers. 
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exhibited only modest temporal control over the polymerization and could not 

alter monomer selectivity, it has inspired the burgeoning field of redox 

switchable ROP catalysts.  

 Following these discoveries, the Byers and Diaconescu groups have 

pioneered the field of redox-switchable, coordination-insertion ring opening 

polymerizations (Figure 1.3).9,39  In 2014, Diaconescu and coworkers10 

investigated a series of zirconium and titanium catalysts containing redox-

active ferrocenyl-based ligands which were able to facilitate the selective 

polymerization of ε-caprolactone and l-lactide in the oxidized or reduced form 

of the catalyst, respectively. This chemically controlled process enabled the 

one-pot synthesis of poly(lactide-block-caprolactone) block copolymers by 

simply alternating between catalyst oxidation states.  

 In 2016, Byers and coworkers11 developed a redox-controlled system 

wherein redox changes at the catalytically active metal center determined 

monomer selectivity as opposed to previous methods which utilized redox 

changes in the ligand scaffold. Utilizing Iron-based catalysts supported by 

bis(imino)pyridine ligands, they were able to regulate monomer incorporation 

to selectively incorporate cyclohexene oxide in the Fe(III) oxidation state and l-

lactide in the Fe(II) oxidation state, respectively. This general, chemically 

controlled methodology has since been extended toward the development of 

electrochemically switchable ring opening polymerizations of lactide and 

cyclohexene oxide and the generation of unique, degradable polyester 

materials.26,40  
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1.4 Externally Controlled Mechanistic Switching to Influence Monomer 

Selectivity  

In addition to externally controlled strategies that alter catalyst selectivity to 

regulate monomer incorporation, another powerful approach toward changing 

monomer selectivity in situ involves the use of external stimuli to interconvert 

between different polymerization mechanisms. With judicious selection of 

monomer classes and polymerization mechanisms which are orthogonal to 

one another, this general strategy greatly extends the diversity of polymer 

structures which are easily accessible.  

Recently, numerous controlled polymerization methods have taken 

advantage of post-polymerization modification procedures41 or dual-functional 

initiator systems in order to generate block polymers by converting between 

polymerization mechanisms; however, few systems currently exist in which 

selectivity can be regulated at a single growing polymer chain-end in a one-pot 

process. The seminal work of Kamigaito and coworkers42 demonstrated that 

they could interconvert between cationic and radical reversible addition-

fragmentation chain transfer (RAFT) polymerization mechanisms by making 

use of thiocarbonylthio chain transfer agents (CTAs). They accomplished this 

Figure 1.4. Mechanism of interconvertible, photochemical radical and cationic 

RAFT polymerization. 
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monumental task by using a Lewis acid catalyst and a radical initiator in 

tandem to initiate cationic and radical polymerizations, respectively. To extend 

this procedure toward a switchable methodology, our group sought to develop 

a new externally controlled cationic RAFT polymerization which could be 

paired with a previously developed photocontrolled radical RAFT 

polymerizations (Figure 1.4).18 We hypothesized that this process would 

enable the generation of higher-order block polymers wherein the number of 

blocks is determined by the number of times the stimuli are alternated and the 

length of blocks is determined by duration of stimuli application.  

Our first attempt at an externally interconvertible RAFT polymerization 

involved pairing a recently developed photocontrolled cationic RAFT of vinyl 

ethers catalyzed by 2,4,6-tris(p-methoxyphenyl)pyrylium tetrafluoroborate 

(PMP) with the photocontrolled radical RAFT of acrylates catalyzed by 

Ir(ppy)3.43 We postulated that we could take advantage of two different 

wavelengths of light (i.e., blue and green light) to selectively initiate the 

photocontrolled polymerization with each catalyst. However, it was observed 

that the blue LEDs used to excite Ir(ppy)3 to initiate radical polymerization 

could also excite the PMP photocatalyst which also initiated cationic 

polymerization. Thus, we quickly realized similar levels of performance to the 

seminal work by Kamigaito and coworkers, but we were unable to selectively 

dictate the incorporation of monomers due to a lack of orthogonality between 

the two polymerizations.  
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Based on previous mechanistic studies conducted in our research group,44 

we were aware that our photocontrolled cationic polymerization methodology 

was initiated by the photochemical oxidation of the chain transfer agent by the 

excited form of the PMP photocatalyst. We posited that through careful 

selection of a compatible chemical oxidant, we could initiate the cationic 

polymerization of vinyl ethers by an analogous process mitigating the need for 

multiple wavelengths of light and multiple photocatalysts which may lead to 

undesired reactivity.45 Following this, we demonstrated that ferrocenium 

tetrafluoroborate (FeBF4) could initiate the cationic RAFT polymerization of 

vinyl ethers, while the addition of sodium N,N-diethyl dithiocarbamate could 

lead to the reversible termination of the growing polymer chain affording good 

temporal control over the polymerization. Coupling this newly developed 

chemically controlled cationic polymerization of vinyl ethers with a 

photocontrolled radical polymerization of acrylates allowed for the facile 

generation of di-, tri-, and tetrablock copolymers of IBVE and MA by simply 

alternating between the applied stimuli (Figure 1.5). 

Figure 1.5. Interconversion of chemically controlled cationic RAFT 

polymerization and photochemically controlled radical RAFT 

polymerization to produce tri- and tetrablock copolymers. 
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Following this exhibition of the utility of visible light and a chemical stimuli 

for the interconversion of radical and cationic RAFT polymerizations, our group 

saw an opportunity to improve upon this previously methodology and extend it 

toward the first example of an interconvertible photochemical and 

electrochemical polymerization. To achieve this, we first developed an 

electrochemically controlled cationic polymerization of vinyl ethers in which an 

electrochemical mediator, ferrocene (Fc), would oxidize a trithiocarbonylthio 

CTA to initiate cationic polymerization (Figure 1.6). This controlled cationic 

polymerization was then coupled with the previously employed Ir(ppy)3 

catalyzed photocontrolled radical polymerization to achieve higher-order 

multiblock copolymers that were not amenable to other previous 

methodologies (Figure 1.7).46  

Figure 1.6. Mechanism of ferrocene-mediated electrochemically 

controlled cationic RAFT polymerization of vinyl ethers. 
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In addition to RAFT polymerization, these thiocarbonylthio CTAs can also 

act as initiating species in the group transfer polymerization of thiiranes. In 

2007, Nishikubo and coworkers47 demonstrated that in the presence of onium 

salts, a thermally initiated group transfer polymerization of propylene sulfide 

could be efficiently promoted, albeit with no mention of whether the process 

could be temporally controlled. 

Figure 1.7 a. Conversion of IBVE (green line) and MA (blue line) for dual stimuli switching 

using alternating application of photochemical or electrochemical stimuli to synthesize (a) 

poly(IBVE-b-MA) and (b) poly(IBVE-b-MA-b-IBVE). (c) Range of accessible multiblock 

copolymers synthesized via electro- photo- switchable RAFT polymerization: i. poly(IBVE-b-

MA), ii. poly(MA-b-IBVE), iii. poly(IBVE-b-MA-b-IBVE), iv. poly(IBVE-b-MA-b-IBVE-b-MA), v. 

poly(IBVE-b-MA-b-IBVE-b-MA-b-IBVE), and vi. poly(MA-b-IBVE-b-MA-b-IBVE-b-MA-b-

IBVE). 
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Inspired by this work, You and coworkers48 took advantage of a similar 

thiocarbonylthio CTA to enable the interconversion of thermal anionic ring 

opening polymerization (AROP) of thiiranes with the photocontrolled radical 

RAFT polymerization of acrylamides. By careful selection of the CTA, You and 

coworkers were able to gain temporal control over the thermal AROP of 

thiiranes demonstrating no undesired polymerization over a 48h off period. 

Furthermore, this process was able to generate a symmetrically gradient 

undecablock copolymer of N,N-dimethyl acrylamide and 2-(phenoxymethyl) 

thiirane (Figure 1.8).  

Figure 1.8. d. Scheme illustrating the synthesis of symmetrical gradient 

undecablock copolymers by interconversion of RAFT and AROP. e. 

Monomer conversion vs. time for copolymer synthesis. f. SEC curves 

for resulting polymers at different times. Figure reproduced from Ref. 48 

(Nat. Commun. 2018, 9, 2577) and is licensed under CC BY 4.0. 
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This method which also takes advantage of the RAFT polymerization 

mechanism succeeded in the synthesis of higher-order multiblock copolymers 

wherein a wide range of physico-chemical properties could be incorporated—

leading to a plethora of applications within the fields of nanomaterials and 

materials for drug delivery.  

 

1.5 Conclusion and Outlook  

Within the last few decades, the field of externally controlled polymerizations 

has become a burgeoning area of research wherein new methods, materials, 

and technologies are actively being developed. The extension of externally 

controlled methodologies toward switchable polymerization systems promotes 

the discovery of advanced materials while simultaneously overcoming the 

limitations of previous controlled polymerization methods. To increase the  

scope of these switchable polymerizations, other polymerization mechanisms 

must be closely analyzed to adapt them toward externally controllable 

processes while performing detailed mechanistic analyses of the methods. 

Furthermore, to demonstrate the utility of the advanced macromolecular 

structures enabled by externally controlled polymerizations, libraries of these 

higher-order polymeric materials must be synthesized and studied to better 

understand the phase behavior and physical properties. A critical 

understanding of these unique materials will lead advancements in 3D 

printing, lithography, biomedical materials, and in the synthesis of complex 

structures and architectures.  
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CHAPTER 2 

Mechanistic Insight into the Photocontrolled Cationic Polymerization of Vinyl 

Ethers 

2.1 Abstract 

The mechanism of the recently reported photocontrolled cationic 

polymerization of vinyl ethers was investigated using a variety of catalysts and 

chain-transfer agents (CTAs) as well as diverse spectroscopic and 

electrochemical analytical techniques. Our study revealed a complex 

activation step characterized by one-electron oxidation of the CTA. This 

oxidation is followed by mesolytic cleavage of the resulting radical cation 

species, which leads to the generation of a reactive cation—this species 

initiates the polymerization of the vinyl ether monomer—and a dithiocarbamate 

radical that is likely in equilibrium with the corresponding thiuram disulfide 

dimer. Reversible addition–fragmentation type degenerative chain transfer 

contributes to the narrow dispersities and control over chain growth observed 

under these conditions. Finally, the deactivation step is contingent upon the 

oxidation of the reduced photocatalyst by the dithiocarbamate radical 

concomitant with the production of a dithiocarbamate anion that caps the 

polymer chain end. The fine-tuning of the electronic properties and redox 

potentials of the photocatalyst in both the excited and the ground states is 

necessary to obtain a photocontrolled system rather than simply a 

photoinitiated system. The elucidation of the elementary steps of this process 

will aid the design of new catalytic systems and their real-world applications. 

2.2 Introduction 

The wealth of photoredox reactions developed during the last decade 

has offered a blank canvas on which to design “living” polymerizations in 
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which polymer chain growth can be controlled at will by the intensity or 

wavelength of light.1 The intrinsic resolution of light enables unparalleled 

spatial control over these polymerizations, a factor that may prove desirable in 

a wide array of settings. Photocontrolled variants of living radical 

polymerizations, including atom-transfer radical-polymerization (ATRP),2 

organotellurium-mediated radical polymerizations (TERP),3 and reversible 

addition–fragmentation chain transfer (RAFT) polymerizations,4 have already 

demonstrated usefulness with a variety of monomers. This unprecedented 

command over polymeric architectures inspires numerous applications from 

the complex patterning of surfaces5 to the synthesis of sequence-controlled 

polymers.6 

In an effort to expand the range of monomers capable of light-regulated 

polymerization, we recently reported a photocontrolled cationic polymerization 

of vinyl ethers.7 As shown in Figure 2.1, our initial reaction conditions 

capitalized on the high potency of the oxidative photocatalyst (PC) 2,4,6-tris(4-

methoxyphenyl)pyrylium tetrafluoroborate (1a) when combined with chain-

Figure 2.1. Cationic polymerization of vinyl ethers regulated with blue light. 
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transfer agents (CTAs) 2a or 2b as a means to control the cationic 

polymerization of various vinyl ethers (3a–e). Compounds with predictable 

number-average molar mass (Mn) and narrow dispersity (Đ) values were 

obtained by modulating the CTA-to-monomer ratio. These conditions 

reversibly generate cationic chain ends that propagate in the presence of light 

and are deactivated in the dark, thus enabling the temporal regulation of chain 

growth through light irradiation. In contrast to previously reported radical 

systems that rely on the chain end reduction, this cationic process requires 

oxidation of the terminal group (Figure 2.2), which suggests that the 

transformation proceeds through a mechanistic pathway that is fundamentally 

distinct from those of its radical counterparts. A deeper understanding of the 

mechanism of this unique polymerization is critical for applications to a 

Figure 2.2. Photocontrolled radical polymerization vs cationic polymerization: 

two mechanistically distinct pathways. PC = photocatalyst; Z = Br, S2CR, 

S2CSR′, etc. 
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broader range of monomers and, more important, the design of more intricate 

systems. 

Our current mechanistic hypothesis is depicted in Figure 2.3. Single-

electron transfer (SET) from the CTA (or polymer chain end) to the excited PC 

generates a radical cation species (step I) that undergoes mesolytic cleavage, 

leading to the formation of an active cationic chain end and a stable 

dithiocarbamate or trithiocarbonate radical (step II). The resulting cationic 

species is then engaged in a RAFT-type degenerative chain transfer (step III). 

Finally, one-electron reduction of the stable radical by PC⚫ turns over the PC 

while producing a dithiocarbamate (or trithiocarbonate) anion, which caps the 

polymer chain end and deactivates chain growth (step IV). 

To probe the elementary steps, we used a combination of 

spectroscopies—namely, time-resolved photoluminescence, UV-visible 

absorption, and electron spin resonance (ESR)—and electrochemistry. The 
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Figure 2.3. Proposed mechanism for the light-regulated polymerization of vinyl 

ethers via a photocatalyst (PC) and chain-transfer agent. 

 



 

25 

efficiencies of the polymerization were also explored with a number of PCs 

and CTAs. The body of data presented herein reveals much about the 

processes at play and should serve as a platform for the development of 

related transformations and translational technologies.  

2.3 Results and Discussion 

Exploration of the Photocatalytic System  

Building on our initial report, we investigated several factors that could 

influence the polymerization kinetics and control in these systems, such as the 

choice of PC, CTA, and solvent. All reactions were kept at ambient 

temperature under constant stream of air and placed at a fixed distance from 

the light. Isobutyl vinyl ether (IBVE, 3a) was used as a reference monomer. 

 

 

Figure 2.4. Photocatalysts used for the study. 
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Influence of PCs on polymerization rates  

Our mechanistic hypothesis states that the rates of activation (step I) 

and deactivation (step IV) for a given CTA should be governed primarily by the 

nature of the PC. In an attempt to pinpoint the key features of an efficient PC 

for this system, we prepared an array of pyrylium derivatives (1a–e; Figure 

2.4; see appendix for details).8–11 The para substituent of each aryl group as 

well as the heteroatom of the pyrylium core are easily tuned through synthesis, 

which allows for simple modulation of the redox and photophysical properties 

of the catalyst (Table 2.1). Other strongly oxidizing photoredox catalysts were 

used for this study as well, including acridinium 4 and ruthenium or iridium 

complexes 5 and 6.12–17 

 

 

 

 

 

 

 

 

 

 



 

27 

Table 2.1. Redox Potentials and Photophysical Properties of Photocatalysts 

PC 
EPC

+*
/PC•  

(V vs SCE) 

EPC
+

/PC•  

(V vs SCE) 

ε450  

(L•mol−1•cm−1) 
Φf ΦISC 

1a +1.84a,8 –0.508 67300b 0.958 0.038 

1b +2.55a,8 –0.328 6350b 0.588 0.428 

1c +2.239 –0.559 32100b — — 

1d +2.4910 –0.0310 30100b 0.3311 0.6711 

1e +2.45a,8 –0.198 7330b 0.038 0.948 

4 +2.18a,8 –0.498 403012 0.0358 0.388 

5 +1.4513 –0.8013 900014 0.03415 0.6815 

6 +1.2113 –1.3713 176016 0.6816 — 

aPotential of the singlet excited state. bExperimentally determined in 

dichloromethane (see supporting information). Reference numbers for each 

reported physical data are indicated. 

The results from the polymerization of 3a using CTA 2a, a PC, and blue 

LEDs are summarized in Table 2.2. Notably, only pyrylium derivatives afforded 

polymers (Table 2.2, entries 1–7), all of which had Mn’s close to theoretical 

values and Đ’s of approximately 1.2. In the dark, no polymerization was 

observed (Table 2.2, entry 11).7 Phenyl and tolyl derivatives 1b and 1c (Table 

2.2, entries 2–5), demonstrated the highest polymerization rates, reaching full 

conversion after less than 10 min compared with several hours for 1a. This 

outcome is likely due to the higher oxidation potentials of the PCs (E°1b*/1b• = 

+2.55 V and E°1c*/1c• = +2.23 V, whereas E°1a*/1a• = +1.84 V vs SCE). The 
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relatively slower rate observed with thiopyrylium 1e compared with that of 1b 

despite the similar redox potentials and molar attenuation coefficients of these 

compounds may be linked to a low quantum yield of fluorescence (Φf = 0.03), 

which implies that the singlet excited state of the pyrylium contributes mainly 

to the electron transfer step. However, additional experiments are required to 

confirm the exact role of both the singlet and the triplet states in this reaction.18 

Finally, the lower reactivity of tribromo congener 1d compared with that of the  

Entrya Catalyst 
Time  

(min) 

Mn (exp) 

(kg/mol) 

Mn (theo) 

(kg/mol)f 

Đ 

1 1a 480 10.7 10.1 1.19 

2 1b 10 10.5 10.1 1.23 

3 1bb 10 10.2 10.1 1.19 

4 1c 10 11.1 10.1 1.17 

5 1cb 30 10.7 10.1 1.17 

6 1d 480 10.5 10.1 1.18 

7 1e 300 10.3 10.1 1.21 

8 4 —e — 10.1 — 

9 5 — e  — 10.1 — 

10 6 — e  — 10.1 — 

11 1ad — e — 10.1 — 

Table 2.2. Selected Results of Cationic Polymerization of Isobutyl Vinyl Ether 

(3a) with Various Photocatalysts 
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other pyryliums is likely due to poor solubility in dichloromethane (Table 2.2, 

entry 6). 

Influence of the CTA on chain growth control 

 Because 2a and 2b play the dual role of initiator and CTA, we 

hypothesized that the structure of the CTA may profoundly affect the 

photocontrol of the process.19 We therefore synthesized a library of CTAs (2c–

aReaction conditions: 3a (1 equiv), photocatalyst (PC; 0.02 mol%), and 2a 

(0.02 equiv) at room temperature in dichloromethane with blue-light-emitting 

diode irradiation (9 W bulb). bUsing 0.01 mol% of PC. dNo irradiation. eNo 

conversion was observed after 720 min. fConversion was determined by 1H 

NMR using benzene as an internal standard. 

 

Figure 2.5. Library of chain-transfer agents used for this study. 
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f) with various groups appended to the dithiocarboxylic core. We also 

synthesized one CTA (2g) prepared from 4-methoxystyrene rather than IBVE 

(Figure 2.5). We anticipated that xanthate 2c, dithioesters 2d and 2e, and 

pyrrolidinone dithiocarbamate 2f would show electronic properties distinct from 

those of 2a and 2b, a factor that should impact the rate of each step in the 

mechanism. 

In our previous study,7 we found that compared with 2a, CTA 2b was 

applicable to a wider monomer scope and delivered polymers with only a 

slightly broader Đ. However, the preparation of 2a with greater purity enabled 

the controlled polymerization of ethyl vinyl ether (EVE; Table 2.3, entry 2), n-

propyl vinyl ether, and n-butyl vinyl (see SI). Polymerization attempts with 2-

chloroethyl vinyl ether and 2a resulted in no conversion (see SI), and 2b is still 

required for this monomer. Consequently, the purity of the CTA is paramount to 

the polymerization of less reactive monomers.  

The polymerization of IBVE (3a) or EVE (3b) using CTAs 2c, 2d, and 2f 

yielded macromolecules with Mn’s mostly in agreement with theoretical 

calculations but with broader Đ’s (1.9 < Đ < 2.2; Table 2.3, entries 5–8 and 11–

12).  The experimental Mn’s of xanthate 2c and dithioester 2d were higher than 

predicted with both monomers (Table 2.3, entries 5–8). By contrast, CTA 2e 

enabled control similar to that offered by 2b (Table 2.3, entries 9 and 10). 

Subtle increase of the electron donating character of the aryl group therefore 

has a crucial effect on the control over the chain growth. The CTA derived from 

4-methoxystyrene (2g) resulted in uncontrolled polymerization with both 

monomers (Table 2.3, entries 13 and 14), which indicates that the 

monothioacetal structure is critical. Notably, uncontrolled polymerization 
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occurs in the absence of CTA (Table 2.3, entry 15), which suggests that the 

direct activation of the monomer is a possible background pathway. Based on 

the aforementioned results, electron-rich X groups (see Figures 1 and 3 for the 

notation) such as nitrogen- and sulfur-containing moieties should be favored in 

the design of future CTAs. Moreover, only CTAs derived from vinyl ethers 

exhibited good control over chain growth.  
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Table 2.3. Selected Results of the Cationic Polymerization of Isobutyl Vinyl 

Ether (3a) and Ethyl Vinyl Ether (3b) with Various Chain-Transfer Agents 

aReaction conditions: 3a (1 equiv), 1a (0.02 mol%), and chain-transfer agent 

(0.02 equiv) at room temperature in dichloromethane with blue-light-emitting 

diode irradiation (ca. 12 W LED strip) for 360 min. bConversion was 

determined by 1H NMR using benzene as an internal standard. 
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Suitable solvents for the polymerization20  

Pyrylium salts have poor solubility in hydrocarbon solvents; therefore, 

benzene, toluene, and small alkanes are unsuitable for this methodology. 

Similarly, the high oxidizing strength of excited pyryliums precludes the use of 

solvents such as tetrahydrofuran (THF). Polymerizations in acetonitrile yielded 

well-controlled polymers, but poly(IBVE) started to phase-separate at an Mn of 

~5 kg/mol. A mixture of dichloromethane and acetonitrile prevented this issue. 

Last, almost no polymerization was observed in nitromethane, an outcome 

that agrees with the reported low propagation rates of cationic polymerization 

of vinyl ethers in this solvent.21  

Initial One-Electron Oxidation, a Critical Step for Activation.  

The elucidation of the electron transfers among species in solution is 

key to understanding the activation of the cationic process (step I). Our 

previous studies revealed that the fluorescence of 1a* in a steady-state 

Figure 2.6. Static vs dynamic quenching of a photocatalyst (PC) by a quencher 

(Q). 
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experiment is quenched by both CTA 2a and IBVE (3a).7 However, this result 

does not distinguish between static and dynamic quenching (Figure 2.6), and 

the latter is the only quenching at play for an electron transfer.22 Therefore, 

time-resolved fluorescence spectroscopy was used in conjunction with ESR 

and electrochemical analysis to analyze electron transfer in these reactions.  

Time-resolved fluorescence spectroscopy 

The fluorescence decay for PC 1a using 440 nm pulsed excitation was 

measured with various amounts of potential quenchers, CTA 2a, and monomer 

3a (Figures 7, 8, and S5). A clear decrease in the PC lifetime (τ) was observed 

with increasing concentrations of both 2a and 3a. More precisely, the 

A 

B 

S NEt2

S

iBuO

Me

2a

Quencher

OiBu

3a

Quencher

Figure 2.7. Fluorescence decay of 1a after a 440 nm pulsed excitation: (A) For 

various concentrations of chain-transfer agent 2a. (B) For various 

concentrations of isobutyl vinyl ether (3a). 
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relationship between τ and the concentration of both quenchers (Figure 2.8) 

follows equation 1, which is directly derived from the Stern–Volmer equation, 

where τ0 is the fluorescence lifetime of catalyst without quencher, kq is the 

bimolecular quenching constant, and [Q] is the concentration of quencher.22 

This behavior is consistent with collisional quenching occurring with 

both the CTA and the monomer. However, calculations of bimolecular 

quenching constants (kq’s) suggest that the former is a more efficient quencher 

(kq = 7.5 × 109 M–1•s–1) than 3a (kq = 1.23 x 108 M–1•s–1) by nearly 2 orders of 

magnitude. The quenching rate of CTA 2a is near 1010 M–1•s–1, which is 

Figure 2.8. Linear relationship between the fluorescence lifetime of 

photocatalyst 1a and the concentrations of 2a (red) and 3a (blue). 

 

𝜏0

𝜏
= 1 + 𝑘𝑞𝜏0 𝑄                            Equation 1 
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characteristic of a diffusion-controlled process.22 These observations suggest 

that SET can indeed occur between the singlet excited PC and either the CTA 

or the monomer. Transfer to the CTA is the more favorable pathway (kq = 7.52 

× 109 M–1•s–1); however, in the early stages of polymerization, the direct 

oxidation of the highly concentrated IBVE is feasible (Table 2.3, entry 15).  

Electropolymerization of IBVE  

The spectroscopic evidence discussed above agrees with the 

measured potentials corresponding to the onset of oxidation of both CTA 2a 

(E°2a/2a•+ = +0.98 V vs Ag/Ag+ [+1.19 V vs SCE]) and 3a (E°3a/3a•+ = +1.25 V vs 

Ag/Ag+ [+1.46 V vs SCE]) (Figure 2.9), the latter being more difficult to oxidize. 

Nevertheless, the oxidation of 3a could potentially lead to uncontrolled 

polymerization, as seen when no CTA is added (Table 2.3, entry 15).23 The 

absence of this background reaction when a CTA is used and at low PC 

loading can be rationalized by several electronic considerations. First, 

compared to 3a, CTA 2a is oxidized more readily by catalysts 1. Second, if the 

oxidation of 3a still occurs, the 270 mV difference in potentials should allow for 

a second electron transfer from oxidized 3a to CTA 2a. 

Figure 2.9. Cyclic voltammogram of 2a (red), 3a (blue), and a combination of 

2a and 3a (black) using a platinum microelectrode (12.5 μm). 
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To assess whether the direct oxidation of CTA 2a leads to 

polymerization, we obtained a cyclic voltammogram of 3a with and without 2a 

(Figure 2.9). The absence of a reduction wave in both cases likely reflects the 

irreversibility of the reaction and, potentially, the passivation at the electrode 

due to the growth of poly(IBVE). Compared to IBVE alone, the onset of 

oxidation with 2a lies ca. 300 mV lower, which suggests that the 

polymerization of 3a can be affected at a lower potential (ca. +0.8 V vs 

Ag/Ag+) when CTA 2a is present. Indeed, the polymerization of 3a could be 

initiated at an applied voltage of +0.8 V vs Ag/Ag+ in the presence of 2a (see 

SI), whereas no polymer was isolated in the absence of 2a under the same 

conditions. This result supports the conclusion that the direct oxidation of CTA 

2a is the major pathway for step I, and that a two-step oxidation via an 

oxidized monomer species is likely only a minor concurrent pathway.  

ESR and UV-visible characterization of pyranyl radicals 1a⚫ and 1b⚫ 

ESR spectroscopy has proven a powerful tool for the observation of free 

radical species in similar polymerization systems;18,24 moreover, both 1a⚫ and 

1b⚫ have previously been characterized using this technique,25,26 which 

prompted the use of ESR as a means to track our postulated electron 

transfers. Samples containing a mixture of CTA 2a and PCs 1a or 1b were 

monitored during steady-state irradiation with blue LEDs. The beginning of 

irradiation coincided with the appearance of an ESR absorption signal with 

both PCs (Figure 2.10), an observation characteristic of stable radical 

intermediates. With the combination 1b and 2a, a hyperfine splitting structure 

was observed, which was expected due to the numerous aromatic protons 

adorning the pyrylium core. This hyperfine coupling (hfc) structure could be 
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reproduced through simulation (Figure S2.15A) and was in complete 

agreement with previously reported hfc constants for that compound.25 

Moreover, the formation of 1b⚫ was confirmed with UV-visible absorption 

spectroscopy (Figure S2.21A).25b By contrast, no hyperfine splitting structure 

was observed for the analogous system containing 1a and 2a, even when a 

low-amplitude modulation was used (M = 0.08 G).27 However, this absence of 

hyperfine structure was noted by Kawata and colleagues26 and could be due 

to a broadening induced by the Heisenberg exchange effect28. To 

unambiguously attribute the signal arising from the irradiation of 1a and CTA 

2a to pyranyl radical 1a⚫, we used THF, a known sacrificial electron donor,25,26 

in lieu of CTA 2a (Figure S2.16). A comparison of these results with the 

spectrum in Figure 2.10 corroborates the suggested formation of pyranyl 

radical 2a in the reaction conditions. 

Figure 2.10. Electron spin resonance spectrum of 1a with 2a (red) and 1b with 

2a (black) under steady-state 450 nm irradiation. 
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Having confirmed the one-electron oxidation of CTA 2a by excited PCs 

1a or 1b, we turned our attention to the putative electron transfer between 1a 

(or 1b) and vinyl ether 3a. Steady-state irradiation of a mixture of 1a and 3a or 

1b and 3a revealed the formation of a long-lived radical species (Figure 2.11). 

A comparison of these results to the traces in Figure 2.10 revealed striking 

differences. In particular, these new radical species have broader signals and 

different hyperfine splitting structures. Furthermore, the ESR spectra showed a 

broadening of the line width over the course of the acquisition, which may be 

caused by the increase in viscosity during the polymerization.29 Considered 

together, these results suggest that radical species other than 1a⚫ and 1b⚫ are 

created in presence of 3a. However, the complex hyperfine splitting structure 

of these new radical species indicates that the adducts contain a pyrylium core 

structure.  

Figure 2.11. Electron spin resonance spectrum of 1a with IBVE (3a; red) and 

1b with 3a (black) under steady-state 450 nm irradiation. 
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Several hypotheses may explain the discrepancies between the spectra 

in Figures 10 and 11. First, after the initial photoinduced electron transfer, 

radicals 1a⚫ or 1b⚫ may react with 3a to generate a new adduct. Second, the 

high concentration of IBVE may induce conformational change through non-

covalent bonding, thereby leading to a non-equivalent set of hfc’s via the loss 

of C2 symmetry. To distinguish between these possibilities, we added 3a to a 

sample containing 1b⚫, which was pre-generated using THF as an electron 

donor. No change was observed in either the hyperfine structure or the 

intensity of the signal after 3a addition (Figure S2.20), which indicates that no 

reaction occurred between 1b⚫ and 3a. Thus, we investigated the potential 

formation of a donor–acceptor complex between ground state 1a (or 1b) and 

the electron-rich monomer (3a). Equilibrium 1 illustrates this hypothesis in the 

case of 1a (Figure 2.12). 

Equilibrium 11a +  3a 1a        3a

Figure 2.12. Formation of a donor–acceptor complex between 1a and 3a: UV-

visible spectra of 1a with various concentrations of 3a. 
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The results of careful UV–visible absorption spectroscopy of 1a and 1b 

with various amounts of 3a revealed a slight shift of the local absorption 

maximum above 450 nm (Figure 2.12). This new band at 487 nm was 

attributed to the absorption of [1•••3a]+, and the equilibrium constants KDA 

were estimated to be 0.06 M (for 1a) and 0.19 M (for 1b) according to the 

Benesi−Hildebrand method (Figure S2.22).30 Nicewicz and co-workers have 

previously demonstrated the impact of similar donor–acceptor complexes on 

the dynamics of alkene oxidation by acridinium PCs,12 and we expect that, 

similarly, the formation of [1•••3a]+ significantly influences the kinetics of 

electron transfer. Consistent with this finding, a spectrum that has good 

correlation with the experimental ESR signal in Figure 2.11 could be simulated 

by adding 2 equivalent protons to the spin system of 1b⚫ (Figure S2.19).31 

Finally, ESR analysis of the complete polymerization system—namely, 1a (or 

1b), CTA 2a, and monomer 3a—produced spectra similar to those in Figure 

2.11 (Figures S2.8 and S2.9). 

 

 

Exploration of the Mesolytic Cleavage.  

The second key step of our mechanism involves the cleavage of the 

radical cation arising from CTA or chain end oxidation into a dithiocarbamate 

radical and a propagating cationic chain. Vinyl ethers are known to 

homopolymerize under cationic conditions, but the analogous process has not 

been observed under radical conditions,32 which substantiates the 

fragmentation pattern describes above. Furthermore, when methyl 



 

42 

methacrylate was added to the polymerization mixture, no poly(methyl 

methacrylate), a product expected from alkyl radical formation, was isolated.33 

Significantly, when blue light was shone on the reaction of CTA 2a and 

catalyst 1a in a ratio typical of the polymerization, the only isolated products 

were thiuram disulfide 7 and starting material 2a (see Figure 2.13A and SI). 

Compound 7 likely arises from radical recombination after mesolytic cleavage. 

Indeed, one-electron oxidation of sodium dithiocarbamate affords thiuram 

disulfide 7 in excellent yields with various oxidants such as iodine (see SI).34   

Thiuram disulfides are commonly used as CTAs for radical RAFT 

polymerization and as reagents for the vulcanization of rubber.35 Notably, 

when substituted for CTA 2a, disulfide 7 affords no control over the 

polymerization (Table S2.7), a result that agrees with the proposed cationic 

process. Disulfide 7 was not detected during NMR analysis of aliquots 

obtained over the course of the polymerization reactions, which may be 

attributed to the detection limits of NMR spectroscopy or the rapidity of the 

reduction of the radical or disulfide dimer (step IV, vide infra). Moreover, a 

Figure 2.13. (A) Isolation of thiuram disulfide 7 via putative mesolytic cleavage. 

(B) Crossover experiment with disulfides 7 and 8. 
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crossover experiment with disulfides 7 and 8 indicated that 7 is in equilibrium 

with the radical dithiocarbamate in the reaction conditions (Figure 2.13B), 

which agrees with the results of previous studies.12 

Is a RAFT Equilibrium Occurring?  

In their initial report of a cationic RAFT process, both Kamigaito19b,36 

and Sugihara37 invoked a degenerative chain transfer to account for the 

observed control over chain growth. However, from a mechanistic standpoint, 

our photoredox process differs in that CTA 2a plays the role of both initiator 

and CTA, as shown by steps I, II, and IV. From this proposed catalytic cycle, it 

is unclear whether the RAFT equilibrium (step III) is truly necessary to achieve 

control over chain growth. Therefore, we devised experiments to ascertain the 

presence or absence of such equilibrium in this polymerization. Quantum 

yields of the polymerization were estimated through actinometry, and temporal 

control was investigated with PCs 1a and 1b. 

Quantum yields of the polymerization  

Using the well-studied potassium ferrioxalate actinometer (see SI, 

Figure S2.23, for more details),38 the quantum yields of polymerization were 

estimated to be approximately 6 monomer additions per photon absorbed for 

PC 1a (0.02 mol%) and approximately 35 monomer additions/photon for 1b 

(0.01 mol%). This difference was anticipated based on the higher 

polymerization rate measured for 1b compared with that of 1a (Table 2.2). By 

contrast, photoinitiated cationic polymerizations are characterized by higher 

quantum yields such as 200 monomer additions/photon.39 However, the fact 

that both quantum yields are well above unity suggests that a chain-
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degenerative mechanism, as shown in step III, is likely occurring, because 

narrow Đ’s and predictable Mn’s were obtained for all pyrylium PCs. 

On/off experiments with PCs 1a and 1b 

The stark differences in polymerization rates and quantum yields 

between PCs 1a and 1b led us to investigate whether temporal control over 

chain growth is possible with the latter. A reaction mixture containing monomer 

3a, catalyst 1a (or 1b), and CTA 2a was exposed to light and then stirred in 

the dark for the same time period and re-exposed to light (Figure 2.14). 

Conversion and Mn were monitored at each switching point with NMR 

spectroscopy and size exclusion chromatography analyses of aliquots. 

Although the plot of conversion versus time clearly illustrates that 

polymerization proceeds only in presence of light with 1a (Figure 2.14A), the 

OFF

OFF

A 

B 

Figure 2.14. Monomer conversion vs time with intermittent light exposure with 

photocatalysts (A) 1a and (B) 1b. 
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corresponding plot for 1b shows that polymerization is not halted in the dark 

(Figure 2.14B). Consequently, pyrylium 1b should be considered a fine 

catalyst for photoinitiated, rather than photocontrolled, cationic 

polymerization,1f as it allows for predictable Mn and a Đ of ~1.2 but offers no 

temporal control of chain growth. This outcome also suggests that the 

recapping step (step IV) is much slower for 1b than for 1a, which can be 

explained by the difference in ground state redox potentials (E°1a•/1a = –0.50 V 

versus SCE, and E°1b•/1b = –0.32 V versus SCE).8 Indeed, the redox potential 

for the reduction of disulfide 7 has been measured at E°7/7• = –0.302 V versus 

SCE by Nichols and Grant,40 which supports our conclusion that reduction of 7 

is more likely with 1a⚫ than with 1b⚫, therefore resulting in a more efficient 

deactivation of chain growth with the former. However, the fact that living 

characteristics are observed with both photocatalysts is a strong indicator that 

a RAFT equilibrium influences chain growth. 

 

Catalyst Turnover and Chain End Capping 

The last step of our proposed mechanism was interrogated via an ESR 

experiment coupled with UV-visible spectroscopy. The reduction of 1a with a 

stoichiometric amount of cobaltocene (CoCp2)41 afforded radical 1a⚫, as 

shown in Figure 2.15 (see SI for details). The spin concentration of this stable 

radical (lifetime > 6 h) was estimated to be 250 μM under these conditions. 

The addition of an excess of thiuram disulfide 7 resulted in an instantaneous 

depletion of the signal to a spin concentration of approximately 0.8 μM (Figure 
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2.15A). This change indicated a SET from 1a⚫ to disulfide 7. The reduction of 

OAr Ar

Ar
CoCp2     

(1 equiv)

OAr Ar

Ar

OAr Ar

Ar

1a 1a1a

Ar = 4-OMeC6H4

Et2NCS2

7 (0.5 equiv)

Figure 2.15. Reduction of 1a to 1a⚫ with CoCp2, followed by oxidation back to 

1a with disulfide 7: (A) Electron spin resonance spectra of 1a (black 

underneath green curve), 1a⚫ after the addition of CoCp2 (red), and 1a after 

the addition of 7 (green). (B) UV-visible spectra of 1a (black), 1a⚫ after the 

addition of CoCp2 (red), and 1a after the addition of 7 (green). Characteristic 

absorption bands are indicated. 
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7 concomitantly regenerates PC 1a, as shown on the UV-visible spectra 

(Figure 2.15B) and produces the dithiocarbamate anion likely responsible for 

capping the chain end and thus deactivating chain growth. In the 

polymerization process itself, this SET event likely happens with either 7 or the 

dithiocarbamate radical, which are postulated to be in equilibrium (Figure 

2.13B). Notably, the addition of CTA 2a to radical 1a• generated by 

cobaltocene reduction resulted in no changes in the ESR and UV-visible 

spectra (Figure S2.26). This result corroborates the finding that the CTA does 

not interact with the reduced PC. 

 

2.4 Conclusion 

Using various spectroscopic techniques, we gained intimate knowledge 

of each elementary step in a novel cationic polymerization of vinyl ethers 

regulated by visible light. Fine-tuning of the electronic structure of both the PC 

and the CTA unveiled a number of factors that govern the rate of 

polymerization as well as the prerequisites for a well-behaved living process: 

while more oxidizing pyrylium salts generally engender higher polymerization 

rates, quantum yields of fluorescence and the solubility profile also play a role 

in the activity of the PCs. Interestingly, no other family of PCs has proven 

competent for the photocontrolled polymerization of vinyl ethers yet. CTAs 

synthesized from a vinyl ether derivative and containing an electron-rich 

heteroatom appended to the dithiocarboxylic core delivered the best control 

over chain growth. 

Time-resolved photoluminescence and ESR spectroscopy revealed 

single-electron transfers from excited PCs 1a* and 1b* to CTA 2a and 
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monomer 3a. Oxidation of 3a by PCs is responsible for the uncontrolled 

background polymerization. Comparison of bimolecular quenching constants 

and behaviors during cyclic voltammetry of 2a and 3a, however, suggests that 

oxidation of 2a is more facile than that of 3a, and that a second electron 

transfer from oxidized 3a to 2a might prevent the background polymerization. 

Moreover, polymerization of 3a can be mediated by 2a at a voltage lower than 

the onset of oxidation of 3a, which indicates that the direct oxidation of 2a by 

1* is the major contributor to the activation step. Finally, the formation of a 

donor–acceptor complex between monomer and PC in the ground state was 

uncovered by meticulous ESR and UV–visible spectroscopic analyses of a 

mixture of 3a and PCs 1a and 1b. Such complexes presumably play a key role 

in the activation step. Isolation of thiuram disulfide 7 supports a mesolytic 

cleavage pathway following oxidation of the CTA. In the reaction conditions, 7 

is in equilibrium with the radical dithiocarbamate species arising from 

homolytic breaking of the disulfide bond. Determination of the quantum yields 

of polymerization for various PCs, as well as on/off experiments, substantiate 

the existence of a degenerative chain transfer mechanism. This RAFT-type 

equilibrium is likely pivotal in the obtention of polymers with predictable Mn’s 

and narrow Đ’s. Last, chain end deactivation and PC regeneration via electron 

transfer between 1a• and 7 were corroborated by ESR and UV–visible 

spectroscopies. 

We are confident that the results of this study will serve as a starting 

point for explorations of similar photoredox-catalyzed polymerizations and that 

our findings will prove critical in the eventual adoption of this system in 

complex practical settings. 
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2.6 Appendix 

Experimental Procedures 

General Reagent Information 

All polymerizations were set up in an Unilab MBraun glovebox with a nitrogen 

atmosphere and irradiated with blue LED light under nitrogen atmosphere 

outside the glovebox. Isobutyl vinyl ether (IBVE) (99%, TCI), ethyl vinyl ether 

(EVE) (99%, Sigma Aldrich), 2-chloroethyl vinyl ether (Cl-EVE) (97%, TCI), n-

propyl vinyl ether (PVE) (99%, Sigma Aldrich), and n-butyl vinyl ether (BVE) 

(98%, Sigma Aldrich) were dried over calcium hydride (CaH2) (ACROS 

organics, 93% extra pure, 0–2 mm grain size) for 12 h and distilled under 

nitrogen and degassed by three freeze-pump-thaw cycles or by vigorously 
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sparging with nitrogen for 30 min. Ethanethiol (97%, Alfa Aesar) and carbon 

disulfide (99.9+%, Alfa Aesar) were distilled before use. 2.0 M HCl in 

diethylether (Sigma Aldrich) and sodium hydride (60%, dispersion in mineral 

oil, Sigma Aldrich) were used as received. Sodium N,N-diethylcarbamate 

trihydrate (98%, Alfa Aesar) was azeotropically dried with toluene. 

Dichloromethane (DCM), acetonitrile (MeCN),  diethylether (Et2O), 

tetrahydrofuran (THF), benzene (PhH), and toluene (PhMe) were purchased 

from J.T. Baker and were degassed by vigorous purging with argon for 2 h, 

followed by passing through two packed columns of neutral alumina under 

argon pressure. Nitromethane (Sigma Aldrich) was distilled over CaH2. All 

dried solvents were degassed for 20 min before being transferred into the 

glovebox. 2,4,6-Triphenylpyrylium tetrafluoroborate (98%, Alfa Aesar) was 

used as received. Reactions were monitored by thin-layer chromatography 

(TLC) carried out on 0.25 mm E. Merck silica plates (60F-254), using UV light 

as the visualizing agent and an acidic solution of p-anisaldehyde and heat or 

KMnO4 and heat as developing agents. Flash silica gel chromatography was 

performed using E. Merck silica gel (60, particle size 0.040–0.063 mm). 

 

General Analytical Information  

All polymer samples were analyzed using a Tosoh EcoSec HLC 8320GPC 

system with two SuperHM-M columns in series at a flow rate of 0.350 mL/min. 

THF was used as the eluent and all number-average molecular weights (Mn), 

weight-average molecular weights (Mw), and dispersities (Đ) for poly(vinyl 

ether)s were calculated from refractive index chromatograms against TSKgel 

polystyrene standards. Nuclear magnetic resonance (NMR) spectra were 

recorded on a Mercury 300 MHz, a Varian 400 MHz, a Bruker 500 MHz, or a 
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Varian 600 MHz instrument. Time-resolved fluorescence data were taken 

using 440 nm pulsed excitation (Becker&Hickl BDL-SMN-440 pulsed diode 

laser with ~100 ps FWHM pulsewidth) and a Becker & Hickl SPC-830 Time-

Correlated Single Photon Counting (TCSPC) card (Becker & Hickl GmbH, 

Berlin, Germany). Fluorescence was detected by a R3809U-50 microchannel 

plate photomultiplier tube with a 25 ps transit time spread (Hamamatsu, 

Bridgewater, NJ). Fluorescence decay curves were collected from samples in 

1 cm path-length quartz cuvettes at 90 degrees through Glan-Thompson 

polarizer set at the magic angle (54.7 degrees) relative to the excitation beam 

and a 480/50 bandpass filter (Chroma Technology, Bellows Falls, VT). ESR 

spectra were recorded on a continuous wave X-band Brüker ElexSys E500 

EPR spectrometer. UV-Visible spectra were recorded on an Agilent 8453 UV-

Vis spectrometer. HRMS data were obtained on a Thermo Fisher Scientific 

Exactive series DART Mass Spectrometer. 

 

General Reaction Setup 

Irradiation of photochemical reactions was done using blue diode led® 

BLAZETM lights (450 nm, 2.88 W/ft) or a 9 W Kobi Electric (460–470 nm) bulb. 

For light intensity modulation, Rangers® CLARITY series full neutral density 

filters ND2 (50% transmission) and ND4 (25% transmission) were used. 
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Synthesis of Pyrylium Photocatalysts 

 

 

Pyrylium compounds 1a,c–d were synthesized according to a literature 

procedure.1 At room temperature, freshly distilled BF3•OEt2 (2.4 equiv) was 

slowly added to a mixture of benzaldehyde S1a,c–d (1.0 equiv) and 

acetophenone S2a,c–d (2.0 equiv). If both starting materials were solids, they 

were dissolved in a small amount of toluene before addition of BF3•OEt2. The 

mixture was then vigorously stirred at 100 °C for 2 h. Upon cooling to room 

temperature, acetone was added until full dissolution of all solids. Diethyl ether 

was then added, which resulted in precipitation of the desired product. The 

solid was filtered, washed with Et2O, and dried in vacuo. Multiple 

recrystallizations in MeCN afforded the pure pyrylium salt (5–35%). The 

spectroscopic data for these compounds were consistent with those reported 

in the literature (in d6-DMSO or CD3CN shown below).1 
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2,4,6-Tris(4-methoxyphenyl)pyrylium tetrafluoroborate (1a): 1H NMR (CD3CN, 

500 MHz) δ 8.28–8.22 (m, 8 H), 7.22–7.17 (m, 6 H), 3.96 (s, 3 H), 3.95 (s, 6 H) 

ppm. 13C NMR (CD3CN, 126 MHz) δ 169.5, 166.8, 166.2, 163.5, 132.8, 131.5, 

125.6, 122.2, 116.5, 116.4, 112.1, 56.8 ppm. 

 

2,4,6-Tris(4-methylphenyl)pyrylium tetrafluoroborate (1c): 1H NMR (CD3CN, 

500 MHz) δ 8.51 (s, 2 H), 8.25 (d, J = 8.5 Hz, 4 H), 8.17 (d, J = 8.0 Hz, 2 H), 

7.56 (d, J = 8.0 Hz, 6 H), 2.51 (s, 9 H) ppm. 13C NMR (CD3CN, 126 MHz) δ 

171.1, 166.0, 148.3, 148.2, 131.7, 131.6, 130.9, 130.5, 129.4, 127.2, 114.8, 

22.0 ppm. 

 

2,4,6-Tris(4-bromophenyl)pyrylium tetrafluoroborate (1d): 1H NMR (CD3CN, 

500 MHz) δ 8.71 (s, 2 H), 8.33–8.30 (m, 4 H), 8.24–8.20 (m, 2 H), 8.00–7.96 

(m, 6 H), 2.51 (s, 9 H) ppm. 13C NMR (CD3CN, 126 MHz) δ 171.1, 166.3, 

134.3, 132.7, 132.2, 131.5, 131.5, 131.2, 128.9, 117.0 ppm. 

 

 

2,4,6-triphenylthiopyrylium tetrafluoroborate (1e) was synthesized according to 

a literature procedure.1 An aqueous solution of Na2S (1.14 g, 4.75 mmol, 4 

equiv) was  added dropwise to a stirred solution of 1b (0.47 g, 1.19 mmol, 1 

equiv). The mixture was stirred at room temperature for 1 h, upon which the 
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color had changed to red. The red solution was then added to an Erlenmeyer 

flask containing aqueous HBF4 (20 mL, 48 wt.%) and stirred for 1 h. The 

yellow precipitate was filtered, washed with Et2O and recrystallized from 

MeCN to afford 1e as yellow crystals (0.18 g, 38%). The spectroscopic data 

for these compounds were consistent with those reported in the literature.1 

 

2,4,6-triphenylthiopyrylium tetrafluoroborate (1e): 1H NMR (CD3CN, 500 MHz) 

δ 9.02 (s, 2 H), 8.21–8.18 (m, 2 H), 8.13–8.10 (m, 4 H), 7.86–7.72 (m, 9 H) 

ppm. 13C NMR (CD3CN, 126 MHz) δ: 13C NMR (126 MHz, CD3CN) δ 170.5, 

163.1, 137.6, 135.1, 134.8, 134.5, 132.1, 131.3, 130.9, 130.7, 129.7 ppm. 

 

 

Figure S2.1. UV-visible spectra of pyryliums 1a–e (0.01 mM). 
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Synthesis of Chain-Transfer Agents 

S-1-isobutoxyethyl N,N-diethyl dithiocarbamate (2a) and S-1-isobutoxylethyl 

S-ethyl trithiocarbonate (2b) were prepared as previously reported by our 

laboratory.2 

 

 

Synthesis of S-1-isobutoxyethyl O-ethyl xanthate (2c) 

2c was synthesized according to a slightly modified literature procedure.3 In a 

flame dried flask, a solution of HCl in Et2O (5.15 mL, 2.0 M, 10.3 mmol, 1.2 

equiv) was added dropwise to a solution of isobutyl vinyl ether (1.15 mL, 8.8 

mmol, 1.0 equiv) in Et2O (10 mL) over 10 min at –78 °C and stirred for 1 h 

under nitrogen. This solution was then added dropwise to a solution of 

potassium ethylxanthate (11.8 mmol, 1.3 equiv) in Et2O (30 mL) over 30 min at 

0 °C. Stirring was continued for 1 h at 0 °C, followed by 1.5 h at room 

temperature. The reaction was diluted with Et2O (30 mL) and saturated 

aqueous sodium bicarbonate (30 mL) was added. The layers were separated, 

and the aqueous layer was extracted with Et2O (3  20 mL). The combined 

organic phases were washed with water (10 mL), brine (10 mL), then diluted 

with hexanes (40 mL), dried over MgSO4, and evaporated to dryness in vacuo. 

The brown oil was further purified by column chromatography (SiO2, gradient 

from 10:0 to 99:1 hexanes:ethyl ether) to yield 2c as a pale yellow oil (1.16 g, 

59%). The spectroscopic data for this compound were consistent with those 



 

62 

reported in the literature.4 1H NMR (CDCl3, 500 MHz) δ 5.58 (q, J = 6.3 Hz, 1 

H), 4.71–4.61 (m, 2 H), 3.47 (dd, J = 9.1, 6.8 Hz, 1 H), 3.28 (dd, J = 9.1, 6.4 

Hz, 1 H), 1.85 (sept, J = 6.7 Hz, 1 H), 1.68 (d, J = 6.3 Hz, 3 H), 1.43 (t, J = 7.1 

Hz, 3 H), 0.90 (d, J = 6.7 Hz, 6 H) ppm. 13C NMR (CDCl3, 126 MHz) δ 214.3, 

88.7, 76.3, 69.7, 28.4, 23.0, 19.5, 19.4, 13.9 ppm.  

 

 

 

Synthesis of S-1-isobutoxyethyl benzodithioate (2d) 

2d was synthesized according to a modified literature procedure.3 In a flame-

dried flask under nitrogen, carbon disulfide (0.36 mL, 6.0 mmol, 1.2 equiv) in 

THF (4 mL) was heated to 40 °C. To the solution, a solution of 

phenylmagnesium bromide in THF (1.67 mL, 3.0 M, 5.0 mmol, 1.0 equiv) was 

added slowly over 15 min and the resulting solution was stirred at 40 °C for 2 

h. To a separate flame-dried flask, a solution of HCl in Et2O (2.3 mL, 2.0 M, 

4.6 mmol, 1.2 equiv) was added dropwise to a solution of isobutyl vinyl ether 

(0.5 mL, 3.8 mmol, 1.0 equiv) in Et2O (5 mL) over 10 min at –78 °C, stirred for 

1.5 h under nitrogen, and warmed to 0 °C over 30 min. The cold solution was 

then added dropwise to the solution of benzodithioate over 10 min. The 

resulting mixture was stirred at room temperature for 12 h. The reaction 

mixture was diluted with H2O (40 mL) and extracted with DCM (3 x 20 mL). 

The combined organic phases were washed with water (3 x 30 mL), dried over 
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MgSO4, and evaporated to dryness in vacuo. Purification by column 

chromatography (SiO2, hexanes) afforded 2d as a red oil (330 mg, 34%). The 

spectroscopic data for this compound were consistent with those reported in 

the literature.3 1H NMR (CDCl3, 500 MHz) δ 7.98 (d, J = 8.4, 1.3 Hz, 2 H), 7.53 

(t, J = 7.5 Hz, 1 H), 7.38 (t, J = 8.4 Hz, 2 H), 5.83 (q, J = 6.2 Hz, 1 H), 3.49 (dd, 

J = 9.2, 6.9 Hz, 1 H), 3.34 (dd, J = 9.2, 6.4 Hz, 1 H), 1.88 (sept, J = 6.7 Hz, 1 

H), 1.77 (d, J = 6.2 Hz, 3 H), 0.91 (dd, J = 6.7, 1.8 Hz, 6 H) ppm. 13C NMR 

(CDCl3, 126 MHz) δ 229.9, 145.6, 132.6, 128.4, 127.0, 89.6, 76.9, 28.5, 22.5, 

19.5, 19.4 ppm.  

 

 

Synthesis of S-1-isobutoxyethyl 4-methoxybenzodithioate (2e) 

In a flame-dried flask under nitrogen, carbon disulfide (0.36 mL, 6.0 mmol, 1.2 

equiv) in THF (8 mL) was heated to 40 °C. To the solution, a solution of 4-

methoxyphenylmagnesium bromide in THF (10.0 mL, 0.5 M, 5.0 mmol, 1.0 

equiv) was added slowly over 15 min. The resulting solution was stirred at 40 

°C for 2 h. To a separate flame-dried flask, a solution of HCl in Et2O (2.3 mL, 

2.0 M, 4.6 mmol,1.2 equiv) was added dropwise to a solution of isobutyl vinyl 

ether (0.5 mL, 3.8 mmol, 1.0 equiv) in Et2O (5 mL) over 10 min at –78 °C, 

stirred for 1.5 h under nitrogen, and warmed to 0 °C over 30 min. 

Subsequently, the cold solution was added dropwise to the solution of 4-

methoxybenzodithioate over 10 min. The resulting mixture was stirred at room 
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temperature for 12 h. The reaction mixture was diluted with H2O (40 mL) and 

extracted with DCM (3 x 20 mL). The combined organic phases were washed 

with water (3 x 30 mL), dried over MgSO4, and evaporated to dryness in 

vacuo. Purification by column chromatography (SiO2, 8:2 hexanes:toluene) 

afforded 2e as a red oil (610 mg, 56%). 1H NMR (CDCl3, 500 MHz) δ 8.10–

8.06 (m, 2 H), 6.89–6.86 (m, 2 H), 5.85 (q, J = 6.2 Hz, 1 H), 3.87 (s, 3 H), 3.48 

(dd, J = 9.3, 6.9 Hz, 1 H), 3.33 (dd, J = 9.2, 6.4 Hz, 1 H), 1.87 (sept., J = 6.7 

Hz, 1 H), 1.76 (d, J = 6.2 Hz, 3 H), 0.90 (dd, J = 6.7, 2.0 Hz, 6 H) ppm. 13C 

NMR (CDCl3, 126 MHz) δ 227.2, 163.9, 138.6, 129.2, 113.6, 89.4, 76.7, 55.7, 

28.5, 22.7, 19.5, 19.4 ppm. HRMS (DART-MS): calc’d for C14H21O2S2 [M + H+] 

285.0977, found 285.0974. IR (neat): 

   

˜ n  = 2957, 2928, 2909, 2871, 2838, 

1596, 1571, 1501, 1261, 1170 (

   

˜ n max), 1047 cm–1. 

 

 

Synthesis of S-1-isobutoxyethyl-2-pyrrolidinone-1-carbodithioate (2f)  

2f was synthesized according to a slightly modified literature procedure.3 In a 

flame-dried flask under nitrogen, potassium hydroxide (0.36 g, 6.4 mmol, 1.25 

equiv) and 2-pyrrolidinone (0.46 mL, 6.1 mmol, 1.2 equiv) were combined in 

anhydrous DMF (15 mL) and left to stir for 20 min. The solution was cooled to 

0 °C before carbon disulfide (1.10 mL, 18.3 mmol, 3.6 equiv) was added 

dropwise over 10 min. The resulting dark red solution was stirred at room 

temperature for 3 h. To a separate flame-dried flask, a solution of HCl in Et2O 
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(3.1 mL, 2.0 M, 6.2 mmol, 1.2 equiv) was added dropwise to a solution of 

isobutyl vinyl ether (0.67 mL, 5.1 mmol, 1.0 equiv) in Et2O (5 mL) over 10 min 

at –78 °C, stirred for 1.5 h under nitrogen, and warmed to 0 °C over 30 min. 

The cold solution was then added dropwise to the solution of potassium 2-

pyrrolidinone-1-carbodithioate over 10 min. The resulting mixture was stirred 

at room temperature for 12 h. The reaction mixture was diluted with H2O (40 

mL) and extracted with DCM (3 x 20 mL). The combined organic phases were 

washed with water (3 x 30 mL), dried over MgSO4, and evaporated to dryness 

in vacuo. Purification by column chromatography (SiO2, gradient from 9:1 to 

7:3 hexanes:ethyl acetate) afforded 2f as a yellow oil (610 mg, 46%). The 

spectroscopic data for this compound were consistent with those reported in 

the literature.3 1H NMR (CDCl3, 500 MHz) δ 5.77 (q, J = 6.1 Hz, 1 H), 4.29–

4.20 (m, 2 H), 3.51 (dd, J = 9.1, 6.9 Hz, 1 H), 3.28 (dd, J = 9.1, 6.5 Hz, 1 H), 

2.74 (t, J = 8.0 Hz, 2 H), 2.15–2.07 (m, 2 H), 1.85 (sept, J = 6.7 Hz, 1 H), 1.71 

(d, J = 6.1 Hz, 3 H), 0.89 (d, J = 6.7 Hz, 6 H) ppm. 13C NMR (CDCl3, 126 MHz) 

δ 201.1, 173.2, 89.0, 76.6, 53.3, 33.9, 28.5, 22.5, 19.5, 19.4, 17.5 ppm.  

 

 

Synthesis of 1-(4-methoxyphenyl)ethyl N,N-diethyldithiocarbamate (2g) 

In a flame-dried flask, a solution of p-methoxystyrene (0.13 mL, 1.0 mmol, 1.0 

equiv) in anhydrous ethanol (0.47 mL, 8.0 mmol, 8.0 equiv) was cooled to 0 

°C. To the solution, acetyl chloride (0.57 mL, 8.0 mmol, 8.0 equiv) was added 
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dropwise and the solution was left to stir at room temperature. Once the 

reaction was complete (as determined by TLC analysis), solvents were 

removed in vacuo. The residues were dissolved in Et2O (1 mL) and this 

solution was then added dropwise to a solution of sodium 

diethyldithiocarbamate (205 mg, 1.2 mmol, 1.2 equiv) in Et2O (4 mL) at 0 °C. 

Stirring was continued for 1 h at 0 °C, followed by 1.5 h at room temperature. 

The reaction was diluted with Et2O (15 mL) and saturated aqueous sodium 

bicarbonate (15 mL) was added. The layers were separated, and the aqueous 

layer was extracted with Et2O (3  10 mL). The combined organic phases 

were washed with water (10 mL), brine (10 mL), then diluted with hexanes (20 

mL), dried over MgSO4, and evaporated to dryness in vacuo. The brown oil 

was further purified by column chromatography (SiO2, gradient from 10:0 to 

7:3 hexanes:ethyl acetate) to afford a pale yellow oil (190 mg, 67%). 1H NMR 

(CDCl3, 500 MHz) δ 7.36 (d, J = 8.7 Hz, 2 H), 6.86 (d, J = 8.7 Hz, 2 H), 5.22 

(q, J = 7.0 Hz, 1 H), 4.02 (q, J = 7.1 Hz, 2 H), 3.79 (s, 3 H), 3.69 (q, J = 7.1 Hz, 

2 H), 1.77 (d, J = 7.0 Hz, 3 H), 1.29–1.20 (m, 6 H). 13C NMR (CDCl3, 126 

MHz,) δ 195.0, 158.9, 134.3, 129.1, 114.0, 55.4, 50.5, 49.3, 46.7, 22.3, 12.6, 

11.8 ppm. HRMS (DART-MS): calc’d for C14H22NOS2 [M + H+] 284.1137, 

found 284.1137. IR (neat): 

   

˜ n  = 2976, 2932, 2906, 2871, 2835, 1610, 1582, 

1511 (

   

˜ n max), 1249, 1032, 829 cm–1. 

 

 

General Procedure for Photocontrolled Cationic Polymerization of 

Isobutyl Vinyl Ether (Tables 2.2 and 2.3) 

In a nitrogen-filled glove box, an oven-dried one-dram vial was equipped with 

a stir bar and charged with isobutyl vinyl ether (0.26 mL, 2.00 mmol, 100 
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equiv), 0.020 mL of a stock solution of CTA in DCM (1.0 M, 0.02 mmol, 1 

equiv), and 0.20 mL of a stock solution of photocatalyst in DCM (2.0 mM, 0.40 

μmol, 0.02 mol% relative to IBVE). For reactions with 0.01 mol% of 

photocatalyst, only 0.1 mL of the stock solution of photocatalyst was used and 

0.1 mL of DCM was added to maintain the same overall concentration. The 

vial was sealed with a cap containing a teflon septum under an atmosphere of 

nitrogen, placed 2 cm away from the Kobi Electric bulb (460–470 nm, 9 W, 

Table 2.2) or LED strips (450 nm, 2.88 W/ft, Table 2.3) outside of the glove 

box, and stirred while cooling by blowing compressed air over the reaction vial. 

Following the desired amount of reaction time, irradiation was halted and 

aliquots for NMR and GPC analysis were taken. 

A typical 1H NMR and GPC traces for poly(isobutyl vinyl ether) are shown in 

Figure S2.2 and S2.3–S11. The small shoulder around 17 min (Figures S2.3–

S11) is a GPC artifact. For a picture of the experimental setup, see Figure 

S2.12.  

Figure S2.2. 1H NMR of poly(isobutyl vinyl ether); Mn = 10.7 kg/mol, Đ = 

1.19 (Table 2.2, entry 1) . 
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 Figure S2.3. GPC trace of poly(isobutyl vinyl ether); Mn = 10.7 kg/mol, Đ 

= 1.19 (Table 2.2, entry 1). 

Figure S2.4. GPC trace of poly(isobutyl vinyl ether); Mn = 10.5 kg/mol, Đ =1.23 (Table 
2.2, entry 2). 
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Figure S2.5. GPC trace of poly(isobutyl vinyl ether); Mn = 10.2 kg/mol, Đ = 

1.19 (Table 2.2, entry 3). 

Figure S2.6. GPC trace of poly(isobutyl vinyl ether); Mn = 11.1 kg/mol, Đ = 

1.17 (Table 2.2, entry 4). 
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Figure S2.7. GPC trace of poly(isobutyl vinyl ether); Mn = 10.7 kg/mol, Đ = 

1.17 (Table 2.2, entry 5). 
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Figure S2.8. GPC trace of poly(isobutyl vinyl ether); Mn = 10.5 kg/mol, Đ = 

1.18 (Table 2.2, entry 6). 
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Figure S2.9. GPC trace of poly(isobutyl vinyl ether); Mn = 10.3 kg/mol, Đ = 

1.21 (Table 2.2, entry 7). 

Figure S2.10. GPC traces of poly(isobutyl vinyl ether)s synthesized with 

various CTAs (Table 2.3, entries 1,3,5,7,9,11,13,15). 
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Figure S2.11. GPC traces of poly(ethyl vinyl ether)s synthesized with 

various CTAs (Table 2.3, entries 2,4,6,8,10,12,14). 

Figure S2.12. Polymerization setup. 
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Figure S2.13. Polymerization of IBVE: Conversion vs time for pyrylium 

photocatalysts 1b and 1c. 

Table S2.1. Cationic Polymerization of Various Monomers with 

Photocatalyst 1a and CTA 2a 

Monomer 

(0.02 mol%) 
Conv. (%) time Mn(exp) Mn(theo) Đ 

EVE 97 5.3 h 6.3 7.0 1.16 

PVE >99 5.3 h 6.0 8.6 1.17 

BVE >99 8 h 8.1 10.0 1.21 

2-ClEt 4 71 h – 10.6 –
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Time-Resolved Fluorescence Quenching Experiments 

All data were taken using 440 nm pulsed excitation (Becker&Hickl BDL-SMN-

440 pulsed diode laser with ~100 ps FWHM pulsewidth) and a Becker & Hickl 

SPC-830 Time-Correlated Single Photon Counting (TCSPC) card (Becker & 

Hickl GmbH, Berlin, Germany). Fluorescence was detected by a R3809U-50 

microchannel plate photomultiplier tube with a 25 ps transit time spread 

(Hamamatsu, Bridgewater, NJ). Fluorescence decay curves were collected 

from samples in 1 cm path-length quartz cuvettes at 90 degrees through Glan-

Thompson polarizer set at the magic angle (54.7 degrees) relative to the 

excitation beam and a 480/50 bandpass filter (Chroma Technology, Bellows 

Falls, VT). All samples were prepared in a nitrogen-filled glove box by adding 

0.3 mL of a solution of photocatalyst 1a (2.0 mM), CTA 2a or IBVE (3a) 

(various concentrations, see tables S2 and S3), and DCM (volume of cuvette 

completed to 3.0 mL), then sealed before being taken out of the box. Figure 

2.7 in the article shows the fits for each concentration of quencher 2a or 3a. 

An example of the collected data, fit and residuals is shown in Figure S2.5 (Χ2 

= 1.11, τ0 = 6.07 ns). 
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Figure S2.14. Time-resolved fluorescence data, fit and residuals for 2,4,6-

tris(p-methoxyphenyl)pyrylium tetrafluoroborate (1a) in DCM with no 

quencher (Χ2 = 1.11, τ0 = 6.07 ns). IRF = impulse response function. 

Table S2.2. τ0/τ vs Concentration of 2a  

 

[CTA 2a] (M) τ0/τ 

0 1 

0.0054 1.2 

0.012 1.5 

0.046 2.8 

0.13 5.6 



 

77 

 

Table S2.3. τ0/τ vs Concentration of IBVE (3a)  

 

[3a] (M) τ0/τ 

0 1 

0.26 1.1 

0.51 1.3 

0.77 1.5 

1.02 1.8 

 

 

Cyclic Voltammetry With CTA 2a and/or IBVE (3a) (Figure 2.9) 

Measurements were performed in MeCN with tetrabutylammonium perchlorate 

as the electrolyte. The cyclic voltammograms were obtained using a platinum 

working microelectrode (d = 15 μm), a platinum counter electrode, and a 

Ag/Ag+ reference electrode (+260 mV vs. SCE). A scan rate of 50 mV•s–1 was 

used. Oxidation potentials for 2a and 3a were determined at the onset of the 

oxidation wave. 

 

A CV was collected for the three following solutions: 

1) IBVE (0.26 mL), MeCN (0.4 mL), TBAP (1.0 g), and DCM (20 μL) 

2) IBVE (0.26 mL), MeCN (0.4 mL), TBAP (1.0 g), and CTA 2a in DCM (1 

M, 20 μL) 

3) TBAP (0.1 M) and CTA 2a in MeCN (1 mM) 
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Electropolymerization of IBVE (3a) at Set Potential 

A chronoamperometry setup was used to electropolymerize IBVE (3a) at a set 

potential. A clean glassy carbon electrode was immersed in a three-

chambered electrochemical cell separated by a glass frit. The working 

electrode was placed in a solution containing 3a (0.26 mL), MeCN (0.4 mL), 

TBAP (1.0 g), and DCM (20 μL) or CTA 2a in DCM (1 M, 20 μL), while Ag/Ag+ 

reference and platinum counter electrodes were in the other two chambers 

containing only the electrolyte. Potential was held at 0.80 V for 5 min, and then 

the electrode was rinsed with (in the following order) water, acetone (only for a 

few seconds), then water. Any polymer potentially deposited at the surface of 

the electrode was subsequently dissolved in CDCl3 and analyzed by 1H NMR 

and SEC. 

When no CTA was added, no polymer was isolated after 5 min, as determined 

by NMR and SEC analysis.  

When CTA 2a was added, a polymer (< 5 mg, Đ = 2.34, Mn = 10.1 kg/mol) 

was isolated and characterized by NMR and SEC analysis. 

 

Study of Electron Transfers via ESR Spectroscopy 

All samples were prepared in a nitrogen-filled glove box. Samples in DCM 

(100 μl) were analyzed using standard 4 mm o.d. ESR quartz tubes equipped 

with a J. Young valve. Samples in MeCN (20 μl) were transferred into quartz 

capillaries of 1.0 mm i.d. and 2.0 mm o.d. Capillaries were then centered in 

standard 4 mm o.d. ESR quartz tubes equipped with a J. Young valve. 

Irradiation during the ESR experiments was done using a Royal-Blue 

(447.5nm) LUXEON Rebel ES LED (1W luminous power). ESR spectra were 

recorded using a continuous wave X-band Brüker ElexSys E500 EPR 
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spectrometer. The acquisition parameters were fixed to 20dB (2mW) 

microwave power, 60dB receiver gain, and 100 kHz modulation frequency. 

The amplitude modulation was varied to resolve the hyperfine coupling 

constants during irradiation. All ESR spectra were recorded at 298K using a 

Varian Temperature controller. The signal intensity was determined by double 

integration after linear baseline correction. The evaluation of the total spin 

concentration for each scan was done by comparison to a TEMPO 

concentration calibration scale in MeCN.5 

 

ESR spectroscopic analysis of 1a or 1b in presence of CTA 2a under blue light 

irradiation (Figure 2.10) 

A mixture of 1a (20 mM) and 2a (200 mM) or 1b (1 mM) and 2a (1 mM) was 

irradiated and monitored by ESR following the general setup described above.  

ESR signals were recorded through in situ steady-state blue LED irradiation 

with a 60 scan accumulation, a 2mW power, and a modulation of amplitude M 

= 0.08 G.  

 

Determination of the g-factor and the hyperfine coupling constant of pyranyl 

radicals 1a⚫ and 1b⚫ by ESR acquisition and simulation  

The determination of the g-factor and the hyperfine coupling constant of the 

pyranyl radicals (1a⚫ and 1b⚫) was achieved in DCM under steady state 

irradiation (blue LEDs) at 298K by using THF as a sacrificial electron donor. 

The samples (100 μL, 1:1 DCM:THF) containing 1a or 1b (10 mM) were 

loaded in standard 4 mm o.d. ESR sample tubes for spectral recordings 

according to the general setup. The resulting spectra are depicted in Figure 

S2.15 (black curves). 
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Figure S2.15. Experimental and simulated ESR spectra of the systems A) 

“1b + THF” in DCM under blue light irradiation, B) “1a + THF” in DCM 

under blue light irradiation. The experimental spectra were recorded at 

room temperature at 298 K with 2 mW power (20 dB), and an amplitude 



 

81 

modulation of A) M = 0.02 G and B) M = 0.2 G. A simulation was generated for 

each species (red curve) by using the parameters described in Table S2.4.  

 

The Bruker Strong Pitch was used as a g-factor standard reference (g = 

2.0028).6 The hyperfine coupling constant (hfc) values of the pyrylium-based 

radical was determined by simulation using the easyspin toolbox developed by 

Stoll et al.7 The values obtained are presented in Table 2.1 and compared to 

literature values. 
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Table S2.4. Summaries of the hfc Values and g-Factor Obtained for 1a 

and 1b 

Chemical structure 

gfactor and 

1H proton 

position 

Number of 

proton 
Cw-ESR Simulation Reference 

 

g - 

2.0031±0.0003 

(DCM/THF) 

- 

2.0030b 

(acetone) 

1 1 2.43 2.52a 2.52b 

2 2 0.85 0.80a 0.80b 

3 2 2.18 2.10a 2.25b 

4 2 1.72 1.68a 1.62b 

5 4 1.29 1.38a 1.25b 

6 4 0.37 0.42a 0.41b 

7 2 1.24 1.26a 1.38b 

 

g - 

2.0042±0.0003  

(DCM/THF) 

2.0031c 

1 3 0.33 0.34c 

2 2 0.98 1.03c 

3 2 2.87 2.92c 

4 2 1.44 1.33c 

5 4 1.56 - 

6 4 0.35 - 

7 6 0.13 - 

aValues obtained by Niizuma et al. at room temperature.8 bValues obtained in 
acetone and THF at 250 K.9 chfc and g-factor obtained for the radical species 
arising from the reduction of the analogous 2,6-di-tert-butyl-4-(4-
methoxyphenyl)pyrylium.10 
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The ESR spectrum of 1b⚫ is well reproduced by the simulation (see Figure 

S2.15A) and the hfc constants of the different protons are in agreement with 

literature reports and simulations.8,9 The slight difference in the hfc values is 

likely explained by the fact that these spectra were recorded in a mixture of 

MeCN and THF, more relevant to the polymerization conditions, rather than 

just THF as in the cited publications. 

The ESR spectrum of 1a⚫ obtained in DCM:THF was more difficult to simulate 

due to both the poor signal-to-noise ratio obtained and the high number of 

hyperfine splitting patterns observed (see Figure S2.15B). Nevertheless, we 

successfully fitted the experimental spectrum with a simulated spectrum by 

increasing the hfc constant of the two H3 protons to 2.87 G and by adding 

small hfc constants (0.33G for H1 and 0.13G for H7) due to the 9 protons of 

the three methoxy groups. This set of parameters was analogous to the 

reported spectrum of the radical arising from the reduction of 2,6-di-tert-butyl-

4-(4-methoxyphenyl)pyrylium10 and closely related to the hfc structure of 1b⚫, 

which strongly supports the proposed formation of 1a⚫.  
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ESR spectral comparison of photoinduced 1a⚫ in presence of THF or CTA 2a 

The ESR spectra obtained by irradiation of photocatalyst 1a in presence of 

THF in DCM or in presence of CTA 2a in MeCN are depicted in Figure S2.16. 

A 15 G large ESR signal was observed for the two samples, which supports 

our conclusion that the radicals are identical in nature. In the case of 1a and 

THF in DCM, a hyperfine splitting structure was resolved, while none could be 

observed with 1a combined with 2a in MeCN. The broadening observed in the 

latter case may be attributed to the Heisenberg exchange effect, as has 

previously been observed in the case of nitroxide radicals.11,12 

 

Figure S2.16. Experimental ESR spectra obtained with 1) 1a (20 mM) and 

CTA 2a (200 mM) in MeCN (20 μL) (black curve), and 2) 1a (10 mM) and 

THF in DCM (100 μL, 1:1 DCM:THF) (red curve). The experimental ESR 

parameters were identical for both spectra: accumulation (10 scans), power (2 

mW), and amplitude modulation (M = 0.2 G).  
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ESR spectroscopic analysis of 1a or 1b in presence of IBVE (3a) under blue 

light irradiation (Figure 2.11) 

A mixture of 1a (10 mM) and 3a (4 M) or 1b (1 mM) and 3a (1 mM) was 

irradiated and monitored by ESR following the general set-up described 

above.  

ESR signals were recorded through in situ steady-state Blue-LED light 

irradiation with a 10 scan accumulation for 1a (80 scan accumulation for 1b), a 

2mW power, and a modulation of amplitude M = 0.2 G. A broadening of the 

line width was observed after 10 scans in the case of 1a. This broadening is 

likely due to the increase of viscosity caused by polymerization of 3a (similar 

to the broadening depicted in Figure S2.8). 

 

ESR spectra of the system “1a + CTA 2a + IBVE (3a)” under blue light 

irradiation 

A mixture of 1a (10 mM), 2a (100 mM), and 3a (4 M) in MeCN was irradiated 

and monitored by ESR. The recorded ESR signal (see Figure S2.17) was 

similar to the signals obtained with the combination 1a/3a. The linewidth 

broadened with increased irradiation time, resulting in the formation of an ESR 

signal with 8 apparent peaks separated by a 2.7G average hyperfine coupling 

constant (see Figure S2.17) after 15 min of irradiation. This broadening may 

be caused by an increase in viscosity during the acquisition due to the 

formation of poly(IBVE).  
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Figure S2.17. ESR spectra of the system “1a + CTA 2a + IBVE (3a)” in 

MeCN obtained after 10 s irradiation (black upper curve) and after 15 min 

irradiation (red lower curve). Both spectra were recorded using the same 

power (2 mW) and amplitude modulation (M = 0.2 G), but the accumulation 

was different for the black curve (10 scans) and the red curve (40 scans).  
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ESR spectrum of the system “1b + 2a + 3a” under blue light irradiation 

A mixture of 1b (1 mM), 2a (1 mM), and 3a (1 mM) in MeCN was irradiated 

and monitored by ESR. A very weak, broad signal was recorded, consisting of 

7 distinct peaks separated by a 2.8G average hyperfine coupling (see Figure 

S2.18). This weak signal may be the result of a rapid radical recombination 

rate. 

 

Figure S2.18. ESR spectra of the system “1b + CTA 2a + IBVE (3a)” in 

MeCN 
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ESR Simulation of the radical generated by irradiation of 1a in presence of 

IBVE (3a) with and without CTA 2a 

 

 

Figure S2.19. Experimental (black curve) and simulated (red curve) ESR 

spectra recorded during the polymerization of IBVE (3a) catalyzed by 

photocatalyst 1b without (A) or with CTA 2a (B). A) Mixture of 1b and 3a in 

MeCN irradiated with blue LEDs; ESR spectrum acquisition: 80 scans 
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accumulation, 2 mW power and M = 0.2 G amplitude modulation. B) Mixture of 

1b, 2a, and 3a in MeCN irradiated with blue LEDs; ESR spectrum acquisition: 

200 scans accumulation, 2 mW power and M = 1 G amplitude modulation. The 

simulated (red) curves were generated with the same set of parameters: a1(H) 

(1x) = 2.57 G, a2(H) (2x) = 0.82 G, a3(H) (2x) = 2.3 G, a4(H) (2x) = 2.6 G, 

a5(H) (2x) = 2.55 G, a6(H) (4x) = 0.20 G, a7(H) (4x) = 1.75 G, a8(H) (2x) = 

3.35 G with a Lorentzian linewidth of 0.27 G. The experimental amplitude 

modulation was modeled using the Easyspin toolbox.  

 

 

 

 

Evolution of 1b⚫ after adding IBVE monomer monitored by ESR spectroscopy 

Radical 1b⚫ was generated by irradiating a solution of 1b (2mM) in a mixture 

of DCM:THF (1:1) with blue LEDs. After 80s of irradiation, a spin concentration 

of 220 μM was measured by double integration. An excess of IBVE (3a) was 

then added under nitrogen with an air-tight syringe. No major change in the 

structure of ESR signal was observed (see Figure S2.20), aside from a 

decrease of the line width (possibly due to the Heisenberg effect), and no 

increase of the spin concentration was noted (see inset). 
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Figure S2.20. ESR spectrum of 1b and THF before irradiation (black 

curve), after irradiation (red curve) showing the formation of radical 1b⚫, 

and after addition of IBVE (3a) (green curve). The inset shows the evolution 

of the spin concentration vs time. The arrows indicate when the light was 

switched on, switched off, and when 3a was added to the ESR tube. 
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Study of Electron Transfers via UV-Vis Spectroscopy 

A solution of 1b (0.06 mM) and CTA 2a (30 mM) in DCM (2.0 mL) was 

prepared and sealed in a nitrogen-filled glove box. The resulting solution was 

irradiated with blue LEDs for 10 s and a UV-visible spectrum was recorded. 

This spectrum revealed the apparition of new absorption bands at λ = 515 nm 

and λ = 550 nm characteristic of 1b⚫ radical based on previous reports;8 the 

obtained values were compared to the UV-visible spectrum recorded after 

irradiation of 1b (0.06 mM) in DCM:THF (2.0 mL, 1:1) (see Table S2.5 and 

Figure S2.21A). 

 

Interestingly, when 1a was substituted for 1b in combination with 2a, no novel 

absorption bands were recorded, suggesting that 1a⚫ is not stable enough 

under these conditions to be observed by UV-visible spectroscopy. However, 

bands characteristic of 1a⚫ (λ = 358nm and λ = 562 nm) were detected after 

irradiation of 1a (0.06 mM) in DCM:THF (1:1), or after single electron reduction 

with cobaltocene (0.03 mM) (see Table S2.5 and Figure S2.21B).13 
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Table S2.5. Experimental UV-Visible Characteristics for Radicals 1a⚫ and 

1b⚫ 

Characterized systems Solvent 
Amax (1) 

(nm) 

Amax (2) 

(nm) 

1b + CTa 2aa DCM 515 552 

1b + THFa 
DCM/THF 

(1:1) 
515 552 

1a + THFa 
DCM/THF 

(1:1) 
358 562 

1a + Cobaltoceneb DCM 355 558 

aCuvettes were irradiated with blue LEDs. bReduction of 1a in the ground state 

by cobaltocene (Ered = –0.91 V vs SCE in DMF).14 
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Figure S2.21. A) UV-Visible absorption spectra obtained for the system: 

“1b (0.06 mM)  + CTA 2a (30 mM)” in DCM (black curve) and the system 

“1b (0.06 mM) + THF” in DCM (red curve). B) UV-Visible absorption 

spectra obtained for the system: “1a (0.06 mM) + THF” in DCM (black 

curve) and comparison with the system “1a + cobaltocene (0.03 mM)” in 

DCM (red curve). 

 

 

Investigation of the formation of a donor-acceptor complex between 

photocatalysts 1a,b and monomer 3a (Figure 2.12) 

UV-VIS absorption spectra were collected for dilute solutions of 1a and 1b in 

MeCN. Based on known extinction coefficients15 (ε450 = 33000 L•mol–1•cm–1 
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for 1a and ε450 = 26000 L•mol–1•cm–1 for 1b in MeCN) concentrations were 

calculated to be 58.6 μM for 1a and 58.4 μM for 1b. In each cuvette, the 

concentration of monomer 3a was gradually increased from 0 M to 1.92 M 

(see inset of Figure S2.13A,C). A slight bathochromic shift in the band above 

400 nm was observed (see Figure S2.22A,C) revealing a weak new feature 

present in the absorption spectra of both photocatalysts. This new feature 

centered at λ = 483 nm for 1a and at λ = 429 nm for 1b was attributed to the 

formation of a donor-acceptor complex between the pyrylium photocatalysts 

and IBVE (3a).16 The equilibrium constant KDA is defined as KDA = [DA]/[3a][1], 

where DA is assumed to be a binary complex between 3a and 1. 

According to the method of Benesi-Hildebrand,17 we determined the value of 

KDA by linear fitting according to equation S1: 

 

Where εDA is the molar extinction of the donor-acceptor complex and  the 

difference of absorptions with and without 3a. It should be noted that the 

Benesi-Hildebrand method is not typically calculated with difference of 

absorptions, but this slight modification method has been previously used by 

Romero et al. for similar systems.16 The Benesi-Hildebrand plots are 

presented in Figure S2.22B,D for 1b and 1a. As expected, a linear relation 

was observed and the parameters used for the fit are reported in Table S2.6. 

A value of KDA = 0.06 for 1a and KDA = 0.19 for 1b was determined. 

 

 

 𝟏 

∆𝑎𝑏𝑠
=  

1

εDA ×  𝐾DA
 × 

1

[𝟑𝐚]
+ 

1

εDA
    (eq.  S1)   
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Table S2.6. Linear Fit Data for the Benesi-Hildebrand Plots (Figure 

S2.22B and S22D) 

Photocatalyst 
Intercept 

(M) 

Slope 

(M2) 
AdjRsquare 

εDA 

 (L•mol–1•cm–1) 
KDA 

1a 7x10–5 1.2x10–3 0.996 15110 0.06 

1b 2.1x10–4 1.1x10–3 0.973 4890 0.19 

 

Figure S2.22. UV-Vis Absorption spectra recorded under air atmosphere 

in MeCN for (A) 1b with different concentrations of IBVE (3a) and (C) 1a 

with different concentrations of IBVE (3a). The inset shows . Benesi-

Hildebrand plots for 1b and 1a are shown in Figure S2.22B and D, 

respectively. Slope and intercept values are reported in Table S2.6.  
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In parallel, we applied the method of Nash, which accounts for the absorbance 

of 1.18 We calculated KDA = 0.14 for both 1a and 1b with this other method, 

which is in in the same order of magnitude as the constants calculated with the 

Benesi-Hildebrand method. 

 

Isolation and Synthesis of Disulfides 7, 8 and Crossover Experiment 

Isolation of thiuram disulfide 7 with the typical conditions of polymerization  

 

In a nitrogen-filled glove box, an oven-dried one-dram vial was equipped with 

a stir bar and charged with CTA 2a (5.0 mg, 0.02 mmol, 1 equiv), and 0.2 mL 

of a stock solution of photocatalyst 1a in DCM (2.0 mM, 0.40 μmol, 2 mol%). 

The vial was sealed with a containing a teflon septum under an atmosphere of 

nitrogen, placed next to blue LED strips (~450 nm), and stirred while cooling 

by blowing compressed air over the reaction vial for 12 h. The solvent was 

then evaporated to dryness in vacuo and purification by preparative TLC 

(1.5:8.5 EtOAc:hexanes) afforded 7, as well as some recovered 2a. The 

spectroscopic data for 7 were consistent with those reported in the literature19 

and to those obtained for a synthetic sample of 7 (see below). 

 

 

 

 

 



 

97 

Preparation of thiuram disulfide 7 and bis(ethylsulfanylthiocarbonyl) disulfide 8 

 

Sodium diethyldithiocarbamate (500 mg, 2.22 mmol, 1.0 equiv) was dissolved 

in methanol (40 mL) and cooled to 0 °C. A solution of iodine (282 mg, 1.11 

mmol, 0.5 equiv) in MeOH (10 mL) was added dropwise. The solution should 

remain pale purple over the course of addition. The solvent was concentrated 

in vacuo, the residue was dissolved in Et2O (30 mL), and saturated aqueous 

sodium thiosulfate (30 mL) was added. The layers were separated, and the 

aqueous layer was extracted with Et2O (2  20 mL). The combined organic 

phases were dried over MgSO4, and evaporated to dryness in vacuo. The 

yellow oil was further purified by column chromatography (SiO2, gradient from 

10:0 to 8:2 hexanes:ethyl ether) to yield 7 as an off-white solid (314 mg, 95%). 

The spectroscopic data for 7 were consistent with those reported in the 

literature.19 1H NMR (CDCl3, 500 MHz) δ 4.10–3.93 (m, 8 H), 1.52–1.43 (m, 6 

H), 1.36– 1.27 (m, 6 H) ppm. 13C NMR (CDCl3, 126 MHz) δ 192.9, 52.2, 47.8, 

13.6, 11.6 ppm. 

 

Sodium ethyltrithiocarbonate (400 mg, 2.50 mmol, 1.0 equiv) was dissolved in 

methanol (15 mL) and cooled to 0 °C. A solution of iodine (317 mg, 1.25 

mmol, 0.5 equiv) in MeOH (5 mL) was added dropwise. The solution should 

remain pale purple over the course of addition. The solvent was concentrated 

in vacuo, the residues were dissolved in Et2O (30 mL), and saturated aqueous 
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sodium thiosulfate (30 mL) was added. The layers were separated, and the 

aqueous layer was extracted with Et2O (2  20 mL). The combined organic 

phases were dried over MgSO4, and evaporated to dryness in vacuo. The dark 

yellow oil was further purified by column chromatography (SiO2, hexanes) to 

yield 8 as a yellow oil (297 mg, 87%). The spectroscopic data for 7 were 

consistent with those reported in the literature.20 1H NMR (CDCl3, 500 MHz) δ 

3.31 (q, J = 9.5 Hz, 4 H), 1.36 (t, J = 9.0 Hz, 6 H). 13C NMR (CDCl3, 126 MHz) 

δ 221.5, 32.8, 12.5 ppm. 

 

Table S2.7. Cationic Polymerization with Disulfide 7  

Conditions Conv. (%) Time 
Mn(exp) 

(kg/mol) 

Mn(theo) 

(kg/mol) 
Đ 

7 (1 equiv), 3a (100 equiv) 20 2 h 31.5 2.0a 1.77 

CTA 2a (1 equiv), 7 (1 equiv), 

3a (100 equiv) 
13 2 h 2.67 1.3b 1.28 

aBased on 7. bBased on CTA 2a. 

 

 

 

 

 

 

 

 

 

 



 

99 

Crossover experiment with disulfides 7 and 8 

 

A flame-dried one-dram vial was equipped with a stir bar and charged with 7 

(5.0 mg, 0.017 mmol, 1 equiv), 8 (4.6 mg, 0.017 mmol, 1 equiv), 0.2 mL of a 

stock solution of photocatalyst 1a in DCM (2.0 mM, 0.40 μmol, 2 mol%), and 

DCM (0.3 mL) under nitrogen. The solution was degassed by three freeze-

pump-thaw cycles, placed 2 cm away from the 9W Kobi Electric (460–470 nm) 

bulb outside, and stirred while cooling by blowing compressed air over the 

reaction vial for 12 h. The solvent was then evaporated to dryness in vacuo. 

NMR analysis of the crude mixture the revealed characteristics peaks of mixed 

disulfide 9 in addition to those of 7 and 8: 1H NMR (CDCl3, 500 MHz) δ 4.03–

3.94 (m, 2 H, N–CH2CH3), 3.87–3.81 (m, 2 H, N–CH’2CH’3), 3.21 (q, J = 9.5 

Hz, 2 H, S–CH2CH3), 1.27 (t, J = 9.0 Hz, 3 H, S-CH2CH3). 
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Determination of the Quantum Yields of Polymerization for 1a and 1b 

Using Ferrioxalate Actinometry 

The quantum yield of polymerization for 1a and 1b was deduced by 

comparison of the early rate of IBVE (3a) polymerization and the rates of 

photodegradation of potassium ferrioxalate  ([Fe(III)]), according to equation 

S2: 

 

where q(1) and q([Fe(III)]) are the conversion rate (in mol•s–1) of 3a during 

polymerization and of [Fe(III)] during photodegradation, respectively. The 

corrective factor accounts for the real flux of absorbed photon by the 

actinometer and photocatalysts 1 and therefore depends on the absorbance of 

both species at 455 nm.  is the known quantum yield of potassium 

ferrioxalate decomposition. A reported value of  of 0.86 at 457 nm was 

used in the calculations.21 

The degradation rate q([Fe(III)]) was determined according to the protocol 

described by Kuhn et al.22 A solution of potassium ferrioxalate (300 μl, 0.15 M) 

in aq. H2SO4 (0.05 M) in a 1 dram vial was irradiated with a 9W Kobi Electric 

(460–470 nm) bulb placed 2 cm away from the vial, with a 25% or 50% 

transmission neutral density filter placed in between the vial and the bulb. 

Aliquots (24 μl) were taken every 5 seconds and added to vials containing a 

solution of phenanthroline (96 μl, 0.01 % weight), sodium propionate buffer (12 

μl, 0.6 M in aq. H2SO4 (0.19 M), and water (54 μl). After 1 h in the dark, the 

concentration of the resulting Fe(II) phenantroline complex present in each 

solution was measured by UV-visible spectroscopy (absorption at 510 nm, ε510 

𝛷𝟏 = 𝛷[Fe (III )] * 
𝑞(𝟏)

𝑞([Fe(III)])
∗
 1 − 10−𝐴 Fe  III    

 1 − 10−𝐴𝟏 
     (eq. S2) 
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= 11100 L.mol-1.cm-1) (see Figure S2.23 for 50% transmission). The 

degradation rate q([Fe(III)]) was then determined by linear fitting (see the inset 

of Figure S2.23). 

The quantum yields of polymerization were estimated to be about six 

monomer additions per photon absorbed for photocatalyst 1a and about 35 

monomer additions/photon for 1b. 

 

Figure S2.23. Ferrioxalate actinometry experiments using a 50% 
transmission filter. UV-visible absorption spectra of the phenanthroline/[FeII] 
complex recorded during the photodegradation of the [FeIII] complex were 
recorded from aliquots taken every 5 s. In the inset, the difference 
∆A510=A510(t)–A510(t = 0 s) is plotted vs irradiation time and the linear fit is 
depicted. Resulting fit data for both 25% and 50% filters are shown in the inset 
table.  
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Procedure for On/Off Photocontrolled Cationic Polymerization of 

Isobutyl Vinyl Ether (Figure 2.14) 

In a nitrogen-filled glove box, an oven-dried 20 mL scintillation vial was 

equipped with a stir bar and charged with isobutyl vinyl ether (0.26 mL, 2.0 

mmol, 50 equiv), 0.2 mL of a stock solution of 1a or 1b in DCM (2.0 mM, 4.0 

μmol, 0.02 mol% relative to IBVE), 0.04 mL of a stock solution of 2a in DCM (1 

M, 0.04 mmol, 1.0 equiv), and benzene (15 μL, 0.17 mmol, 4.25 equiv) as an 

internal standard for NMR. The vial was sealed with a cap containing a teflon 

septum under an atmosphere of nitrogen, placed 2 cm away from the 9W Kobi 

Electric (460–470 nm) bulb outside of the glove box, and stirred while cooling 

by blowing compressed air over the reaction vial. Following the appropriate 

amount of reaction time, aliquots for NMR and GPC analysis were taken under 

positive pressure of nitrogen. Aliquots were taken after 30 min (5 min 

respectively) intervals under positive nitrogen pressure and subjected to 1H 

NMR and GPC analysis. The vial was covered in aluminum foil during “off” 

periods. The GPC traces of all aliquots and the development of Mn vs. time are 

depicted in Figures S15 and S16.  
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Figure S2.24. (A) GPC traces of aliquots and (B) Mn vs. time development 

of On/Off-Experiment (Figure 2.14a). 
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Figure S2.25. (a) GPC traces of aliquots and (b) Mn vs. time development 

of On/Off-Experiment (Figure 2.14b). 

 

Study of the Catalyst Turnover and Chain-End Capping 

Investigation of the catalyst turnover through oxidation by thiuram disulfide 7 

(Figure 2.15) 

In a nitrogen-filled glove box, 1a (10.0 mg, 0.02 mmol, 1 equiv) was dissolved 

in MeCN (1 mL) in an oven-dried vial. A solution of cobaltocene in MeCN (0.9 

mL, 0.02 M, 0.018 mmol, 0.9 equiv) was added to the solution of 1a. A small 
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excess of 1a compared to cobaltocene was used to ensure full oxidation of 

cobaltocene. Aliquots of this solution were taken for ESR and UV-visible 

analysis (Figure 2.15a,b, red curves). Then, 0.1 mL of the solution were added 

to disulfide 7 (6.0 mg, 0.02 mmol, ~20 equiv) and aliquots of the mixture were 

taken after 5 min for ESR and UV-visible analysis (Figure 2.15a,b, green 

curves). 

This study clearly demonstrates that 1a⚫ is oxidized by thiuram disulfide 7, 

which regenerates 1a. 

 

Investigation of a potential electron transfer between 1a⚫ and CTA 2a 

In a nitrogen-filled glove box, 1a (10.0 mg, 0.02 mmol, 1 equiv) was dissolved 

in MeCN (1 mL) in an oven-dried vial. A solution of cobaltocene in MeCN (0.9 

mL, 0.02 M, 0.018 mmol, 0.9 equiv) was added to the solution of 1a. A small 

excess of 1a compared to cobaltocene was used to ensure full oxidation of 

cobaltocene. Aliquots of this solution were taken for ESR and UV-visible 

analysis (Figure S2.26a,b, red curves). Then, 0.1 mL of the solution were 

added to CTA 2a (5.0 mg, 0.02 mmol, ~20 equiv) and aliquots of the mixture 

were taken after 5 min for ESR and UV-visible analysis (Figure S2.26a,b,  

green curves). 

This study clearly demonstrates that 1a⚫ does not react with CTA 2a. 
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Figure S2.26. Reduction of 1a to 1a⚫ with Co(C5H5)2, followed by addition 

of CTA 2a: (a) ESR spectra of 1a (in black), 1a⚫ after addition of CoCp2 (in 

red), and 1a⚫ after addition of CTA 2a (in green) (No changes observed). 

(b) UV-visible spectra of 1a (in black), 1a⚫ after addition of Co(C5H5)2 (in 

red), and 1a⚫ after addition of 2a (in green) (No changes observed). 
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CHAPTER 3 

Enhancing Temporal Control and Enabling Chain-end Modification in 

Photoregulated Cationic Polymerizations by using Iridium-based 

Photocatalysts 

3.1 Abstract 

Gaining temporal control over chain growth is a key challenge in the 

enhancement of controlled living polymerizations. Though research on 

photocontrolled polymerizations is still in its infancy, it has already proven 

useful in the development of previously inaccessible materials. Photocontrol 

has now been extended to cationic polymerizations using 2,4,6‐triarylpyrylium 

salts as photocatalysts. Despite the ability to stop polymerization for a short 

time, monomer conversion was observed over long dark periods. Improved 

catalyst systems based on Ir complexes give optimal temporal control over 

chain growth. The excellent stability of these complexes and the ability to tune 

the excited and ground state redox potentials to regulate the number of 

monomer additions per cation formed allows polymerization to be halted for 

more than 20 hours. The excellent stability of these iridium catalysts in the 

presence of more nucleophilic species enables chain‐end functionalization of 

these polymers. 

 

3.2 Introduction 

The advent of controlled living polymerizations has allowed for the facile 

synthesis of macromolecules with predictable molecular weights (Mn), narrow 

dispersities (Đ), and complex architectures.1 Recently, chemists have 

developed systems that gain spatiotemporal control over polymer chain growth 

with various external stimuli, adding to the repertoire of methods to control 



110 

Me S

OiBu S

Z

3a (Z = SEt)
3b (Z = NEt2)

OR

Me

O
DCM, rt

Blue Lights
iBu

2 (0.01–0.02 mol%) S

OR

+ n

Z

S

Ir

N

F F

F3C

N

F F

F3C

N

N

PF6

X

X

2a: X = CF3 at 5/5’
2b: X = CF3 at 4/4’
2c: X = F at 5/5’

O

X X

X

BF4

1a: X = H
1b: X = OMe

• good short on/off behavior

• not suitable for long off periods

without dark polymerization

• low solubility in organic solvents

• good short on/off behavior

• no conversion over long (>12 h)

off-periods

• improved solubility in organic

solvents

General Polymerization Scheme:

Previous work This work

Mechanism

a)

b)

c)

I

II

Figure 3.1. Advances in the photocontrolled cationic polymerization of vinyl 

ethers. a) Photocatalysts (PCs) employed in this and previous work. b) 

General polymerization scheme. c) Mechanism of photocontrolled cationic 

polymerization. 
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macromolecular structure.2–9 These techniques have proven useful in a variety 

of applications such as biological assays, photoresponsive materials, and 

surface patterning based on the ability to externally regulate chain‐growth. 

Light is arguably one of the most powerful external stimuli used for 

polymerizations and new developments in this area will enable the synthesis 

of new functional materials.10 

In 2016, we reported a photocontrolled cationic polymerization of vinyl 

ethers using pyrylium‐based dyes as the oxidizing photocatalyst (Figure 

3.1 a,b).11,12 The foundation for temporal control in these polymerizations is 

based on two major aspects: 1) the stability of the photocatalyst and 2) the 

delicate interplay between the oxidation of the trithiocarbonate chain end with 

the excited state photocatalyst to generate carbocations (Figure 3.1 c, step I) 

and the recapping of the propagating carbocations by the reduced 

photocatalyst (Figure 3.1 c, step II).13 The balance required for these two steps 

leads to large differences in the temporal control observed in these 

polymerizations when small changes are made to the catalyst structure. For 

example, triphenylpyrylium tetrafluoroborate (1 a) gives fast polymerization but 

poor temporal control owing to the high number of monomer additions per 

photon absorbed (approx. 35). Its highly oxidizing excited state potential (E* = 

+2.55 V vs. SCE) gives fast chain‐end oxidation; however, the ground‐state 

potential (E1/2 = −0.31 V vs. SCE) is too weakly reducing to enable facile 

recapping of the propagating cation, leading to a system that has control over 

only initiation and not chain growth. Interestingly, switching to the 

4‐methoxyphenyl congener of the pyrylium catalyst, 1 b, provides excellent 

photocontrol over chain‐growth (6 monomer additions per photon absorbed). 
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The lower excited state potential (E* = +1.84 V vs. SCE) of 1 b still gives 

efficient oxidation of the trithiocarbonate and, importantly, the more reducing 

ground state potential (E1/2 = −0.50 V vs. SCE) enables facile capping of the 

chain end, thereby giving temporal control.13 Although the use of 1 b gave the 

first photocontrolled cationic polymerization of vinyl ethers, further studies 

showed monomer conversion occurred after dark periods of several hours or 

in dark periods at high conversion. We attributed this background reaction to 

small amounts of catalyst decomposition.13,14 We therefore sought other 

photocatalysts for these polymerizations that had increased stability compared 

to the pyryliums but similar redox potentials to 1 b to give enhanced temporal 

control. We postulated that polypyridyl Ir complexes, which have been 

extensively used as photosensitizers and catalysts in photomediated 

small‐molecule transformations, would provide the additional catalyst stability 

that was needed in these reactions.15,16 Moreover, modification of the ligand 

structure in these complexes permits precise tuning of both the excited state 

and ground state redox potentials, allowing us to predictably control chain‐end 

oxidation and recapping (Figure 3.1c, steps I and II). Based on our previous 

Figure 3.2. Comparison of excited‐state oxidation potentials, ground‐state 

reduction potentials, and quantum efficiencies for PCs 1 a–2 c. Ir 

complexes 2 a–c are subject of this report (gray region). 
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work, we reasoned that we needed photocatalysts with excited state potentials 

around +1.50 V vs. SCE to give chain‐end oxidation and ground state redox 

potentials of at least −0.5 V vs. SCE to enable efficient chain‐end recapping. 

We decided to synthesize Ir complexes 2 a, 2 b, and 2 c, which all had similar 

excited state potentials above +1.60 V but ground state redox potentials of 

−0.69 V, −0.79 V, and −1.16 V vs. SCE, respectively (Figure 3.2).17 

3.3 Results and Discussion 

We began our studies by looking at the polymerization of isobutyl vinyl 

ether (IBVE) with Ir complexes 2 a, 2 b, and 2 c. First, using 0.02 mol % 

of 2 a in the presence of IBVE and chain‐transfer agent (CTA) 3 a, a 6.3 

kg mol−1 polymer was obtained after irradiation with blue LEDs for 16 hours 

(Table 3.1 entry 1). This reaction went to 97 % conversion and good 

agreement between theoretical and experimental molecular weights was 

observed. This initial result demonstrated that these complexes were viable 

catalysts for photocontrolled cationic polymerizations of vinyl ethers. By 

modulating the ratio of IBVE to CTA, higher molar mass polymers could be 

successfully synthesized with good control (Table 3.1 entries 2 and 3). 

Significantly, good agreement between experimental and theoretical molar 

masses was maintained for polymers above 30 kg mol–1. This is a marked  
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improvement from the pyrylium‐based catalyst systems, where 

experimental Mn values were significantly lower than the theoretical Mn values 

when targeting molar masses above 20 kg mol–1.11 We hypothesize that direct 

oxidation of the vinyl ether is less competitive to oxidation of 3 a with 2 a, 

allowing the synthesis of higher molar mass polymers. 

Under identical conditions, catalyst 2 b also gave well‐controlled 

polymerizations for targeted molar masses up to about 20 kg mol−1 (Table 3.1, 

Entrya Catalyst Conv. (%) Mn,theo (kg/mol) Mn (kg/mol) Đ 

1 2a 97 4.9 6.3 1.40 

2 2a 96 9.6 8.9 1.35 

3b 2a 86 34.6 32.6 1.45 

4 2b 87 4.3 6.5 1.21 

5 2b 89 8.9 10.3 1.37 

6 2b 89 17.8 19.4 1.37 

7b 2b 84 33.6 26.0 1.71 

8 2c 9 1.0 2.7 1.33 

9b,c 2a 99 9.9 8.4 1.37 

10c 2b 90 9.0 9.3 1.39 

11d 2a 53 5.3 5.0 1.24 

12d 2b 51 5.1 5.1 1.24 

• aIBVE (1 equiv), 3 a (0.01–0.0025 equiv), and 0.02 mol % of 2 were irradiated 
with blue LEDs (455 nm) for 16 h. b0.01 mol % of 2 was used. cEntries 9 and 10 were 
irradiated with higher intensity light for 1.5 h and 3 h, respectively. dIBVE (1 
equiv), 3 b (0.01 equiv), and 0.02 mol % of 2 were irradiated with higher intensity 
lights for 8 h. 

Table 3.1. Polymerization of IBVE using 2a, 2b, and 2c. 
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entries 4–6). However, when targeting a molar mass above 30 kg mol−1, a 

polymer with a lower than predicted Mn and broad Đ was obtained (Table 3.1, 

entry 7). Finally, switching to catalyst 2 c resulted in an incredibly slow 

polymerization. After 16 hours, only 9 % of the IBVE had been consumed 

(Table 3.1, entry 8). We reasoned that the more reducing ground‐state 

potential of 2 c increases the rate of polymer recapping relative to propagation, 

slowing the rate of polymerization. This result suggests that there is a lower 

limit for the ground state redox potential of these catalysts for efficient 

Figure 3.3. On/Off experiments with 0.02 mol % 2 a in the presence of 

CTA 3 a. a) Short off behavior, b) demonstration that no conversion occurs 

over long dark periods. 
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polymerization to occur.18 Compared to the pyrylium‐based systems, catalysts 

2 a and 2 b gave reduced rates of polymerization at the same catalyst 

concentrations and with the same irradiation intensities. UV/Vis spectroscopy 

of the Ir complexes revealed extinction coefficients 100 times lower than 1 b, 

giving rise to the reduced activity. Gratifyingly, the reaction proceeded much 

faster under higher intensity lights and reached full conversion after 1.5 and 3 

hours for catalysts 2 a and 2 b, respectively (Table 3.1, entries 9 and 10). 

Trithiocarbonate CTA 3 a was mainly used for this work because it gives 

increased rates of reaction and is a versatile CTA but it does produce 

polymers with slightly broadened Đ.10 However, when using dithiocarbamate 

3 b under our standard conditions, polymers with narrower Đ values were 

produced (Table 3.1, entries 11 and 12), albeit with slower rates of 

polymerization. Importantly, excellent control was maintained for both 3 a and 

3 b under higher‐intensity lights. 

Therefore, we set out to test our hypothesis that the increased stability 

of the Ir complexes will allow efficient photogating at high conversions and for 

long off periods. Using catalyst 2 a under the standard conditions, the reaction 

was exposed to intermittent blue light exposure. After only 2 minutes of 

irradiation, the polymerization reached 55 % conversion. The reaction tube 

was then placed in the dark for about 1 hour and this process was repeated 

two more times (Figure 3.3 a). The conversion was measured by NMR 

spectroscopy before and after exposure to light. Significantly, we observed no 

monomer consumption during off periods and efficient polymerization when 

the reaction was re‐exposed to light. Furthermore, all dark periods were 

performed above 50 % conversion; at these high conversions the 

pyrylium‐based catalyst systems showed some polymerization in the dark. We 
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then performed the same reaction with an off period for >20 hours (Figure 

3.3 b). Again, no monomer conversion was observed during the dark period, 

which is a significant improvement over previous catalyst systems. These 

same experiments were repeated with catalyst 2 b, and similar levels of 

temporal control were observed (see Appendix, Figure S3.1). 

Notably, both catalysts maintained high activity after prolonged off 

stages and all the reactions were run to >70 % conversion. In all cases, the 

molecular weight distribution of the final polymer was monomodal, had 

comparable Đ values to polymers synthesized without intermittent light 

exposure, and the Mn values aligned well with the theoretical molar masses. 

These results clearly demonstrate that the improved stability of 2 a and 2 b 

enable highly efficient temporal control in these photocontrolled cationic 

polymerizations. 

 

Scheme 3.1. Photocontrolled polymerization of isobutyl vinyl ether followed by 

chain‐end functionalization with alcohols in a one‐pot setup (base = 

2,6‐di‐tert‐butylpyridine). 
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We next wanted to compare the quantum yields of our Ir complexes 

with the pyrylium‐based catalysts. For typical photoinitiated cationic 

polymerizations, approximately 200 monomer additions occur per photon 

absorbed. In our previously reported photocontrolled polymerizations, pyrylium 

1 a and 1 b yielded 35 and 6 monomer additions per photon absorbed, 

respectively.13 Potassium ferrioxalate actinometry data of initial reaction rates 

when targeting a 5 kg mol−1 polymer revealed that polymerizations with 2 a 

and 2 b gave 4 and 3 monomer additions per photon absorbed, respectively 

(Figure 3.2). These results show that the quantum yields of 2 a and 2 b are 

similar to pyrylium 1 b, which showed photogating in these polymerizations. 

Additionally, actinometry experiments with 2 c showed significantly less than 

one monomer addition per photon absorbed, providing qualitative evidence 

that recapping is too fast to allow efficient chain propagation. 

 

Next, we sought to take advantage of the stability of these Ir complexes 

for chain‐end functionalization after polymerization. Specifically, 2 a and 2 b 

can be utilized in the presence of nucleophilic substrates, which we envisaged 

would allow for the addition of an alcohol to the oxocarbenium chain end to 

form an acetal. To test this hypothesis, we synthesized pIBVE under our 

standard conditions and added 3 equiv of an alcohol at full monomer 

conversion. Additionally, 0.02 mol % of 2 a and 1 equiv of base 

(2,6‐di‐tert‐butylpyridine) relative to chain end were needed for successful 

functionalization (Scheme 3.1). The base was added to sequester any acid 

byproduct to ensure the stability of the acetal chain end and additional 

photocatalyst was needed to accelerate the reaction. Under polymerization 

conditions, activation of only a small fraction of the chain ends is necessary to 
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give efficient propagation, whereas all of the trithiocarbonates need to be 

oxidized for efficient chain‐end functionalization. Importantly, more than 90 % 

functionalization was achieved for three different alcohols, clearly illustrating 

the power of these systems to make polymers with functional and well‐defined 

chain ends. It is worth noting that efficient acetal formation could not be 

achieved when the pyrylium catalyst 1 b was used in place of Ir complex 2 a. 

 

3.4 Conclusion 

In conclusion, we have described how to rationally design the ligand 

structure of a series of polypyridyl Ir complexes for the photocontrolled cationic 

polymerization of vinyl ethers. The enhanced stability of these complexes and 

the ability to precisely tune the redox potentials of these catalysts led to 

systems with outstanding temporal control. More specifically, 2 a and 2 b can 

be used to regulate chain growth at high conversion and for dark periods of 

several hours under the polymerization conditions. Even in the presence of 

nucleophiles, such as alcohols, the catalysts remain active and facilitate highly 

efficient chain‐end functionalization in a one‐pot setup. We envision that these 

findings will enable the directed synthesis of extremely potent catalysts 

tailored toward cationic photocontrolled polymerizations. 
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3.6 Appendix 

 

General Reagent Information 

All polymerizations were set up in an Unilab MBraun glovebox with a nitrogen 

atmosphere and irradiated with blue LED lights under nitrogen atmosphere 

outside the glovebox. Isobutyl vinyl ether (IBVE) (99%, TCI), 2-chloroethyl 

vinyl ether (2Cl-EVE) (97%, TCI), n-propyl vinyl ether (PVE) (99%, Sigma 

Aldrich), n-butyl vinyl ether (BVE) (98%, Sigma Aldrich), and benzene (Fischer 

Scientific) were dried over calcium hydride (CaH2) (ACROS chemicals, 93% 

extra pure, 0–2 mm grain size) for 12 h, distilled under nitrogen and degassed 

by three freeze-pump-thaw cycles. d2-Dichloromethane (CD2Cl2) (99.8%, 

Cambridge Isotopes) was dried over CaH2 for 12 h, vacuum transferred and 

degassed by three freeze-pump-thaw cycles. Ethanethiol (97%, Alfa Aesar) 

and carbon disulfide (99.9+%, Alfa Aesar) were distilled before use. IrCl3 • 

H2O (99.9%, Strem Chemicals), 2-bromo-5-(trifluoromethyl)pyridine (98%, Ark 

Pharm), 2-bromo-5-fluoropyridine (98%, Lancaster Synthesis),  2-bromo-4-

(trifluoromethyl)pyridine (98%, Oakwood Chemicals), (2,4-

difluorophenyl)boronic acid (Sigma Aldrich), palladium acetate (Pd(OAc)2) 

(98%, Sigma Aldrich), potassium carbonate (K2CO3) (Sigma Aldrich), lithium 

chloride (LiCl) (99%, Sigma Aldrich), ethanol (EtOH) (Anhydrous, KOPTEC 

USP), triphenylphosphine (99%, Aldrich), methanol (MeOH) (Fischer 

scientific), 2.0 M HCl in Et2O (Sigma Aldrich), sodium hydride (60%, dispersion 

in mineral oil, Sigma Aldrich), and anhydrous benzyl alcohol (99.8%, Sigma 

Aldrich) were used as received. 5-hexyn-1-ol (97%, Alfa Aesar), 5-hexen-1-ol 

(95+%, TCI), and 2,6-ditertbutylpyridine (97%, Acros Organics) were dried by 

azeotroping with benzene (3 x 1 mL) under reduced pressure prior to use. 
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Dichloromethane (DCM), diethylether (Et2O) and dimethylformamide (DMF) 

were purchased from J.T. Baker and were purified by vigorous purging with 

argon for 2 h, followed by passing through two packed columns of neutral 

alumina under argon pressure. [Ir(dF(CF3)ppy)2(5,5’dCF3bpy)]PF6 (2a),1 

[Ir(dF(CF3)ppy)2(4,4’dCF3bpy)]PF6 (2b)1
 and [Ir(dF(CF3)ppy)2(5,5’dFbpy)]PF6 

(2c),1 S-1-isobutoxylethyl S-ethyl trithiocarbonate (3a)2 and S-1-

isobutoxyethyl N,N-diethyl dithiocarbamate (3b)2 were synthesized according 

to literature procedures. 

 

General Analytical Information 

All polymer samples were analyzed using a Tosoh EcoSec HLC 8320GPC 

system with two SuperHM-M columns in series at a flow rate of 0.350 mL/min. 

THF was used as the eluent and all number-average molecular weights (Mn), 

weight-average molecular weights (Mw), and dispersities (Đ) for all polymers 

were determined by light scattering using a Wyatt miniDawn Treos multi-angle 

light scattering detector. Nuclear magnetic resonance (NMR) spectra were 

recorded on a Mercury 300 MHz, Varian 400 MHz, Bruker 500 MHz, or a 

Varian 600 MHz instrument at room temperature using CDCl3 or CD2Cl2 as a 

solvent. UV-vis spectra in DCM were recorded on a Varian Cary 50 Bio UV-

Visible Spectrophotometer. 

 

General Reaction Setup 

Irradiation of photochemical reactions was done using blue diode led® 

BLAZETM light strips (455 nm, 2.88 W/ft) or two H150-Bue KESSIL® lamps 

(465nm, 30W). Actinometry was performed with a Kobi Electric lamp 9W bulb 

(460–470nm). In the case of LED strips, the inside of a crystallization dish was 
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lined with LED strips to irradiate the reaction vessel uniformly. The reaction 

was cooled by blowing compressed air over the reaction vial or J-Young NMR 

tube in the case of on-off experiments.  

Procedure for “On-Off” Experiments with Catalyst 2a or 2b (Figure 3.3 

and Figure S3.1) 

 

In a nitrogen filled glove box, an oven-dried one-dram vial was charged with 

IBVE (0.26 mL, 2.00 mmol, 50 equiv), 0.2 mL of a stock solution of either 2a 

(Figure 3) or 2b (Figure S3.1) in CD2Cl2 (2.0 mM, 0.20 μmol, 0.02 mol% 

relative to IBVE), and 0.04 mL of a stock solution of 3a in DCM (1 M, 0.04 

mmol, 1 equiv). Benzene (30 μL, 0.33 mmol, 8 equiv) was added as an 

internal standard for NMR. The total volume of the solution was equally 

divided into two oven-dried J-Young NMR tubes and each diluted with 0.2 mL 

of additional CD2Cl2. The tubes were sealed under an atmosphere of nitrogen, 

placed next to blue KESSIL® lamps outside of the glove box while cooling by 

blowing compressed air over the tube. The lights were turned off during an off-

period and the reaction was covered in aluminum foil to avoid irradiation. 

Conversion was measured by 1H NMR before and after a dark period.  
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Figure S3.1. On/Off experiment with 2b for a short (a) and long (b) off 

period.

80

60

40

20

0

C
o
n
v
e
rs

io
n
 (

%
)

25002000150010005000

Time (min)

80

60

40

20

0

C
o
n
v
e

rs
io

n
 (

%
)

150100500

Time (min)

a)

b)

OFF
OFF

OFF

OFF



 

127 

 

Procedure for Isobutyl Vinyl Ether Homopolymerization (Table 3.1) 

 

In a nitrogen filled glove box, an oven-dried one-dram vial was equipped with a 

stir bar and charged with IBVE (0.26 mL, 2.00 mmol, 100 equiv), 0.05–0.2 mL 

of a stock solution of either 2a, 2b, or 2c in DCM (2.0 mM, 0.05–0.20 μmol, 

0.005–0.02 mol% relative to IBVE), and 0.02 mL of a stock solution of 3a or 3b 

in DCM (1 M, 0.02 mmol, 1 equiv). The vial was sealed with a cap equipped 

with a Teflon septum under an atmosphere of nitrogen, placed next to blue 

KESSIL® lamps or blue LED strips outside of the glove box, and stirred while 

cooling by blowing compressed air over the reaction vial. Following the desired 

amount of reaction time, benzene (89 μL, 1.0 mmol, 50 equiv) was added as 

an internal standard for NMR, and aliquots for NMR and GPC analysis were 

taken.  
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Figure S3.2. Representative GPC traces of poly(isobutyl vinyl ether) 

prepared by the general procedure above. 

 

 

Procedure for Quantum Yield Determination of IBVE Polymerization (2a–

2c) 

General Procedure for Determination of Early Rate of IBVE polymerization (2a 

and 2b) 

 

In a nitrogen filled glove box, an oven-dried one-dram vial was equipped with a 

stir bar and charged with IBVE (0.26 mL, 2.00 mmol, 50 equiv), 0.2 mL of a 
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stock solution of either 2a or 2b in DCM (2.0 mM, 0.20 μmol, 0.02 mol% 

relative to IBVE), and 0.04 mL of a stock solution of 3b in DCM (1 M, 0.04 

mmol, 1 equiv). The vial was sealed with a cap equipped with a Teflon septum 

under an atmosphere of nitrogen, placed next to a 9W Kobi Electric lamp 

equipped with a 50% neutral density filter (460–470 nm) outside of the glove 

box, and stirred while cooling by blowing compressed air over the reaction vial. 

Following the desired amount of reaction time, benzene (89 μL, 1.0 mmol, 50 

equiv) was added as an internal standard for NMR, and an aliquot for NMR 

analysis was taken. In each case, the average of two experiments was used to 

determine the quantum efficiency (Table S3.1). CTA 3b was used in order to 

be able to directly compare quantum yields of 2a and 2b with previously 

reported data for 1a and 1b.3 

 

 

General Procedure for Determination of Early Rate of IBVE polymerization 

(2c) 

 

In a nitrogen filled glove box, an oven-dried one-dram vial was equipped with a 

stir bar and charged with IBVE (0.26 mL, 2.00 mmol, 50 equiv), 0.2 mL of a 

stock solution of 2c in DCM (2.0 mM, 0.20 μmol, 0.02 mol% relative to IBVE), 

and 0.04 mL of a stock solution of 3a in DCM (1 M, 0.04 mmol, 1 equiv). The 

vial was sealed with a cap equipped with a Teflon septum under an 

atmosphere of nitrogen, placed next to a 9W Kobi Electric lamp (460–470 nm) 
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outside of the glove box, and stirred while cooling by blowing compressed air 

over the reaction vial. Following the desired amount of reaction time, benzene 

(89 μL, 1.0 mmol, 50 equiv) was added as an internal standard for NMR, and 

an aliquot for NMR analysis was taken. The reaction proceeded too slowly at 

50% light intensity (as was used for 2a and 2b). An approximate rate constant 

at 50% light intensity was therefore determined by measuring the rate at 100% 

light intensity (i.e. without neutral density filter) and dividing the value by 2. 

Additionally, CTA 3a was used rather than 3b because of faster polymerization 

kinetics. Actinometry approximated less than one monomer addition per 

photon (3.0x10–7 mol.s–1 * 0.5 = 1.5x10–7 mol.s–1).  

 

 

Determination of the Quantum Yields of Polymerization Using Ferrioxalate 

Actinometry 

Quantum yields were determined by following the procedure in reference 3. 

The quantum yield of polymerization for 2a, 2b, and 2c was deduced by 

comparison of the early rate of IBVE polymerization and the rates of 

photodegradation of potassium ferrioxalate ([Fe(III)]), according to equation 

S1:  

 

where q(1) and q([Fe(III)]) are the conversion rate (in mol•s–1) of IBVE during 

polymerization and of [Fe(III)] during photodegradation, respectively. The 

corrective factor accounts for the real flux of absorbed photon by the 

(S1) 
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actinometer and photocatalysts 2a, 2b, and 2c and therefore depends on the 

absorbance of both species at 455 nm. 𝛷[Fe(III)] is the known quantum yield 

of potassium ferrioxalate decomposition. A reported value of 𝛷[Fe(III)] of 0.86 

at 457 nm was used in the calculations.4
 

 

The degradation rate q([Fe(III)]) was determined according to the protocol 

described by Kuhn et al. 5 A solution of potassium ferrioxalate (300 μl, 0.15 M) 

in aq. H2SO4 (0.05 M) in a 1 dram vial was irradiated with a 9W Kobi Electric 

(460–470 nm) bulb placed 2 cm away from the vial, with a 50% transmission 

neutral density filter placed in between the vial and the bulb. Aliquots (24 μl) 

were taken every 5 seconds and added to vials containing a solution of 

phenanthroline (96 μl, 0.01 % weight), sodium propionate buffer (12 μl, 0.6 M 

in aq. H2SO4 (0.19 M), and water (54 μl). After 1 h in the dark, the 

concentration of the resulting Fe(II) phenantroline complex present in each 

solution was measured by UV-visible spectroscopy (absorption at 510 nm, ε510 

= 11100 L.mol.–1cm–1). The degradation rate q([Fe(III)]) was then determined 

by linear fitting to be 1.9x10–8 mol.s–1.  

The quantum yields of polymerization were estimated to be about four 

monomer additions per photon absorbed for photocatalyst 2a, three monomer 

additions per photon for 2b (Table S3.1) and less than one monomer addition 

per photon for 2c.  
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General Procedure for the In Situ Chain-End Functionalization of 

Poly(Vinyl Ethers) 

 

In a nitrogen filled glove box, an oven-dried one-dram vial was equipped with a 

stir bar and charged with vinyl ether (0.13 mL, 1.00 mmol, 100 equiv), 0.1 mL 

of a stock solution of 2a in DCM (1.0 mM, 0.20 µmol, 0.02 mol % relative to 

 
Transmission 

Filter 
Degradation 

rate 
(mmol*min–1) 

A4551 

(Catalyst) 
QY2 

 

2a 50 –0.0049 0.7753036  4.3 
 

50 –0.0044 0.7753036  3.8 
 

   Average50 = 4.1  
          Standard 

Deviation Total 
Point 

50 –0.0045 0.7753036  3.9 

      
  

0.4 
2b 50 –0.0025 0.784487893  2.2 

  

50 –0.0035 0.784487893  3.0 Standard 
Deviation 

      Average50 = 2.6 0.6 
          

  

Total 
Point 

50 –0.0030 0.784487893  2.6 
  

Table S3.1. Compiled actinometry data of 2a and 2b. 
1A455: absorption at 455 nm; 2QY: quantum yield = monomer additions per 
photon. 
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IBVE), and 0.02 mL of a stock solution of 3a in DCM (0.5 M, 0.02 mmol, 1 

equiv), and 0.08 mL of DCM. The vial was sealed with a cap equipped with a 

Teflon septum under an atmosphere of nitrogen, placed 2 cm from two blue 

LED Kessil lamps outside of the glove box, and stirred while cooling by 

blowing compressed air over the reaction vial. After the desired reaction time 

(20–30 minutes), the reaction was removed from light and aliquots were taken 

for GPC and 1H NMR. Solvent and residual monomer were removed in vacuo 

to yield the crude polymer.  

Immediately following the polymerization, alcohol (0.03 mmol, 3 equiv), 0.1 mL 

of a stock solution of 2a in DCM (1.0 mM, 0.20 µmol, additional 0.02 mol% to 

initial monomer concentration), 2,6-di-tert-butylpyridine (0.01 mmol, 1 equiv), 

and 0.2 mL of DCM were added. The vial was sealed with a cap equipped with 

a Teflon septum, degassed by three freeze-pump-thaw cycles, and put under 

an atmosphere of nitrogen. The reaction vessel was placed 2 cm from two 

blue LED Kessil lamps, and stirred while cooling by blowing compressed air 

over the reaction vial. After 18h, the reaction was removed from the light and 

aliquots were taken for GPC and 1H NMR. The polymer was then precipitated 

from cold methanol, washed three times with cold methanol to remove residual 

alcohol, and dried in vacuo to afford pure polymer. Respective 1H NMRs for 

functionalized poly(isobutyl vinyl ethers) are shown in Figures S3.3–5. 

Representative GPC traces of the polymer before and after modification are 

shown in Figure S3.7. 

To demonstrate that functionalization occurs readily on other poly(vinyl ethers) 

as well, the procedure above was performed with n-butyl vinyl ether. The 

functionalized polymer is depicted in Figure S3.6. 
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Figure S3.3. 1H NMR of poly(isobutyl vinyl ether) functionalized with 5-

hexen-1-ol. 
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Figure S3.4. 1H NMR of poly(isobutyl vinyl ether) functionalized with 

benzyl alcohol. 
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Figure S3.5. 1H NMR of poly(isobutyl vinyl ether) functionalized with 5-

hexyn-1-ol. 
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Figure S3.6. 1H NMR of poly(n-butyl vinyl ether) functionalized with 5-

hexyn-1-ol. 
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Figure S3.7. GPC traces of poly(isobutyl vinyl ether) before and after 

functionalization with 5-hexen-1-ol. 

Table S3.2. Homopolymerization of other Vinyl Ethers Catalyzed by 2a. 

Entry Monomer Time (h) Conv. 

(%) 

Mntheo 

(kg/mol) 

Mn 

(kg/mol) 

Đ 

1 2Cl-EVE 12.5 42 4.5 7.1 1.51 

2 PVE 12.5 84 7.2 5.7 1.32 

3 BVE 12.5 87 7.8 10.1 1.47 
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CHAPTER 4 

On Demand Switching of Polymerization Mechanism and Monomer Selectivity 

with Orthogonal Stimuli 

4.1 Abstract 

The development of next-generation materials is coupled with the ability 

to predictably and precisely synthesize polymers with well-defined structures 

and architectures. In this regard, the discovery of synthetic strategies that 

allow on demand control over monomer connectivity during polymerization 

would provide access to complex structures in a modular fashion and remains 

a grand challenge in polymer chemistry. In this manuscript, we report a 

method where monomer selectivity is controlled during the polymerization by 

the application of two orthogonal stimuli. Specifically, we developed a cationic 

polymerization where polymer chain growth is controlled by a chemical 

stimulus and paired it with a compatible photocontrolled radical polymerization.  

By alternating the application of the chemical and photochemical stimuli the 

incorporation of vinyl ethers and acrylates could be dictated by switching 

between cationic and radical polymerization mechanisms, respectively. This 

enables the synthesis of multiblock copolymers where each block length is 

governed by the amount of time a stimulus is applied and the quantity of 

blocks is determined by the number of times the two stimuli are toggled.  This 

new method allows on demand control over polymer structure with external 

influences and highlights the potential for using stimuli-controlled 

polymerizations to access novel materials.  

4.2 Introduction 

Macromolecular properties are inherently influenced by polymer molar 

mass, monomer sequence, and architecture, as evidenced by the diversity of 
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functions observed among biomacromolecules derived from a limited library of 

molecular building blocks. Therefore, the discovery of synthetic techniques 

that give increased control over monomer connectivity and structure in a 

polymer will broaden the range of applications of these materials. Chemists 

have made significant progress in making well-defined materials with the 

development of “living” polymerizations that enable the formation of 

macromolecules with predictable molar masses (Mn) and narrow molar mass 

distributions (dispersity, Đ) with high chain end fidelity capable of post 

polymerization modification.1,2 Even greater control over polymerization 

processes has recently been achieved through regulation of chain growth with 

various external stimuli3,4 (i.e., thermal,5–7 chemical,8-13 mechanochemical,14-17 

electrochemical,18,19 and photochemical20-45). However, the ability to precisely 

control monomer connectivity during a polymerization remains a grand 

challenge. 

Temporal control of polymer chain growth in externally regulated 

polymerizations provides an excellent opportunity to precisely control 

macromolecular structure and function. To exploit this unique level of control, 

we envisioned a system where monomer selectivity at a given polymer chain 

end could be switched on demand with two different stimuli.46,47 This strategy 

would enable the one pot synthesis of polymers where the monomer 

connectivity would be precisely dictated by external influences and would be a 

step closer to nature’s ability to perfectly control polymer sequence.  
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To achieve this goal, we were inspired by systems developed by Kamigaito 

and co-workers where both radical and cationic polymerization processes are 

active in a single reaction, allowing blocks of two monomers that react via 

different mechanisms to be randomly incorporated into the same polymer 

chain.48–52 We reasoned that temporal control over the cationic and radical 

mechanisms via two stimuli would allow on demand switching of 

Figure 4.1 (a) Interconversion of polymerization mechanisms via 

nonorthogonal photoirradiation of two photocatalysts with blue and green 

light. (b) Generation of cations and radicals at polymer chain-ends via two 

orthogonal stimuli. (c) Synthesis of tetrablock vinyl ether-b-methyl acrylate 

copolymers via a chemical–photochemical gated mechanistic switch. 
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polymerization mechanism in situ and lead to precise control over the block 

structure of the final polymer.  

Taking a step toward this challenge, our group recently developed a 

two-photocatalyst system that took advantage of photocontrolled cationic and 

radical reversible addition–fragmentation chain transfer (RAFT) 

polymerizations (Figure 4.1a).53,54 Irradiating our system with green light led to 

promotion of the cationic polymerization of isobutyl vinyl ether (IBVE) through 

selective excitation of an oxidizing photocatalyst.55,56 Alternatively, irradiation 

with blue light excited both the reducing and oxidizing photocatalysts in 

solution leading to simultaneous radical polymerization of methyl acrylate (MA) 

and cationic polymerization of IBVE (Figure 4.1a). Although this two 

photocatalyst system demonstrated that the polymerization mechanism could 

be changed in situ, selective promotion of the radical mechanism was not 

possible due to the overlap of the absorption spectra of the two catalysts. In 

order to overcome this limitation, polymerization processes where chain 

growth is regulated by two orthogonal and compatible stimuli is necessary to 

allow selective promotion of either the radical or cationic pathways (Figure 

4.1b).  

Herein, we report the development of a new chemically controlled cationic 

polymerization of vinyl ether monomers. Combining this cationic 

polymerization with a photocontrolled radical process enables completely 

orthogonal switching of polymerization mechanism at a single chain end in 

situ. This increased level of control is successfully applied to the one-pot 

synthesis of multiblock copolymers of IBVE and MA, without the need of 

subsequent polymer isolation, purification, or chain-end modification (Figure 

4.1c). 
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Table 4.1 Optimization of the Cationic Polymerization of IBVE Using FcBF4 
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4.3 Results and Discussion 

To gain precise control over polymerization mechanism in situ, we set 

out to develop a cationic polymerization regulated by a stimulus orthogonal 

and compatible with the photocontrolled radical polymerization process. In 

recent years, chemists have investigated a number of stimuli compatible with 

light to induce polymerization, including mechanical force, electricity, redox 

events triggered by chemical additives, and temperature. Among those, we 

opted for a chemical stimulus that could be used to initiate and reversibly 

Figure 4.2 Proposed mechanism including (a) initiation, (b) reversible 

addition–fragmentation chain transfer (RAFT) equilibrium, and (c) 

termination of the chemically (red flask) gated cationic polymerization of 

vinyl ether monomers (M = monomer). 
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terminate the propagating cation. We hypothesized that the cationic 

polymerization could be initiated with a mild single electron oxidant (Figure 

4.2a).  

Specifically, we reasoned that the addition of ferrocenium salts (FcX) 

should selectively oxidize the chain transfer agents (CTA) 1a or 1b and, 

consequently, shuttle a predictable amount of an oxocarbenium ion into the 

RAFT mechanism (Figure 4.2b).57 Importantly, temporal control over chain 

growth could be achieved through the addition of a dithiocarbamate anion, 2, 

to recap propagating cations as well as reduce any remaining ferrocenium to 

ferrocene, completely halting the polymerization (Figure 4.2c). This process 

would provide a cationic polymerization that could be reversibly 

activated/deactivated through the addition of two chemical species. Moreover, 

the rate of polymerization could be dictated by the concentration of FcX 

added. To test our hypothesis, we examined the use of ferrocenium 

tetrafluoroborate (FcBF4) to initiate the cationic polymerization of vinyl ethers. 

Treating a solution of IBVE and 1a with FcBF4 in dichloromethane (DCM) gave 

a 10.3 kg/mol polymer with a narrow Đ of 1.11 (Table 1, entry 1). Importantly, 

the experimental molar mass aligned well with the theoretical value, 

demonstrating that this system has excellent initiator efficiency. Control 

experiments demonstrated that performing the reaction in the absence of 

FcBF4 gave no polymerization (Table 1, entry 2), while removal of 1a gave a 

broad dispersity, high molecular weight polymer (Table 1, entry 3).  At higher 

loadings of FcBF4 (5 mol% relative to IBVE), experimental Mn’s deviated from 

theoretical values (Table 1, entry 4),  through promotion of uncontrolled 

polymerization pathways like those observed in the absence of 1a. 

Additionally, at very low concentrations of FcBF4 (0.0025 mol%), no 
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conversion of monomer is observed (Table 1, entry 5), unless the more active 

CTA 1b is used (Table 1, entry 6). 

Interestingly, initiating the polymerization with FcBF4 proved to be 

effective at synthesizing high molecular weight poly(IBVE) up to 65 kg/mol with 

narrow Đ values (Table 1, entry 7–11). This is a significant advantage over our 

previously reported photocontrolled cationic polymerizations where we 

observed a loss in control when targeting molar masses above 20 kg/mol. We 

attribute this increased efficiency to the lower oxidation potential of ferrocene 

(Fc) relative to 1a, creating milder polymerization conditions that limit the 

generation of new chains via direct oxidation of IBVE, a previously observed 

Figure 4.3 Substrate scope of vinyl monomers that can be polymerized via 

ferrocenium-mediated cationic RAFT polymerization. 
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undesired pathway.55 Under the reported reaction conditions, high degrees of 

polymerization were achieved within three hours. Additionally, these conditions 

provide a polymerization robust enough to proceed under ambient atmosphere 

while maintaining low Đ and excellent control over the final polymer Mn (Table 

1, entry 12).58 This result demonstrates the practicality of the polymerization 

and avoids the requirement of advanced air and water free techniques. 

Importantly, the new FcBF4-initiated process delivered effective cationic 

polymerization of a range of vinyl ether monomers that had varied steric and 

electronic characteristics, along with para-methoxystyrene. In each case, 

excellent agreement between theoretical and experimental Mn’s were 

observed while maintaining narrow Đ values (Figure 4.3). 

To  grow multiblock copolymers employing this method excellent chain 

end fidelity is essential. To demonstrate that active chain-ends are maintained 

in these polymerizations, we synthesized a poly(IBVE) macroinitiator under 

our standard conditions and then chain-extended it with ethyl vinyl ether (EVE) 

to give a well-defined poly(IBVE-b-EVE) diblock copolymer (See Supporting 

Information: Figures S7–S9). Importantly, we observed a clear shift in the size 

exclusion chromatography trace to higher molar mass with no tailing, 

demonstrating that the dithiocarbamate chain ends are intact after the 

polymerization.  

Thus far, we have shown that ferrocenium is an effective mediator of 

the cationic polymerization vinyl ethers. However, the ability to temporally 

control chain growth on demand is required to pair this system with a 

photocontrolled radical polymerization and enable switching of polymerization 

mechanism. We hypothesized that the chemically controlled polymerization 

could be reversibly terminated through the addition of one equivalent of the 
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dithiocarbamate anion 2 relative to the amount of FcBF4 added to initiate 

polymerization (Figure 4.2c). Theoretically, the anion should cap propagating 

cations to generate a dormant chain end, while reducing unreacted Fc+ to Fc, 

preventing the generation of new propagating cations. To test this hypothesis, 

polymerization of IBVE was initiated through the addition of FcBF4 under our 

standard conditions (Figure 4.4). After 25 minutes, 2 was added and 

conversion of the monomer immediately halted. Importantly, the subsequent 

addition of FcBF4 once again initiated the cationic polymerization. This 

process was repeated multiple times, demonstrating excellent temporal control 

over the polymerization with a chemical stimulus. 

Figure 4.4 Temporal control over polymer initiation and reversible 

termination via the addition of FcBF4 and 2, respectively. 
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Significantly, our new chemically-regulated cationic polymerization 

method is orthogonal to visible light and should be compatible with the radical 

photoinduced electron transfer (PET)-RAFT polymerizations employing 

Ir(ppy)3 as the photocatalyst. Therefore, combining these two polymerizations 

in one pot should enable switching of polymerization mechanisms through 

modulation of the two stimuli, although consideration must be given to the 

mechanism of switching. We have previously demonstrated efficient initiation 

of the radical polymerization of MA from a poly(IBVE) macroinitiator due to the 

favourable formation of an α-oxy radical, which will enable efficient chain 

Figure 4.5 (a) A random copolymer of MA and IBVE can act as a 

macroinitiator for poly(MA-b-IBVE). (b) 1H NMR chain-end analysis of the 

random copolymer revealed >90% thioacetal chain-ends. 
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extension of MA from poly(IBVE). Conversely, initiation of the polymerization 

of IBVE from the poly(MA) chain end could be problematic because it requires 

the formation of a high energy α-acyl cation. However, we proposed that we 

could circumvent this issue by taking advantage of the small amounts of 

incorporation of IBVE during the radical copolymerization with MA. As 

previously shown by Kamigaito, the majority of dormant chain ends are 

thioacetals derived from vinyl ether monomers due to the radical RAFT 

fragmentation kinetics.59 These thioacetals are effective at generating a cation 

and can promote vinyl ether homopolymerization.  

Indeed, when exposing 1b, equimolar amounts of MA and IBVE, and 

0.02 mol% Ir(ppy)3 to blue light, poly(MA) is synthesized with 20–30% 

incorporation of IBVE (Figure 4.5a). Chain-end analysis by 1H NMR of the final 

polymer revealed the presence of greater than 90% thioacetal chain ends 

(Figure 4.5b). Gratifyingly, upon removal of blue light irradiation and addition of 

FcBF4 to the crude reaction mixture, the polymer was successfully chain 

extended via cationic polymerization to give a well-defined poly(MA-b-IBVE) 

block polymer (Figure 4.5a). This result demonstrates successful switching 

from radical to cationic polymerization in situ through modulation of the 

external stimuli, which is a key requirement for the controlled synthesis of 

multiblock copolymers. This approach represents a significant advance over 

our previously reported photocontrolled switching method, due to the 

orthogonal stimuli that enables us to selectively invoke the radical mechanism.   
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  With the ability to switch polymerization mechanism on demand, we set 

out to explore the range of copolymer sequences that can be targeted through 

modulation of the order of applied stimuli. Figure 4.6a shows the monomer 

conversion over time for the synthesis of poly(MA-b-IBVE) diblock copolymer, 

where we first promoted the radical polymerization with light followed by the 

chemically controlled cationic polymerization. This can be extended to triblock 

Figure 4.6 Conversion of MA (solid line) and IBVE (dashed line) over time 

upon applying chemically controlled cationic and photochemically controlled 

radical polymerization. (a) Conversion plot for poly(MA-b-IBVE). (b) 

Conversion plot for poly(MA-b-IBVE-b-MA). (c) Conversion plot for 

poly(IBVE-b-MA-b-IBVE). (d) Conversion plot for poly(IBVE-b-MA-b-IBVE-

b-MA). 
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copolymers under the same conditions by adding an additional switching 

event. After the first mechanistic switch from radical to cationic polymerization 

to generate poly(MA-b-IBVE), vinyl ether polymerization can be successfully 

halted by the addition of 2. Subsequent re-exposure to blue light initiates 

radical polymerization of MA resulting in poly(MA-b-IBVE-b-MA) triblock with 

predictable molar mass and narrow dispersity (Figure 4.6b).  

Interestingly, from the same solution conditions the inverse triblock 

copolymer can be synthesized by simply altering the sequence of the two 

applied stimuli. Specifically, initiating polymerization of IBVE, in the presence 

of MA and Ir(ppy)3, by treatment with FcBF4 in the absence of blue light 

(Figure 4.6c), we observed solely conversion of IBVE over the first hour. 

Addition of 2 resulted in termination of the cationic polymerization, followed by 

irradiation with blue light for two hours to promote radical polymerization of the 

acrylate. Turning the light off and treating the reaction with 0.05 mol% FcBF4 

resulted in a clean mechanistic switch from radical polymerization of MA to the 

cationic polymerization of vinyl ethers, generating a well-defined poly(IBVE-b-

MA-b-IBVE) triblock. This can be taken a step further, generating a poly(IBVE-

b-MA-b-IBVE-b-MA) tetrablock copolymer (Figure 4.6d) by adding one 

additional switching event to the last triblock copolymer. It is worth noting that 

the length of each block can be controlled by the length of time the stimulus is 

applied and the number of blocks can be dictated by the number of times the 

stimuli are toggled. These data clearly show that pairing orthogonal stimuli to 

control polymerization mechanism and monomer selectivity is a powerful 

approach toward the synthesis of advanced polymeric structures. 
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4.4 Conclusion 

In conclusion, we have developed a system that enables switching of 

polymerization mechanism and monomer selectivity in situ with two external 

stimuli. The identification of a cationic polymerization controlled by a chemical 

stimulus that was both orthogonal and compatible with the photocontrolled 

radical polymerization was key to achieving efficient switching. We 

demonstrated that ferrocenium salts were highly efficient initiators for the 

cationic RAFT polymerization of vinyl ethers and showed that reversible 

termination could be achieved through the addition of a dithiocarbamate anion. 

By pairing this new chemically-controlled cationic polymerization with a 

photocontrolled RAFT polymerization, we were able to selectively and 

reversibly promote the polymerization of vinyl ethers or acrylates. Under 

identical solution conditions, this enabled the synthesis of an array of well-

defined multiblock copolymers where the final structure was dictated by the 

two stimuli; the length of each block was controlled by the amount of time the 

stimulus was applied and the number of blocks was governed by the 

alternating application of the two stimuli. These results demonstrate the power 

of combining controlled polymerization processes that are regulated by 

different external stimuli and lays the groundwork for developing systems 

where polymer sequence, structure, and architecture are controlled on 

demand via external influences. 
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4.6 Appendix 

Experimental Information 

General Reagent Information 

Isobutyl vinyl ether (IBVE) (99%, TCI), ethyl vinyl ether (EVE) (99%, Sigma 

Aldrich), 2-chloroethyl vinyl ether (Cl-EVE) (97%, TCI), n-propyl vinyl ether 

(nPrVE) (99%, Sigma Aldrich), and n-butyl vinyl ether (nBuVE) (98%, Sigma 

Aldrich), cyclohexyl vinyl ether (CyVE) (98%, Sigma Aldrich) and methyl 

acrylate (MA) (>99%, TCI) were dried over calcium hydride (CaH2) (ACROS 
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organics, 93% extra pure, 0–2 mm grain size) for 12 hours, distilled under 

nitrogen, and degassed by three freeze-pump-thaw cycles. 4-Methoxystyrene 

(97%, Sigma Aldrich) was dried over CaH2 for 12 hours, distilled under 

vacuum, and degassed by three freeze-pump-thaw cycles. Sodium N,N-

diethyldithiocarbamate trihydrate (2) (98%, Alfa Aesar) was azeotropically 

dried with toluene. Ethanethiol (97%, Alfa Aesar) and carbon disulfide 

(99.9+%, Alfa Aesar) were distilled before use. Ferrocenium tetrafluoroborate 

(FcBF4) (97%, Sigma Aldrich), HCl in Et2O (2.0 M, Sigma Aldrich), Tris[2-

phenylpyridinatoC2,N]iridium(III) (Ir(ppy)3) (Ark Pharm) and sodium hydride 

(60%, dispersion in mineral oil, Sigma Aldrich) were used as received. 

Dichloromethane (DCM), acetonitrile (MeCN), and diethylether (Et2O) were 

purchased from J.T. Baker and were purified by vigorous purging with argon 

for 2 hours, followed by passing through two packed columns of neutral 

alumina under argon pressure. Hexanes and ethyl acetate were purchased 

from Fischer Scientific and used as received. Ethanol (anhydrous, 200 proof) 

was purchased from Koptec. Alumina (1.0, 0.3, 0.05 µm pore size) was 

purchased from Extec. S-1-isobutoxyethyl N,N-diethyl dithiocarbamate (1a)1 

and S-1-isobutoxylethyl S-ethyl trithiocarbonate (1b)1 were synthesized 

according to literature procedures.  

General Analytical Information 

All polymer samples were analyzed using a Tosoh EcoSec HLC 8320GPC 

system with two SuperHM-M columns in series at a flow rate of 0.350 mL/min. 

THF was used as the eluent and all number-average molecular weights (Mn), 

weight-average molecular weights (Mw), and dispersities (Đ) were determined 

by light scattering using a Wyatt miniDawn Treos multi-angle light scattering 
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detector. Nuclear magnetic resonance (NMR) spectra were recorded on a 

Varian 400 MHz, a Varian 600 MHz, or a Bruker 500 MHz instrument.  

Safety Statement 

No unexpected or unusually high safety hazards were encountered. 
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Experimental Procedures 

General Procedure for Chemically Controlled Polymerization 

In a nitrogen filled glove box, an oven-dried one-dram vial was equipped with a 

stir bar and charged with IBVE (0.13 mL, 1.00 mmol, 100 equiv), 0.02 mL of a 

stock solution of 1a in DCM (0.5 M, 0.01 mmol, 1 equiv), 0.13 mL of DCM, and 

then 0.05 mL of a stock solution of FcBF4 in DCM (2.0 mM, 0.1 µmol, 0.01 mol 

% relative to IBVE). The vial was sealed with a cap equipped with a Teflon 

septum under an atmosphere of nitrogen and left to stir. After the desired 

reaction time (2–3 hours), the reaction was quenched by addition of 0.05 mL 

of a stock solution of sodium N,N-diethyl dithiocarbamate in MeCN (0.03 M, 

0.15 mmol) and aliquots were taken for GPC and 1H NMR.  
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Table S1. Breadth of Polymerizable Monomers 

Monomera Conv. (%) Mn, Theo (kg/mol) Mn, Exp (kg/mol) Đ 

nBuVE > 99 9.9 11.3 1.10 

nPrVE > 99 8.7 6.4 1.09 

EVE > 99 7.4 6.9 1.06 

Cl-EVEb 93 10 7.8 1.14 

CyVEc > 99 12.7 10.4 1.61 

p-OMe-Styrenec 96 13.3 11.9 1.21 

aStandard Reaction Conditions: Vinyl Monomer (100 equiv), 1a (0.01 equiv), 

and FcBF4 (0.01 mol%) at room temperature in dichloromethane.  bUsing 0.04 

mol% FcBF4. cUsing 0.10 mol% FcBF4. 
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Figure S4.1. 1H NMR of poly(n-butyl vinyl ether)  

Mn = 11.3 kg/mol, Đ = 1.10 (Table S1, entry 1). 

 

 

 

 

 

 

 



168 

 

Figure S4.2. 1H NMR of poly(n-propyl vinyl ether) 

Mn = 6.4 kg/mol, Đ = 1.09 (Table S1, entry 2). 
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Figure S4.3. 1H NMR of poly(ethyl vinyl ether) 

Mn = 6.9 kg/mol, Đ = 1.06 (Table S1, entry 3). 
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Figure S4.4. 1H NMR of poly(2-chloroethyl vinyl ether)  

Mn = 7.8 kg/mol, Đ = 1.14 (Table S1, entry 4). 
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Figure S4.5. 1H NMR of poly(cyclohexyl vinyl ether) 

Mn = 10.4 kg/mol, Đ = 1.61 (Table S1, entry 5). 
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Figure S4.6. 1H NMR of poly(p-OMe-Styrene) 

Mn = 11.9 kg/mol, Đ = 1.21 (Table S1, entry 6). 
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Procedure for Chemical Synthesis of Diblock Copolymer 

 

In a nitrogen filled glove box, an oven-dried one-dram vial was equipped with a 

stir bar and charged with IBVE (0.26 mL, 2.00 mmol, 100 equiv), 0.04 mL of a 

stock solution of 1a in DCM (0.5 M, 0.01 mmol, 1 equiv), 0.25 mL of DCM, and 

then 0.10 mL of a stock solution of FcBF4 in DCM (2.0 mM, 0.2 µmol, 0.01 mol 

% relative to IBVE). The vial was sealed with a cap equipped with a Teflon 

septum under an atmosphere of nitrogen and left to stir. The reaction was run 

to full conversion (5 hours) and an aliquot was taken and quenched by 

addition of sodium N,N-diethyl dithiocarbamate for GPC (Mn = 8.5 kg/mol, Đ = 

1.14)  and 1H NMR analysis prior to the addition of EVE (0.20 mL, 2.00 mmol, 

100 equiv). After reaching full conversion (16 hours), the reaction was 

quenched by addition of sodium N,N-diethyl dithiocarbamate and aliquots 

were taken for GPC and 1H NMR. Mn(GPC) = 13.4 kg/mol, Đ = 1.09. 
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Figure S4.7. 1H NMR of poly(isobutyl vinyl ether) 

Mn = 8.5 kg/mol, Đ = 1.14. 
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Figure S4.8. 1H NMR of poly(isobutyl vinyl ether-block-ethyl vinyl ether) 

Mn = 13.4 kg/mol, Đ = 1.09. 
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Figure S4.9. GPC traces of poly(isobutyl vinyl ether) and poly(isobutyl 

vinyl ether-block-ethyl vinyl ether)  

Procedure for Chemical Initiation and Termination of the Polymerization 

of Isobutyl Vinyl Ether 

In a nitrogen filled glove box, an oven-dried one-dram vial was equipped with a 

stir bar and charged with IBVE (0.260 mL, 2.00 mmol, 100 equiv), 1a (0.040 

mL of a 0.55 mM solution in DCM, 0.022 mmol, 1 equiv), FcBF4 (0.100 mL, 2 

mol, 0.01 equiv), and 0.25 mL DCM. The vial was sealed with a cap 

equipped with a Teflon septum under an atmosphere of nitrogen. After 30 min 

(total time = 30 min), sodium N,N-diethyl dithiocarbamate (0.040 mL of a 5.8 

mM solution in 1:1 DCM: MeCN, 2 mol, 0.01 equiv) was added to terminate 

the polymerization. After a 45 min “off” period (total time = 75 min), FcBF4 

(0.04 mL of a 7.3 mM solution in DCM, 2 mol, 0.01 equiv) was added to 

reinitiate polymerization. After a 15 min ”on” period (total time = 90 min), 

sodium N,N-diethyl dithiocarbamate (0.040 mL of a 5.8 mM solution in 1:1 
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DCM: MeCN, 2 mol, .01 equiv) was added to the reaction. After a 45 min “off” 

period (total time = 135 min), FcBF4 (0.04 mL of a 7.3 mM solution in DCM, 2 

mol, 0.01 equiv) was added to reinitiate polymerization. Aliquots were taken 

after each addition of FcBF4 and N,N-diethyl dithiocarbamate and the end of 

reaction (time = 155 min) for 1H NMR and GPC analysis. 

 

Procedure for Diblock Copolymer Synthesis of Methyl Acrylate and 

Isobutyl Vinyl Ether (p(MA-b-IBVE), Figure 4.5a and 4.6a) 

In a nitrogen filled glove box, an oven-dried one-dram vial was equipped with a 

stir bar and charged with IBVE (0.26 mL, 2.00 mmol, 100 equiv), MA (0.18 mL, 

2.00 mmol, 100 equiv), 0.13 mL of a stock solution of Ir(ppy)3 in DCM (3 mM, 

0.40 µmol, 0.02 mol% relative to MA), and 0.02 mL of a stock solution of 1b in 

DCM (1 M, 0.02 mmol, 1 equiv). The vial was sealed with a cap equipped with 

a Teflon septum under an atmosphere of nitrogen, placed next to blue KESSIL 

lamps (~460 nm) outside of the glove box, and stirred while cooling by blowing 

compressed air over the reaction vial. After 2 hours of reaction time, the vial 

was transferred back into the glove box. Under inert atmosphere, an aliquot for 

1H NMR and GPC analysis was taken prior to the addition of additional IBVE 

(0.13 mL, 1.00 mmol, 50 equiv) and 0.045 mL of a stock solution of FcBF4 in 

DCM (22 mM, 1 µmol, 0.033 mol% relative to IBVE). The reaction was 

quenched with 2 after 24 hours. The solvent was removed under vacuo to 

yield the pure polymer. GPC traces of the polymers before and after chain 

extension are shown in Figure 4.5a.  
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Chain Extension from poly(Methyl Acrylate) Synthesized in the Absence 

of IBVE (Figure 4.5a) 

In a nitrogen filled glove box, an oven-dried one-dram vial was equipped with a 

stir bar and charged with MA (0.18 mL, 2.00 mmol, 100 equiv), 0.13 mL of a 

stock solution of Ir(ppy)3 in DCM (3 mM, 0.40 µmol, 0.02 mol% relative to MA), 

and 0.02 mL of a stock solution of 1b in DCM (1 M, 0.02 mmol, 1 equiv). The 

vial was sealed with a cap equipped with a Teflon septum under an 

atmosphere of nitrogen, placed next to blue KESSIL lamps (~460 nm) outside 

of the glove box, and stirred while cooling by blowing compressed air over the 

reaction vial. After 2 hours of reaction time, the vial was transferred back into 

the glove box. Under inert atmosphere, an aliquot for 1H NMR NMR and GPC 

analysis was taken prior to the addition of IBVE (0.26 mL, 2.00 mmol, 100 

equiv) and 0.045 mL of a stock solution of FcBF4 in DCM (22 mM, 1 µmol, 

0.05 mol% relative to IBVE). The reaction was quenched with 2 after 24 hours. 

The solvent was removed under vacuo to yield pMA and pIBVE resulting from 

uncontrolled cationic polymerization. GPC traces of the first aliquot and final 

polymer are displayed in Figure S4.10. 
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Figure S4.10. GPC Traces of Chain Extension from p(MA) Synthesized in 

the absence of IBVE: 

GPC trace of the first aliquot (poly(methyl acrylate) and final polymer 

(homopolymers of poly(methyl acrylate) and poly(isobutyl vinyl ether)) 

demonstrate that chain extension does not occur when methyl acrylate block 

is synthesized in the absence of a vinyl ether. 

Procedure for Triblock Copolymer Synthesis of Methyl Acrylate and 

Isobutyl Vinyl Ether (p(MA-b-IBVE-b-MA), Figure 4.6b) 

In a nitrogen filled glove box, an oven-dried one-dram vial was equipped with a 

stir bar and charged with IBVE (0.26 mL, 2.00 mmol, 100 equiv), MA (0.18 mL, 

2.00 mmol, 100 equiv), 0.13 mL of a stock solution of Ir(ppy)3 in DCM (3 mM, 

0.40 µmol, 0.02 mol% relative to MA), and 0.02 mL of a stock solution of 1b in 

DCM (1 M, 0.02 mmol, 1 equiv). The vial was sealed with a cap equipped with 

a Teflon septum under an atmosphere of nitrogen, placed next to blue KESSIL 

lamps (~460 nm) outside of the glove box, and stirred while cooling by blowing 

compressed air over the reaction vial. After 1 hour of reaction time, the vial 

was transferred back into the glove box. Under inert atmosphere, an aliquot for 

1H NMR and GPC analysis was taken prior to the addition of 0.045 mL of a 
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stock solution of FcBF4 in DCM (22 mM, 1 µmol, 0.05 mol% relative to IBVE). 

The reaction was stirred at room temperature for 2 hours, followed by the 

addition of 2 (1 µmol) to halt the cationic polymerization. Under inert 

atmosphere, aliquots for NMR and GPC analysis were taken at designated 

time points prior to a change in stimuli. The reaction was stopped after 11 

hours of blue light irradiation. The solvent was removed in vacuo to yield the 

final polymer. GPC traces of the polymer are shown in Figure S4.11. (Mn,Theo 

(kg/mol) = 18.9, Mn,Exp (kg/mol) = 15.7, Đ = 1.68) 

 

 

Figure S4.11. GPC traces of p(MA-b-IBVE-b-MA) (Figure 4.6b) 

Procedure for Triblock Copolymer Synthesis of Methyl Acrylate and 

Isobutyl Viny Ether (p(IBVE-b-MA-b-IBVE), Figure 4.6c) 

In a nitrogen filled glove box, an oven-dried one-dram vial was equipped with a 

stir bar and charged with IBVE (0.26 mL, 2.00 mmol, 100 equiv), MA (0.18 mL, 

2.00 mmol, 100 equiv), 0.13 mL of a stock solution of Ir(ppy)3 in DCM (3 mM, 

0.40 µmol, 0.02 mol% relative to MA), .07 mL of a stock solution of FcBF4 in 
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DCM (4 mM, 0.50 µmol, 0.025 mol% relative to IBVE) and 0.02 mL of a stock 

solution of 1b in DCM (1 M, 0.02 mmol, 1 equiv). The vial was sealed with a 

cap equipped with a Teflon septum under an atmosphere of nitrogen and 

stirred at room temperature for 1 hour before the addition of 2 (0.4 µmol). The 

vial was irradiated with blue KESSIL lamps (~460 nm) outside of the glove 

box, and stirred while cooling by blowing compressed air over the reaction vial. 

After 2 hours of irradiation, the vial was transferred back into the glove box. 

The addition of 0.03 mL of a stock solution of FcBF4 in DCM (22 mM, 0.67 

µmol, 0.033 mol% relative to IBVE) reinitiated cationic polymerization. Under 

inert atmosphere, aliquots for NMR and GPC analysis were taken at 

designated time points prior to a change in stimulus. The reaction was 

quenched with 2 after 8 hours. The solvent was removed in vacuo to yield the 

pure polymer. GPC traces of the polymer are shown in Figure S4.12. (Mn,Theo 

(kg/mol) = 13.6, Mn,Exp (kg/mol) = 10.6, Đ = 1.20) 

 

Figure S4.12. GPC traces of p(IBVE-b-MA-b-IBVE) (Figure 4.6c) 
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Procedure for Tetrablock Copolymer Synthesis of Methyl Acrylate and 

Isobutyl Viny Ether (p(IBVE-b-MA-b-IBVE-b-MA), Figure 4.6d) 

In a nitrogen filled glove box, an oven-dried one-dram vial was equipped with a 

stir bar and charged with IBVE (0.26 mL, 2.00 mmol, 100 equiv), MA (0.18 mL, 

2.00 mmol, 100 equiv), 0.13 mL of a stock solution of Ir(ppy)3 in DCM (3 mM, 

0.40 µmol, 0.02 mol% relative to MA), 0.07 mL of a stock solution of FcBF4 in 

DCM (4 mM, 0.50 µmol, 0.025 mol% relative to IBVE) and 0.02 mL of a stock 

solution of 1b in DCM (1 M, 0.02 mmol, 1 equiv). The vial was sealed with a 

cap equipped with a Teflon septum under an atmosphere of nitrogen and 

stirred at room temperature for 2 hours before the addition of 2 (0.4 µmol). The 

vial was then placed next to blue KESSIL lamps (~460 nm) outside of the 

glove box, and stirred while cooling by blowing compressed air over the 

reaction vial. After 2 hours of irradiation, the vial was transferred back into the 

glove box. The addition of 0.045 mL of a stock solution of FcBF4 in DCM (22 

mM, 1 µmol, 0.05 mol% relative to IBVE) reinitiated cationic polymerization. 

The reaction was stirred for 2 hours at room temperature before the addition of 

2 (1 µmol) halted the cationic polymerization. The vial was then re-exposed to 

blue light. Under inert atmosphere, aliquots for NMR and GPC analysis were 

taken at designated time points prior to a change in stimuli. The reaction was 

stopped after 2 hours of irradiation. The solvent was removed in vacuo to yield 

the pure polymer. GPC traces of the polymer are shown in Figure S4.13. 

(Mn,Theo (kg/mol) = 15.1, Mn,Exp (kg/mol) = 18.2, Đ = 1.41)  
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Figure S4.13. GPC traces of p(IBVE-b-MA-b-IBVE-b-MA) (Figure 4.6d) 

Generation of Tetraethylthiuram Disulfide Through the Oxidation of CTA 

by Ferrocenium Tetrafluoroborate 

 

 In a nitrogen-filled glove box, an oven-dried one-dram vial was 

equipped with a stir bar and charged with FcBF4 (273mg, 1.00 mmol, 5 equiv) 

and CTA 1a (0.4 mL (0.5 M in DCM), 0.2 mmol, 1 equiv). After 2 hours, the 

reaction was passed through a silica plug with ethyl acetate. Tetraethylthiuram 

disulfide was observed in the 1H NMR of the filtrate.2 
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Radical Copolymerization of Methyl Acrylate and Isobutyl Vinyl Ether 

with Different Feed Ratios 

In a nitrogen filled glove box, an oven-dried one-dram vial was equipped with a 

stir bar and charged with IBVE, MA, 0.13 mL of a stock solution of Ir(ppy)3 in 

DCM (3 mM, 0.40 µmol, 0.02 mol% relative to monomers), and 0.02 mL of a 

stock solution of 1b in DCM (1 M, 0.02 mmol, 1 equiv). The ratio of MA to 

IBVE was varied as shown in Table S2, while maintaining the total amount of 

monomers at 2 mmol.  The vial was sealed with a cap equipped with a Teflon 

septum under an atmosphere of nitrogen, placed next to blue KESSIL lamps 

(~460 nm) outside of the glove box, and stirred while cooling by blowing 

compressed air over the reaction vial. Aliquots for GPC and NMR were taken 

after the reaction time of 13 hours. The solvent was removed in vacuo to yield 

the pure polymers. The amount of thioacetal chain end was determined by 1H 

NMR.  

Table S4.2. Amount of Thioacetal Chain End in Copolymers of 

Methyl Acrylate and Isobutyl Vinyl Ether.  

Entry MA : IBVE 

(feed ratio) 

MA : IBVE 

(polymer comp.) 

Mn

(kg/mol)

Đ Thioacetal 

Chain End (%) 

1 2:1 4:1 9.6 1.39 >95

2 10:1 14:1 11.0 1.58 >95

3 1:2 2:1 6.8 1.26 >95
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CHAPTER 5 

Dual Stimuli Switching: Interconverting Cationic and Radical Polymerizations 

with Electricity and Light 

5.1 Abstract 

Increasing demand for advanced materials essential to emerging 

technologies calls for synthetic methods which can easily generate polymers 

with complex structures. Multiblock copolymers display a range of material 

properties depending on the length and number of polymer blocks. Currently, 

there remains a lack of polymerization processes that can easily synthesize 

these multiblock structures. Herein, we report the in situ synthesis of 

multiblock copolymers by controlling monomer incorporation with 

electrochemical and photochemical stimuli. To achieve this, we developed a 

cationic polymerization where polymer chain growth is controlled by reversible 

electrochemical oxidation of the polymer chain end and coupled this with a 

compatible photocontrolled radical polymerization. This process was used to 

generate higher-order multiblock copolymers wherein the number of blocks 

and the length of each segment is controlled by the two stimuli. This method, 

which lends itself toward automation, will aid in accelerating the rate at which 

next generation materials are discovered. 

 

5.2 Introduction 

Polymer properties are determined not only by the structures of the 

parent monomers but also by the final macromolecular structure. There have 

been numerous studies of block copolymers showing that the composition, 

length, and total number of blocks can be used to tune the final material 

function.1-4 On this basis, there is a demand to develop methods to synthesize 
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block copolymers with precise structural complexity to identify materials for 

next generation applications. To accelerate this discovery process, we 

envisaged an automated system where one could input any desired multiblock 

copolymer structure and automatically synthesize it from a single solution of 

reagents. This type of system would enable the facile formation of a library of 

block polymers with control over the number of blocks, as well as the length of 

each individual block in the material. To achieve this, we need a method 

where the selectivity for monomer incorporation could be controlled and 

switched during the polymerization to give the desired structure. 

Externally regulated polymerizations (e.g., thermal,5-7 chemical,8-13 

mechanochemical,14-17 electrochemical,18-22 and photochemical23-33) offer an 

opportunity to control monomer selectivity at a growing polymer chain end.34 

Taking advantage of this strategy, the Byers11,21 and Diaconescu12,13 groups 

have independently developed chemically and electrochemically controlled 

ring opening polymerizations (ROP) that allow switching between 

incorporation of lactones and epoxides. Utilizing a combination of thermal and 

photochemical stimuli, You and coworkers35 developed a polymerization 

wherein ROP of thiiranes  could be interconverted with radical reversible 

addition-fragmentation chain transfer (RAFT) polymerization of acrylamides.  

In a unique approach to control monomer selectivity, our group has 

developed methods that enable the stimuli controlled oxidation or reduction of 

a polymer chain end. This allowed us  to switch between a cationic and radical 

RAFT polymerization mechanism, leading to the selective polymerization of 

vinyl ethers or acrylates, respectively. In the first system, we used both an 

oxidizing and reducing photocatalyst to control each polymerization. Irradiation 

with green light selectively promoted a cationic polymerization. However, 
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irradiation with blue light excited both photocatalysts and led to initiation of 

both polymerization mechanisms simultaneously. Although this system 

demonstrated that polymerization mechanism could be switched by changing 

the stimulus, it did not give control over the synthesis of well-defined 

multiblock copolymers. To have deterministic control over the final structure, 

we needed orthogonal stimuli that allowed each polymerization to be 

independently promoted.  To this end, we designed a second system where 

we coupled a photocontrolled radical polymerization of acrylates with a 

chemically controlled cationic polymerization of vinyl ethers.36 This allowed for 

the synthesis of well-defined multiblock copolymers. However, this approach 

relied on the manual addition of exogenous oxidizing and reducing agents for 

Figure 5.1 Dictating polymer structure by switching between 

photochemically controlled radical and electrochemically controlled cationic 

polymerizations  
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the chemically controlled cationic polymerization, which can introduce 

impurities to the system and cause termination events. In order to automate 

this system and enable the facile synthesis of structurally precise block 

polymers, two completely external and orthogonal stimuli are necessary to 

dictate polymerization mechanism.  

We hypothesized that combining a photocontrolled radical 

polymerization with an electrochemically controlled cationic polymerization 

would allow switching between acrylates and vinyl ethers without having to 

manipulate reagents (Figure 5.1). This would be ideal for an automated 

system where the final polymer structure could be dictated by the order and 

total amount of time that current and light were applied to the system. 

Previously, we developed an electrochemically controlled cationic 

polymerization of vinyl ethers mediated by 2,2,6,6-tetramethyl-1-piperidinyloxy 

(TEMPO).18 Unfortunately, this method would inhibit a photocontrolled radical 

process as the aminoxyl radical mediator, TEMPO, would couple with the 

propagating radical chain end and terminate the polymerization of acrylates. 

To address this challenge, in this manuscript we developed an 

electrochemically controlled cationic polymerization of vinyl ethers that uses a 

Figure 5.2. Proposed mechanism of electrochemically controlled cationic 

polymerization mediated by ferrocene (M = monomer). 
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mediator which is compatible with a radical polymerization of acrylates and 

demonstrate that we can efficiently switch monomer selectivity with 

electrochemistry and light.  

 

5.3 Results and Discussion 

Previously, we demonstrated that ferrocenium salts (FcX) could oxidize 

dithiocarbonyl chain transfer agents (CTAs) to promote cationic RAFT 

polymerizations.36 Therefore, we posited that ferrocene (Fc) would be an 

efficient electrochemical mediator for the cationic polymerization and would be 

compatible with the photocontrolled radical polymerization of acrylates. 

Specifically, electrochemical oxidation of Fc to ferrocenium would oxidize the 

dithiocarbonyl CTA and initiate cationic polymerization (Figure 5.2). Reversal 

of the current in the electrochemical cell will reduce the dithiocarbonyl disulfide 

to the anion, thereby leading to reversible termination of the growing polymer 

chain.  Importantly this will allow chain growth to be turned on and off by the 

direction of current in the cell and the rate of the polymerization to be 

controlled by the current density applied, providing temporal control. 

To test our hypothesis, we investigated the polymerization of isobutyl 

vinyl ether (IBVE) in a divided electrochemical cell using reticulated vitreous 

carbon (RVC) electrodes. Applying a constant potential to a solution of IBVE,  

CTA (1a), Fc, and tetrabutylammonium perchlorate (Bu4NClO4) in 

dichloromethane (DCM)  initiated polymerization of IBVE. The resulting 

polymer displayed excellent agreement between theoretical and experimental 

number average molar masses (Mns) and a low dispersity (Đ) value, 

demonstrating a controlled cationic polymerization (Table 5.1, entry 1). 

Removal of CTA from the reaction solution results in an uncontrolled 
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polymerization (Table 5.1, entry 2). Additionally, in the absence of Fc no 

polymerization is observed, demonstrating that a redox mediator is required to 

promote the reaction under these mild oxidizing conditions (Table 5.1, entry 3).  

 a[IBVE] = 3.2 M (in DCM), Vtot = 6 mL, [Bu4NClO4] = 0.1 M, RVC or 
Steel Anode, RVC or Steel Cathode (Divided cell). bMn,Thero = 
[M]/[CTA] X MWM X Conversion + MWCTA.cApplied 440 mV vs. Ag 
Reference. dApplied 1 mA of current.e[Bu4NPF6] = 0.1 M. f[Bu4NBF4] = 
0.1 M. 

 

Table 5.1. Living Characteristics of Ferrocene Mediated Electrochemically 
Controlled Cationic Polymerization 
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By varying the monomer-to-CTA ratio, a range of Mns were targeted 

while simultaneously retaining good agreement between experimental and 

theoretical molecular weights and low Đs (Table 5.1, entries 4-7). Greater 

control of the polymerization is achieved by applying a constant current 

instead of a constant potential, thus substantially decreasing Đ (Table 5.1, 

entry 5). Furthermore, changing the electrolyte counterion to either 

tetrafluoroborate or hexafluorophosphate results in polymers with similarly low 

Đ values (Table 5.1, entries 8-9). 

The polymerization kinetics were monitored over the course of the 

reaction by gel permeation chromatography (GPC) and 1H NMR. After 

applying 1.5 mA of anodic current over a 15 minute period, a linear 

relationship between conversion and Mn is observed, indicative of a chain 

Figure 5.3. (a) Relationship between Mn and conversion for the 

electrochemical polymerization of vinyl ethers. (b) Temporal control over 

polymer chain growth through application of oxidizing and reducing 

potentials. [IBVE] = 3.2 M (in DCM), Vtot = 6 mL, [Bu4NClO4] = 0.1 M, Steel 

Anode, Steel Cathode (Divided cell). 
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growth polymerization (Figure 5.3a). Importantly, the applied current density 

dictates polymerization rate as the concentration of propagating cationic chain 

ends is directly proportional to ferrocenium concentration (see Appendix, 

Figure S5.2).37,38 This feature of the polymerization gives an additional layer of 

control when attempting to iteratively synthesize blocks of varying size. 

Additionally, it was observed that the rate of ferrocenium generation has little 

effect on the control over the cationic RAFT polymerization, producing 

poly(IBVE) with low Đ and good agreement with the theoretical molecular 

weight (Table S5.1). This indicates that generating active mediator more 

quickly at higher current densities does not lead to a loss in control over the 

polymerization, while affording us the ability to alter the rate of reaction.  

In order switch polymerization mechanism in situ, we must be able to 

reversibly terminate the cationic polymerization. We posited that applying a 

cathodic current will reduce the disulfide to the dithiocarbonyl anion which will 

cap the propagating polymer chain ends and reversibly terminate the 

polymerization. To test this hypothesis, polymerization was initiated by 

applying +0.5 mA of current over 15 minutes to a solution of IBVE, Fc, CTA 

(1a), and Bu4NClO4 in DCM after which current application was halted. After 

30 minutes of polymerization, –0.5 mA of current was applied to reversibly 

terminate the reaction. Following a 60 minute “off” period, the polymerization 

could be reinitiated by subjecting the reaction to anodic current—this overall 

process was repeated two times, demonstrating good temporal control over 

the polymerization (Figure 5.3b). Notably, in the third “on” period twice the 

current was passed, yielding  an increased rate of polymerization; this result 

demonstrates the ease of controlling the polymerization rate through 

modulation of current density. Additionally, this new electrochemical 
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polymerization can be applied to a large range of vinyl ether monomers of 

varying steric and electronic parameters, as well as para-methoxystyrene. In 

each case, polymers with low Đ values and excellent agreement between 

theoretical and experimental Mns were obtained (Table S5.2). 

The temporal control over this electrochemically controlled cationic 

polymerization validates this method as a good candidate to be paired with a 

photochemically controlled radical polymerization for in situ synthesis of 

multiblock copolymers. Drawing from previous experience, we chose Ir(ppy)3 

as the photocatalyst to mediate the radical polymerization of methyl acrylate 

(MA).31,36,39 It is important to note that successful switching requires that 

temporal control of each polymerization be retained when all reagents for both 

polymerizations are combined.  

To demonstrate that the electrochemically mediated cationic 

polymerization is unaffected by the presence of Ir(ppy)3 and MA, +0.5 mA of 

current was applied over 10 minutes to a solution containing Fc, Ir(ppy)3, 

Figure 5.4. Stern-Volmer plot for the fluorescence quenching of Ir(ppy)3 by 
ferrocene (λex = 455 nm). 
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IBVE, MA, CTA (1b), and Bu4NClO4 in DCM. We observed efficient 

polymerization of IBVE, producing a polymer with a Mn of 8.8 kg/mol and a low 

dispersity of 1.15. Importantly, the experimental Mn aligned well with the 

theoretical molar mass, and the polymerization can be turned on and off by 

simply changing the direction of current. Unfortunately, upon irradiation of an 

identical reaction solution with 456 nm blue LEDs, we observed no conversion 

of MA over 6 hours. For comparison, the radical polymerization of MA reached 

88% conversion after the same time period in the absence of ferrocene and 

electrolyte  (Table S5.3). We hypothesized that Fc was quenching the excited 

state of Ir(ppy)3, as it is known to be a triplet quencher.40 Indeed, mM 

concentrations of Fc showed strong quenching of the Ir(ppy)3 

photoluminescence (Figure 5.4). This observation illustrates that the Fc is 

inhibiting the photochemical radical polymerization. Importantly, by 

substantially lowering the concentration of Fc in solution, the reaction rate of 

the radical polymerization could be recovered while also retaining good 

temporal control over both the photochemical and electrochemical 

polymerizations (Figure S5.11,S5.15).  These results demonstrate that both 

the cationic and radical polymerizations are compatible with one another, 

which provides the opportunity to switch between polymerization mechanisms 

at will.  

With orthogonal and compatible polymerization processes in hand, we 

set out to make multiblock copolymers. Upon applying +0.5 mA of current to 

MA, IBVE, Ir(ppy)3, Fc, and Bu4NClO4 in DCM, IBVE is exclusively 

polymerized. Following the application of –0.5 mA of current to reversibly 

terminate the cationic polymerization, the solution was subjected to blue light 

irradiation affording a well-defined poly(IBVE-b-MA) block polymer (Figure 
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5.5a). Importantly, from the same solution conditions, the inverse diblock 

polymer can be synthesized by simply changing the order of the two applied 

stimuli (Figure S5.18-19). Of note, we have previously demonstrated that we 

can polymerize IBVE from a poly(MA) macroinitiator; the incorporation of a 

small amount of IBVE during the radical polymerization results in thioacetal 

chain ends, which enables efficient initiation of the cationic process.36,41 

Figure 5.5. Conversion of IBVE (green line) and MA (blue line) for dual 

stimuli switching using alternating application of photochemical or 

electrochemical stimuli to synthesize (a) poly(IBVE-b-MA) and (b) poly(IBVE-

b-MA-b-IBVE). (c) Range of accessible multiblock copolymers synthesized 

via electro- photo- switchable RAFT polymerization: i. poly(IBVE-b-MA), ii. 

poly(MA-b-IBVE), iii. poly(IBVE-b-MA-b-IBVE), iv. poly(IBVE-b-MA-b-IBVE-b-

MA), v. poly(IBVE-b-MA-b-IBVE-b-MA-b-IBVE), and vi. poly(MA-b-IBVE-b-

MA-b-IBVE-b-MA-b-IBVE). 
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We sought to explore the range of copolymer sequences that we could 

generate by alternating the order of applied stimuli. To synthesize a 

poly(IBVE-b-MA-b-IBVE) triblock copolymer, we first applied anodic current to 

promote the cationic polymerization of IBVE. The polymerization was then 

reversibly terminated by the application of cathodic current, which is followed 

by an off period in the absence of stimuli that illustrates the stability of the 

system. We then irradiated the solution with blue light to promote the radical 

polymerization of methyl acrylate, wherein a small amount of isobutyl vinyl 

ether is incorporated, followed by another off period upon the removal of light. 

Subsequent application of electrical current generated the terminal IBVE block 

(Figure 5.5b). This triblock copolymer synthesis with two alternating off 

periods, demonstrates the excellent temporal control and chain-end fidelity of 

the dual stimuli system. This methodology can be taken a step further to 

generate tetrablock copolymers by simply adding an additional switching event 

(Figure S5.22-23). Interestingly, while our past methodology was able to 

achieve the synthesis of tetrablock copolymers, the need for successive 

addition of exogenous ferrocenium greatly limited the number of switching 

events that could take place due to increased termination events and inhibition 

of the photochemical radical polymerization by ferrocene quenching.36 In this 

electro- photo- switchable system we can maintain low concentrations of 

ferrocene and negate the need for any exogenous reagents facilitating 

enhanced control over the process. This novel polymerization methodology 

enables the synthesis of penta- and hexablock copolymers composed of 

methyl acrylate and isobutyl vinyl ether, which were previously inaccessible by 

any previous methodologies (Figure 5.5c.v and 5.5c.vi). Significantly, the size 

of each block can be controlled by  the length of application and intensity (i.e., 
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current density or light intensity) of each stimulus, while the number of blocks 

is dictated by the number of times the two stimuli are switched. The control 

offered by this method paves the way toward generating libraries of block 

polymer structures through automated switching of the applied stimuli. 

 
5.4 Conclusion 

In conclusion, we have developed a system that enables switching of 

polymerization mechanisms, and thereby monomer selectivity in situ using two 

external stimuli, visible light and electrical potential. To achieve this goal, we 

designed an electrochemical cationic polymerization mediated by ferrocene. 

Pairing this electrochemical cationic polymerization with a photochemical 

radical polymerization enabled us to successfully switch polymerization 

mechanism in situ. A variety of well-defined multiblock copolymers were 

synthesized where the final structure was dictated by the order and duration of 

the applied stimuli. This new switchable polymerization demonstrates the 

power of pairing two orthogonal, external stimuli and will facilitate the 

synthesis of advanced polymer structures in a one-pot process; thus, 

accelerating the discovery of next-generation materials. 
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5.6 Appendix 

Experimental Information 

General Reagent Information 

Isobutyl vinyl ether (IBVE) (99%, TCI), ethyl vinyl ether (EVE) (99%, Sigma 

Aldrich), 2-chloroethyl vinyl ether (Cl-EVE) (97%, TCI), n-propyl vinyl ether 

(nPrVE) (99%, Sigma Aldrich), n-butyl vinyl ether (nBuVE) (98%, Sigma 

Aldrich), cyclohexyl vinyl ether (CyVE) (98%, Sigma Aldrich), 2,3-dihydrofuran 

(99%, Sigma Aldrich), and methyl acrylate (MA) (99%, Sigma Aldrich) were 

dried over calcium hydride (CaH2) (ACROS organics, 93% extra pure, 0–2 mm 

grain size) for 12 h, distilled under nitrogen, and degassed by three freeze-

pump-thaw cycles. 4-Methoxystyrene (97%, Sigma Aldrich) was dried over 

calcium hydride (CaH2) (ACROS organics, 93% extra pure, 0–2 mm grain 

size) for 12 h, distilled under vacuum, and degassed by three freeze-pump-

thaw cycles. Sodium N,N-diethyldithiocarbamate trihydrate (2) (98%, Alfa 

Aesar) was azeotropically dried with toluene. Ethanethiol (97%, Alfa Aesar) 

and carbon disulfide (99.9+%, Alfa Aesar) were distilled before use. 

Tetrabutylammonium hexafluorophosphate (Bu4NPF6) (98%, TCI), 

tetrabutylammonium tetrafluoroborate (Bu4NBF4) (98%, TCI), HCl in Et2O (2.0 

M, Sigma Aldrich), Tris[2-phenylpyridinatoC2,N]iridium(III) (Ir(ppy)3) (Strem, 

95%), and sodium hydride (60%, dispersion in mineral oil, Sigma Aldrich) were 

used as received. Ferrocene (98%, TCI) was purified by sublimation prior to 

use. Tetrabutylammonium perchlorate (Bu4NClO4) (98%, TCI) was purified by 

recrystallization from ethyl acetate three times, and dried in vacuo in the 

presence of P2O5. Dichloromethane (DCM), acetonitrile (MeCN), and diethyl 

ether (Et2O) were purchased from J.T. Baker and were purified by vigorous 

purging with argon for 2 h, followed by passing through two packed columns of 

neutral alumina under argon pressure. Hexanes and ethyl acetate were 

purchased from Fischer Scientific and used as received. Ethanol (anhydrous, 

200 proof) was purchased from Koptec. Alumina (1.0, 0.3, 0.05 µm pore size) 
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was purchased from Extec. Reticulated vitreous carbon was purchased from 

ERG Aerospace. Microcloth PSA (polishing paper) and Abrasive Paper (600 

grit) were purchased from Buehler. Stainless steel wire was purchased from 

McMasterCarr. S-1-isobutoxyethyl N,N-diethyl dithiocarbamate (1a)1 and S-1-

isobutoxylethyl S-ethyl trithiocarbonate (1b)1 were synthesized according to 

literature procedures.  

General Analytical Information 
All polymer samples were analyzed using a Tosoh EcoSec HLC 8320 GPC 

system with two SuperHM-M columns in series at a flow rate of 0.350 mL/min. 

THF was used as the eluent and all number-average molecular weights (Mn), 

weight-average molecular weights (Mw), and dispersities (Đ) were determined 

by light scattering using a Wyatt miniDawn Treos multi-angle light scattering 

detector. The dn/dc values were calculated from light scattering in 

tetrahydrofuran (THF) for poly(ethyl vinyl ether), poly(2-chloroethyl vinyl ether), 

poly(n-propyl vinyl ether), poly(n-butyl vinyl ether), and block copolymers. 

Nuclear magnetic resonance (NMR) spectra were recorded on a Varian 400 

MHz, a Varian 600 MHz, or a Bruker 500 MHz instrument. Varian Cary Eclipse 

Fluorescence Spectrophotometer was used for the quenching studies. 

Electrolysis experiments were performed using a BASi EC Epsilon potentiostat 

or a DC power supply. 

General Electrochemical Cell and Electrode Setup 

Preparation of electrochemical cell and caps 

Two-chambered electrochemical cells, separated by a fine frit and joined by a 

narrow passage above the volume of the reaction contents, were used for all 

experiments (Figure S5.1a-d). Ground glass joints (14/20) sealed with septa 

were used for addition of liquid reagents. Cell caps were constructed from 

Teflon schlenk bomb screw on caps. Two (2mm) holes were drilled with a drill 

press into the top of the cap. A 2 mm stainless steel rod was driven through 
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the cap and 2 mm (inner diameter) stainless steel tube was fastened to the 

inner end of the stainless steel rods to hold the electrodes. 

 

Preparation of reticulated vitreous carbon (RVC) electrodes 

The RVC electrodes were constructed by driving a 2 mm pencil lead through a 

50 mm x 50 mm x 100 mm section of RVC (Figure S5.1e). For use in the 

electrochemical cell, the other end of the pencil lead was inserted into the 

stainless steel tube of the electrochemical cell caps (Figure S5.1b,c). The 

pencil lead was cut to the desired length with a razor blade to maximize 

electrode surface area in contact with the reaction while allowing for space for 

magnetic stirring. 

Preparation of stainless steel wire electrodes 

Stainless steel electrodes were constructed by tightly wrapping ~50 cm of 0.5 

mm diameter steel wire around a 2 mm diameter rod (Figure S5.1f). The wires 

were wrapped until the coil reached approximately 3 cm in length leaving an 

additional 15 cm of wire for connecting to the DC power source (Figure 

S5.1a,d). For use in the electrochemical cell, the wires were pierced through 

14/20 septa sealing the side arms of the electrochemical cell and connected 

directly to the DC power source. 
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Figure S5.1: Electrochemical cell and electrode preparation
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Experimental Procedures 
General Procedure for Ferrocene Mediated Electrochemically 

Controlled Cationic Polymerization (Constant Current) 

 

To an oven dried electrochemical cell, a magnetic stir bar was added to both 

the working and counter compartment. The cell was equipped with a 

reticulated vitreous carbon (RVC) anode and RVC cathode and then sealed 

with the cell caps and rubber septa. The electrochemical cell was then 

evacuated and backfilled with positive pressure of nitrogen. Once the 

electrochemical cell had cooled to room temperature, ferrocene (7.1 mg, 0.038 

mmol, 0.2 mol% relative to IBVE) was added to the working compartment and 

Bu4NClO4 (205 mg, 0.60 mmol) was added to both the working and counter 

compartments. The cell was then evacuated and backfilled with positive 

pressure of nitrogen three times. Then the working compartment was charged 

with isobutyl vinyl ether (2.5 mL, 19.2 mmol, 100 equiv), 0.19 to 0.76 mL of a 

stock solution of 1a in DCM (0.5 M, 0.095 to 0.38 mmol, 0.5 to 2 equiv), and 

DCM to bring the total volume to 6.0 mL. The counter compartment was 

charged with 6.0 mL of DCM. The leads of the DC power supply were 

connected to the electrodes. Stirring began and an anodic current (1 mA) was 

applied for 15 min, and the reaction was left to stir for 3 h. Aliquots taken by 

syringe under a blanket of N2 and were then analyzed by NMR and GPC.  
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General Procedure for Ferrocene Mediated Electrochemically 

Controlled Cationic Polymerization (Constant Potential) 

 

To an oven dried electrochemical cell, a magnetic stir bar was added to both 

the working and counter compartment. The cell was equipped with a 

reticulated vitreous carbon (RVC) anode, RVC cathode, a Ag wire quasi-

reference electrode in the working compartment, and then sealed with the cell 

caps and rubber septa. The electrochemical cell was then evacuated and 

backfilled with positive pressure of nitrogen. Once the electrochemical cell had 

cooled to room temperature, ferrocene (7.1 mg, 0.038 mmol, 0.2 mol% relative 

to IBVE) was added to the working compartment and Bu4NClO4 (205 mg, 0.60 

mmol) was added to both the working and counter compartments. The cell 

was then evacuated and backfilled with positive pressure of nitrogen three 

times. Then the working compartment was charged with isobutyl vinyl ether 

(2.5 mL, 19.2 mmol, 100 equiv), 0.38 mL of a stock solution of 1a in DCM (0.5 

M, 0.19 mmol, 1 equiv), and 3.0 mL of DCM. The counter compartment was 

charged with 6.0 mL of DCM. Potentiostat leads were connected to the 

electrodes. Stirring began and an oxidizing potential of 440 mV vs. Ag was 

applied for 1 h, and the reaction was left to stir for 12 h. Aliquots were taken by 

syringe under a blanket of N2 and were then analyzed by NMR and GPC.  
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General Procedure for Determining the Impact that Current Density 

has on Ferrocene Mediated Electrochemically Controlled Cationic 

Polymerization 

 

To an oven dried electrochemical cell, a magnetic stir bar was added to both 

the working and counter compartment. The cell was equipped with a 

reticulated vitreous carbon (RVC) anode and RVC cathode and then sealed 

with the cell caps and rubber septa. The electrochemical cell was then 

evacuated and backfilled with positive pressure of nitrogen. Once the 

electrochemical cell had cooled to room temperature, ferrocene (7.1 mg, 0.038 

mmol, 0.2 mol% relative to IBVE) was added to the working compartment and 

Bu4NClO4  (205 mg, 0.60 mmol) was added to both the working and counter 

compartments. The cell was then evacuated and backfilled with positive 

pressure of nitrogen three times. Then the working compartment was charged 

with isobutyl vinyl ether (2.5 mL, 19.2 mmol, 100 equiv), 0.38 mL of a stock 

solution of 1a in DCM (0.5 M, 0.19 mmol, 1 equiv), and 3.0 mL of DCM. The 

counter compartment was charged with 6.0 mL of DCM. The leads of the DC 

power supply were connected to the electrodes. Stirring began, a variable 

amount of anodic current was applied to generate the desired concentration of 

ferrocenium, and the reaction was left to stir. Aliquots were taken by syringe 

under a blanket of N2 and were then analyzed by NMR and GPC.  
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Table S5.1. Effect of Applied Current Density on Cationic Polymerization 

Control 

 

a[IBVE] = 3.2 M (in DCM), Vtot = 6 mL, [M]:[CTA]:[Fc] : 100:1:0.2, [Bu4NClO4] = 

0.1 M, RVC Anode, RVC Cathode. b(Fc+ generated) = (I/(F*t), where I = 

current, F = Faraday’s Constant, and t = time in sec.. cMn,Thero = [M]/[CTA] X 

MWM X Conversion + MWCTA. 

Procedure for Determining the Effects of Current Density on the 

Rate of Electrochemically Controlled Cationic Polymerization. 
To an oven dried electrochemical cell, a magnetic stir bar was added to both 

the working and counter compartment. The cell was equipped with a stainless 

steel wire anode and stainless steel wire cathode and then sealed with the cell 

caps and rubber septa. The electrochemical cell was then evacuated and 

backfilled with positive pressure of nitrogen. Once the electrochemical cell had 

Applied 

Stimulia 

Fc+ Generated 

(µmol)b 

Mn, Theo 

(kg/mol) c 

Mn, Exp 

(kg/mol) 

Đ 

1.0 mA 19.2 10.4 10.8 1.09 

1.0 mA 9.6 10.4 10.6 1.13 

1.0 mA 1.9 10.4 11.7 1.07 

1.0 mA 0.19 — — — 

2.0 mA 9.6 10.4 9.9 1.18 

0.5 mA 9.6 10.4 10.0 1.13 

0.1 mA 9.6 10.1 9.9 1.14 
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cooled to room temperature, ferrocene (7.1 mg, 0.038 mmol, 0.20 mol% 

relative to IBVE) was added to the working compartment and Bu4NClO4 (205 

mg, 0.60 mmol) was added to both the working and counter compartments. 

The cell was then evacuated and backfilled with positive pressure of nitrogen 

three times. Then the working compartment was charged with isobutyl vinyl 

ether (2.5 mL, 19.2 mmol, 100 equiv), 0.38 mL of a stock solution of 1a in 

DCM (0.5 M, 0.19 mmol, 1 equiv), and 3.0 mL of DCM. The counter 

compartment was charged with 6.0 mL of DCM. The leads of the DC power 

supply were connected to the electrodes. Stirring began and an anodic current 

was applied for 20 min, and the reaction was left to stir. Aliquots were taken by 

syringe under a blanket of N2 and were then analyzed by NMR and GPC.  

 

Figure S5.2. Effect of Current Density on Rate of Electrochemical 

Cationic Polymerization.2 
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Table S5.2. Monomers Polymerized through Ferrocene Mediated 

Electrochemically Controlled Cationic Polymerization 

 
aStandard Reaction Conditions: Vinyl monomer (100 equiv, 3.2 M), 1b (0.19 

mmol, 1 equiv), [Bu4NClO4] = 0.1 M, ferrocene (0.0038 mmol, 0.02 mol% 

relative to IBVE), and stainless steel anode and cathode in DCM.  bUsing 

0.038 mmol ferrocene (0.2 mol% relative to IBVE). cUsing 0.076 mmol 

ferrocene (0.4 mol% relative to IBVE). dVinyl monomer (100 equiv, 1.6 M), 1b 

(0.19 mmol, 1 equiv), [Bu4NBF4] = 0.1 M, ferrocene (0.038 mmol, 0.2 mol% 

relative to IBVE). 

 

 

Monomera Conv. (%) Mn, Theo (kg/mol) Mn, Exp (kg/mol) Đ 

nBuVE >99% 10.3 7.7 1.35 

nPrVEb >99% 9.0 6.2 1.31 

EVE 97% 7.4 8.2 1.11 

Cl-EVEb >99% 10.6 6.0 1.30 

CyVEc >99% 12.8 10.0 1.64 

p-OMe-Styrened 43% 6.0 4.2 1.41 

Dihydrofuran >99% 7.5 6.9 1.46 
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Figure S5.3a. 1H NMR of poly(n-butyl vinyl ether)  

Mn, = 7.7 kg/mol, Đ = 1.35 (Table S5.1, entry 1). 

 

Figure S5.3b. GPC trace of poly(n-butyl vinyl ether)  
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Figure S5.4a. 1H NMR of poly(n-propyl vinyl ether) 

Mn = 6.2 kg/mol, Đ = 1.31 (Table S5.1, entry 2). 

 

Figure S5.4b. GPC trace of poly(n-propyl vinyl ether) 
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Figure S5.5a. 1H NMR of poly(ethyl vinyl ether) 

Mn = 8.2 kg/mol, Đ = 1.11 (Table S5.1, entry 3). 

 

Figure S5.5b. GPC trace of poly(ethyl vinyl ether) 
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Figure S5.6a. 1H NMR of poly(2-chloroethyl vinyl ether)  

Mn = 6.0 kg/mol, Đ = 1.30 (Table S5.1, entry 4). 

 

Figure S5.6b. GPC trace of poly(2-chloroethyl vinyl ether)  
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Figure S5.7a. 1H NMR of poly(cyclohexyl vinyl ether) 

Mn = 10.0 kg/mol, Đ = 1.64 (Table S5.1, entry 5). 

 

Figure S5.7b. GPC trace of poly(cyclohexyl vinyl ether) 
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Figure S5.8a. 1H NMR of poly(p-OMe-Styrene) 

Mn = 4.2 kg/mol, Đ = 1.41 (Table S5.1, entry 6). 

 

Figure S5.8b. GPC trace of poly(p-OMe-Styrene) 
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Figure S5.9a. 1H NMR of poly(2,3-dihydrofuran) 

Mn = 6.9 kg/mol, Đ = 1.46, (Table S5.1, entry 7) 

 

Figure S5.9b. GPC trace of poly(2,3-dihydrofuran) 
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Procedure for Testing Oxygen Tolerance of Ferrocene Mediated 

Electrochemically Controlled Cationic Polymerization 

 

To an oven dried electrochemical cell, a magnetic stir bar was added to both 

the working and counter compartment. The cell was equipped with a stainless 

steel wire anode and stainless steel wire cathode and then sealed with the cell 

caps and rubber septa. The electrochemical cell was then left under an 

ambient atmosphere. Once the electrochemical cell had cooled to room 

temperature, 0.050 mL of a stock solution of ferrocene in DCM (0.084 M, 0.78 

mg, 0.0042 mmol, 0.022 mol% relative to IBVE) was added to the working 

compartment and Bu4NClO4 (205 mg, 0.60 mmol) was added to both the 

working and counter compartments. The working compartment was then 

charged with isobutyl vinyl ether (2.5 mL, 19.2 mmol, 100 equiv), 0.38 mL of a 

stock solution of 1b in DCM (0.5 M, 0.19 mmol, 1 equiv), and 3.0 mL of DCM. 

The counter compartment was charged with 6.0 mL of DCM. The leads of the 

DC power supply were connected to the electrodes. Stirring began and an 

anodic current (0.5 mA) was applied for 5 min, and the reaction was left to stir 

open to air for 18 h. Aliquots taken by syringe were then analyzed by NMR 

and GPC. (Mn,Theo = 10.4 kg/mol, Mn,Exp = 9.1, Đ = 1.38). 
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Procedure for Reversibly Initiating and Terminating 

Electrochemically Controlled Cationic Polymerization 

 

To an oven dried electrochemical cell, a magnetic stir bar was added to both 

the working and counter compartment. The cell was equipped with a stainless 

steel wire anode and stainless steel wire cathode and then sealed with the cell 

caps and rubber septa. The electrochemical cell was then evacuated and 

backfilled with positive pressure of nitrogen. Once the electrochemical cell had 

cooled to room temperature, ferrocene (7.1 mg, 0.038 mmol, 0.20 mol% 

relative to IBVE) was added to the working compartment and Bu4NClO4 (205 

mg, 0.60 mmol) was added to both the working and counter compartments. 

The cell was then evacuated and backfilled with positive pressure of nitrogen 

three times. The working compartment was then charged with isobutyl vinyl 

ether (2.5 mL, 19.2 mmol, 100 equiv), 0.38 mL of a stock solution of 1a in 

DCM (0.5 M, 0.19 mmol, 1 equiv), and 3.0 mL of DCM. The counter 

compartment was charged with 6.0 mL of DCM. The leads of the DC power 

supply were connected to the electrodes. Polymerization was initiated by 

applying an anodic current of 0.5 mA for 15 min followed by a reaction period 

of 30 min; this polymerization was then reversibly terminated by applying a 

cathodic current of –0.5 mA for 30 min. After a 1 h off period, the 

polymerization was reinitiated by applying an anodic current of 0.5 mA for 15 

min, a 45 min reaction period, and then reversibly terminating the 

polymerization by applying a cathodic current of –0.5 mA for 30 min. After a 1 

h off period, 0.5 mA of anodic current was applied for 30 min and the reaction 

was left to react for 30 min before being reversibly terminated by application of 



 

223 

–0.5 mA of a cathodic current for 1 h; this was then followed with an additional 

1 h off period. Aliquots for NMR and GPC analysis were taken under inert 

atmosphere. 

 

Figure S5.10. Electrochemical On/Off experiment for the cationic 

polymerization of isobutyl vinyl ether showing the conversion of isobutyl 

vinyl ether (green line) and applied current (black dashed line). 
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Initial Procedure for Ferrocene Mediated Electrochemically 

Controlled Cationic Polymerization in Presence of Radical 

Monomer and Photocatalyst 

 

To an oven dried electrochemical cell, a magnetic stir bar was added to both 

the working and counter compartment. The cell was equipped with a stainless 

steel wire anode and stainless steel wire cathode and then sealed with the cell 

caps and rubber septa. The electrochemical cell was then evacuated and 

backfilled with positive pressure of nitrogen. Once the electrochemical cell had 

cooled to room temperature, ferrocene ( 7.1 mg, 0.038 mmol, 0.20 mol% 

relative to IBVE) was added to the working compartment and Bu4NClO4  (205 

mg, 0.60 mmol) was added to both the working and counter compartments. 

The cell was then evacuated and backfilled with positive pressure of nitrogen 

three times. The working compartment was then charged with isobutyl vinyl 

ether (2.5 mL, 19.2 mmol, 100 equiv), methyl acrylate (1.7 mL, 19.0 mL, 100 

equiv), 1.0 mL of a stock solution of Ir(ppy)3 in DCM (4.58 mM, 0.042 mmol, 

0.022 mol% relative to MA), 0.38 mL of a stock solution of 1b in DCM (0.5 M, 

0.19 mmol, 1 equiv), and 0.4 mL of DCM. The counter compartment was 

charged with 6.0 mL of DCM. The leads of the DC power supply were 

connected to the electrodes. Stirring began and an anodic current (0.5 mA) 

was applied for 10 min, and the reaction was left to stir for 8 h. Aliquots taken 

by syringe were then analyzed by NMR and GPC. (Mn,Theo = 10.4 kg/mol, 

Mn,Exp = 8.8, Đ = 1.15). 
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Optimization of the Photocontrolled Radical Polymerization of 

Acrylates in Presence of Ferrocene  

 

To an oven dried two-dram vial, a magnetic stir bar was added and the vial 

was charged with methyl acrylate (1.7 mL, 19.0 mmol, 100 equiv), 1.0 mL of a 

stock solution of Ir(ppy)3 in DCM (4.58 mM, 0.042 mmol, 0.022 mol% relative 

to MA), 0.38 mL of a stock solution of 1b in DCM (0.5 M, 0.19 mmol, 1 equiv), 

a variable amount of ferrocene, and 3.0 mL of DCM.  The vial was then sealed 

with a septum cap under an atmosphere of nitrogen, irradiated with a blue 

LED Kessil Lamp, and stirred while cooling by blowing compressed air over 

the vial. Aliquots were taken periodicially under an inert atmosphere (Figure 

S5.11) and then analyzed by NMR and GPC (Table S5.3). 
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Table S5.3. Effect of Ferrocene Concentration on Photocontrolled 

Radical Polymerization of Methyl Acrylate 

 

Entry 

[Fc] 
(mM) 

% 
Conversion 
MA 

Mn,Theo 
(kg,mol) 

Mn,Exp 
(kg/mol) Đ 

1 0 88% 8.5 10.3 1.36 

2 0.7 59% 5.7 7.4 1.41 

3 7.0 0% — — — 

 

Figure S5.11. Effect of Ferrocene Concentration on Photocontrolled 

Radical Polymerization of Methyl Acrylate. 
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Procedure for Photoluminescence Quenching Studies 
A Varian Cary Eclipse Fluorescence Spectrophotometer was used for the 

quenching studies. The solutions of Ir(ppy)3 were excited at 456 nm and the 

fluorescence spectra were recorded between 460 and 800 nm. The emission 

of a 0.15 mM solution of Ir(ppy)3 in DCM was measured at varying 

concentrations of Ferrocene (0 – 2.15 mM). As shown in Figure S5.12 

concentration dependent fluorescence quenching was observed. 

 

  

Figure S5.12. Stern-Volmer plot for the fluorescence quenching of 

Ir(ppy)3 by Ferrocene 
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Figure S5.13. Fluorescence Quenching of Ir(ppy)3 by Ferrocene. 

Procedure for Temporal Control Over Electrochemical Cationic 

Polymerization under Optimized Switchable Polymerization 

Conditions 
To an oven dried electrochemical cell, a magnetic stir bar was added to both 

the working and counter compartment. The cell was equipped with a stainless 

steel wire anode and stainless steel wire cathode and then sealed with the cell 

caps and rubber septa (Figure S5.14a,b). The electrochemical cell was then 

evacuated and backfilled with positive pressure of nitrogen. Once the 

electrochemical cell had cooled to room temperature, 0.050 mL of a stock 

solution of ferrocene in DCM (0.084 M, 0.78 mg, 0.0042 mmol, 0.022 mol% 

relative to IBVE)  was added to the working compartment and Bu4NClO4 (205 

mg, 0.60 mmol) was added to both the working and counter compartments. 

The cell was then evacuated and backfilled with positive pressure of nitrogen 

three times. The working compartment was then charged with isobutyl vinyl 

ether (2.5 mL, 19.2 mmol, 100 equiv), methyl acrylate (1.7 mL, 19.0 mL, 100 

equiv), 1.0 mL of a stock solution of Ir(ppy)3 in DCM (4.58 mM, 0.042 mmol, 

0.022 mol% relative to MA), 0.38 mL of a stock solution of 1b in DCM (0.5 M, 

0.19 mmol, 1 equiv), and 0.4 mL of DCM. The counter compartment was 
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charged with 6.0 mL of DCM. The leads of the DC power supply were 

connected to the electrodes, and a blue LED kessil lamp was situated 3 cm 

away from the working compartment. Polymerization was initiated by applying 

an anodic current of 0.4 mA for 6 min followed by a reaction period of 30 min; 

this polymerization was then reversibly terminated by applying a cathodic 

current of –0.4 mA for 12 min. After an off period of 1 h, the reaction was 

reinitiated through application of anodic current for 6 min, a 10 min reaction 

period, and then reversibly terminating the polymerization by applying a 

cathodic current of 0.4 mA for 12 min. After a 3 h off period, 0.4 mA of anodic 

current was applied for 24 min and the reaction was left to react for an 

additional hour. Under inert atmosphere, aliquots for NMR and GPC analysis 

were taken at timepoints prior to a change in stimuli. 

Procedure for Temporal Control Over Photocontrolled Radical 

Polymerization under Optimized Switchable Polymerization 

Conditions 
To an oven dried electrochemical cell, a magnetic stir bar was added to both 

the working and counter compartment. The cell was equipped with a stainless 

steel wire anode and stainless steel wire cathode and then sealed with the cell 

caps and rubber septa (Figure S5.14a,b). The electrochemical cell was then 

evacuated and backfilled with positive pressure of nitrogen. Once the 

electrochemical cell had cooled to room temperature, 0.050 mL of a stock 

solution of ferrocene in DCM (0.084 M, 0.78 mg, 0.0042 mmol, 0.022 mol% 

relative to IBVE) was added to the working compartment and Bu4NClO4 (205 

mg, 0.60 mmol) was added to both the working and counter compartments. 

The cell was then evacuated and backfilled with positive pressure of nitrogen 

three times. Then the working compartment was charged with isobutyl vinyl 

ether (2.5 mL, 19.2 mmol, 100 equiv), methyl acrylate (1.7 mL, 19.0 mL, 100 

equiv), 1.0 mL of a stock solution of Ir(ppy)3 in DCM (4.58 mM, 0.042 mmol, 

0.024 mol% relative to IBVE), 0.38 mL of a stock solution of 1b in DCM (0.5 M, 
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0.19 mmol, 1 equiv), and 0.4 mL of DCM. The counter compartment was 

charged with 6.0 mL of DCM. The leads of the DC power supply were 

connected to the electrodes, and a blue LED kessil lamp was situated 3 cm 

away from the working compartment. Polymerization was initiated by 

irradiating the solution for 1 h followed by a 1 h off period. The solution was 

then irradiated for an additional 3 h followed by a 1.5 h off period. The reaction 

was reversibly terminated after the second off period. Under inert atmosphere, 

aliquots for NMR and GPC analysis were taking at timepoints prior to a 

change in stimuli. 

 

Figure S5.14. Electrochemical cell setup for dual electrochemical and 

photochemical switching. (a). Side-view of electrochemical cell and 

Kessil lamp. (b). View of electrochemical cell, DC power source, and 

Kessil lamp. 
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Figure S5.15. Conversion vs. Time plot Illustrating Temporal Control over 

(a) Photochemical and (b) Electrochemical Polymerizations. 

 

Procedure for Diblock Copolymer Synthesis of Methyl Acrylate and 

Isobutyl Vinyl Ether (p(IBVE-b-MA), Figure 5.5c.i) 
To an oven dried electrochemical cell, a magnetic stir bar was added to both 

the working and counter compartment. The cell was equipped with a stainless 

steel wire anode and stainless steel wire cathode and then sealed with the cell 

caps and rubber septa. The electrochemical cell was then evacuated and 

backfilled with positive pressure of nitrogen. Once the electrochemical cell had 

cooled to room temperature, 0.050 mL of a stock solution of ferrocene in DCM 

(0.084 M, 0.78 mg, 0.0042 mmol, 0.022 mol% relative to IBVE) was added to 

the working compartment and Bu4NClO4 (205 mg, 0.60 mmol) was added to 

both the working and counter compartments. The cell was then evacuated and 
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backfilled with positive pressure of nitrogen three times. Then the working 

compartment was charged with isobutyl vinyl ether (2.5 mL, 19.2 mmol, 100 

equiv), methyl acrylate (1.7 mL, 19.0 mmol, 100 equiv), 1.0 mL of a stock 

solution of Ir(ppy)3 in DCM (4.58 mM, 0.042 mmol, 0.022 mol% relative to 

MA), 0.38 mL of a stock solution of 1b in DCM (0.5 M, 0.19 mmol, 1 equiv), 

and 0.4 mL of DCM. The counter compartment was charged with 6.0 mL of 

DCM. The leads of the DC power supply were connected to the electrodes, 

and a blue LED kessil lamp was situated 3 cm away from the working 

compartment. Polymerization was initiated by applying an anodic current of 

0.5 mA for 5 min followed by a reaction period of 2 h; this polymerization was 

then reversibly terminated by applying a cathodic current of –0.5 mA for 10 

min. The reaction was then irradiated with blue LEDs for 3.5 h with 

compressed air blowing over the reaction vessel to cool the reaction. Under 

inert atmosphere, aliquots for NMR and GPC analysis were taken at 

timepoints prior to a change in stimuli. GPC traces of the polymers before and 

after chain extension are shown in Figure S5.16. Mn,Theo (kg/mol) = 16.5, 

Mn,Exp (kg/mol) = 12.5, Đ = 1.40. 

 

Figure S5.16. GPC Traces of poly(IBVE-b-MA) 
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Figure S5.17. Conversion vs. Time of IBVE (green line) and MA (blue line) 

for dual stimuli switching to generate poly(IBVE-b-MA) 

 

Procedure for Diblock Copolymer Synthesis of Methyl Acrylate and 

Isobutyl Vinyl Ether (p(MA-b-IBVE), Figure 5.5c.ii) 
To an oven dried electrochemical cell, a magnetic stir bar was added to both 

the working and counter compartment. The cell was equipped with a stainless 

steel wire anode and stainless steel wire cathode and then sealed with the cell 

caps and rubber septa. The electrochemical cell was then evacuated and 

backfilled with positive pressure of nitrogen. Once the electrochemical cell had 

cooled to room temperature, 0.050 mL of a stock solution of ferrocene in DCM 

(0.084 M, 0.78 mg, 0.0042 mmol, 0.022 mol% relative to IBVE) was added to 

the working compartment and Bu4NClO4 (205 mg, 0.60 mmol) was added to 

both the working and counter compartments. The cell was then evacuated and 

backfilled with positive pressure of nitrogen three times. The working 

compartment was then charged with isobutyl vinyl ether (2.5 mL, 19.2 mmol, 

100 equiv), methyl acrylate (1.7 mL, 19.0 mmol, 100 equiv), 1.0 mL of a stock 

solution of Ir(ppy)3 in DCM (4.58 mM, 0.042 mmol, 0.022 mol% relative to 
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MA), 0.38 mL of a stock solution of 1b in DCM (0.5 M, 0.19 mmol, 1 equiv), 

and 0.4 mL of DCM. The counter compartment was charged with 6.0 mL of 

DCM. The leads of the DC power supply were connected to the electrodes, 

and a blue LED kessil lamp was situated 3 cm away from the working 

compartment. Polymerization was initiated by irradiating the solution for 30 

min. The light was then turned off and an anodic current of 0.5 mA was 

applied for 5 min; the reaction was then stirred for 2 h. The reaction was then 

reversibly terminated by applying a cathodic current of –0.5 mA for 10 min. 

Under inert atmosphere, aliquots for NMR and GPC analysis were taken at 

timepoints prior to a change in stimuli. GPC traces of the polymers before and 

after chain extension are shown in Figure S5.18. Mn,Theo (kg/mol) = 11.1, 

Mn,Exp (kg/mol) = 8.0, Đ = 1.35. 

 

Figure S5.18. GPC Traces of poly(MA-b-IBVE) 
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Figure S5.19. Conversion vs. Time of IBVE (green line) and MA (blue line) 

for dual stimuli switching to generate poly(MA-b-IBVE) 

 

Procedure for Triblock Copolymer Synthesis of Methyl Acrylate 

and Isobutyl Vinyl Ether (p(IBVE-b-MA-b-IBVE), Figure 5.5c.iii) 
To an oven dried electrochemical cell, a magnetic stir bar was added to both 

the working and counter compartment. The cell was equipped with a stainless 

steel wire anode and stainless steel wire cathode and then sealed with the cell 

caps and rubber septa. The electrochemical cell was then evacuated and 

backfilled with positive pressure of nitrogen. Once the electrochemical cell had 

cooled to room temperature, 0.050 mL of a stock solution of ferrocene in DCM 

(0.084 M, 0.78 mg, 0.0042 mmol, 0.022 mol% relative to IBVE)  was added to 

the working compartment and Bu4NClO4 (205 mg, 0.60 mmol) was added to 

both the working and counter compartments. The cell was then evacuated and 

backfilled with positive pressure of nitrogen three times. The working 

compartment was then charged with isobutyl vinyl ether (2.5 mL, 19.2 mmol, 

100 equiv), methyl acrylate (1.7 mL, 19.0 mmol, 100 equiv), 1.0 mL of a stock 

solution of Ir(ppy)3 in DCM (4.58 mM, 0.042 mmol, 0.022 mol% relative to 
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MA), 0.38 mL of a stock solution of 1b in DCM (0.5 M, 0.19 mmol, 1 equiv), 

and 0.4 mL of DCM. The counter compartment was charged with 6.0 mL of 

DCM. The leads of the DC power supply were connected to the electrodes, 

and a blue LED kessil lamp was situated 3 cm away from the working 

compartment. Cationic polymerization was initiated by applying an anodic 

current of 0.5 mA for 2 min and subsequent stirring for 1 h. In order to 

reversibly terminate the reaction, a cathodic current of –0.5 mA was applied 

for 4 min and proceeded by a 1 h off period. At this time, radical 

polymerization was initiated by irradiating the solution with blue LEDs for 1.5 h 

and proceeded by a 2.5 h off period. The last block was synthesized by 

applying an anodic current of 0.5 mA for 6 min and subsequent stirring for 6 h. 

Then a cathodic current of –0.5 mA was applied for 12 min. Under inert 

atmosphere, aliquots for NMR and GPC analysis were taken at timepoints 

prior to a change in stimuli. GPC traces of the polymers before and after chain 

extension are shown in Figure S5.20. Mn,Theo (kg/mol) = 15.7, Mn,Exp (kg/mol) = 

12.4, Đ = 1.40. 

 

Figure S5.20. GPC Traces of poly(IBVE-b-MA-b-IBVE) 
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Figure S5.21. Conversion vs. Time of IBVE (green line) and MA (blue line) 

for dual stimuli switching to generate poly(IBVE-b-MA-b-IBVE) 

 

Procedure for Tetrablock Copolymer Synthesis of Methyl Acrylate 

and Isobutyl Viny Ether (p(IBVE-b-MA-b-IBVE-b-MA), Figure 5.5c.iv) 
To an oven dried electrochemical cell, a magnetic stir bar was added to both 

the working and counter compartment. The cell was equipped with a stainless 

steel wire anode and stainless steel wire cathode and then sealed with the cell 

caps and rubber septa. The electrochemical cell was then evacuated and 

backfilled with positive pressure of nitrogen. Once the electrochemical cell had 

cooled to room temperature, 0.050 mL of a stock solution of ferrocene in DCM 

(0.084 M, 0.78 mg, 0.0042 mmol, 0.022 mol% relative to IBVE) was added to 

the working compartment and Bu4NClO4 (205 mg, 0.60 mmol) was added to 

both the working and counter compartments. The cell was then evacuated and 

backfilled with positive pressure of nitrogen three times. The working 
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compartment was then charged with isobutyl vinyl ether (2.5 mL, 19.2 mmol, 

100 equiv), methyl acrylate (1.7 mL, 19.0 mmol, 100 equiv), 1.0 mL of a stock 

solution of Ir(ppy)3 in DCM (4.58 mM, 0.042 mmol, 0.022 mol% relative to 

MA), 0.38 mL of a stock solution of 1b in DCM (0.5 M, 0.19 mmol, 1 equiv), 

and 0.4 mL of DCM. The counter compartment was charged with 6.0 mL of 

DCM. The leads of the DC power supply were connected to the electrodes, 

and a blue LED kessil lamp was situated 3 cm away from the working 

compartment. Cationic polymerization was initiated by applying 0.5 mA of 

anodic current for 2 min and subsequent stirring for 42 min. The reaction was 

then reversibly terminated by applying a cathodic current of –0.5 mA for 4 min 

and letting it stir for 180 min. The radical polymerization was then initiated by 

irradiation with blue LEDs for 1 h. Next, an anodic current of 0.5 mA was 

applied for 7 min and the reaction was stirred for an additional 2 min. The 

cationic polymerization was reversibly terminated by applying a cathodic 

current of –0.5 mA for 14 min. The radical polymerization was then reinitiated 

by irradiating the solution with blue LEDs for 12 h. Under inert atmosphere, 

aliquots for NMR and GPC analysis were taken at timepoints prior to a change 

in stimuli. GPC traces of the polymers before and after chain extension are 

shown in Figure S5.22. Mn,Theo (kg/mol) = 14.7, Mn,Exp (kg/mol) = 13.4, Đ = 

1.33. 
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Figure S5.22. GPC Traces of poly(IBVE-b-MA-b-IBVE-b-MA) 

 

 

Figure S5.23. Conversion vs. Time of IBVE (green line) and MA (blue line) 

for dual stimuli switching to generate poly(IBVE-b-MA-b-IBVE-b-MA) 
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Procedure for Pentablock Copolymer Synthesis of Methyl Acrylate 

and Isobutyl Viny Ether (p(IBVE-b-MA-b-IBVE-b-MA-b-IBVE), Figure 

5.5c.v) 
To an oven dried electrochemical cell, a magnetic stir bar was added to both 

the working and counter compartment. The cell was equipped with a 

reticulated vitreous carbon anode and reticulated vitreous carbon cathode and 

then sealed with the cell caps and rubber septa. The electrochemical cell was 

then evacuated and backfilled with positive pressure of nitrogen. Once the 

electrochemical cell had cooled to room temperature, 0.050 mL of a stock 

solution of ferrocene in DCM (0.084 M, 0.78 mg, 0.0042 mmol, 0.022 mol% 

relative to IBVE) was added to the working compartment and Bu4NClO4 (205 

mg, 0.60 mmol) was added to both the working and counter compartments. 

The cell was then evacuated and backfilled with positive pressure of nitrogen 

three times. The working compartment was then charged with isobutyl vinyl 

ether (2.5 mL, 19.2 mmol, 100 equiv), methyl acrylate (1.7 mL, 19.0 mmol, 100 

equiv), 1.0 mL of a stock solution of Ir(ppy)3 in DCM (4.58 mM, 0.042 mmol, 

0.022 mol% relative to MA), 0.19 mL of a stock solution of 1b in DCM (1.0 M, 

0.19 mmol, 1 equiv), and 0.6 mL of DCM. The counter compartment was 

charged with 6.0 mL of DCM. The leads of the DC power supply were 

connected to the electrodes, and a blue LED kessil lamp was situated 3 cm 

away from the working compartment. Cationic polymerization was initiated by 

applying 0.6 mA of anodic current for 5 min and subsequent stirring for 10 min. 

The reaction was then reversibly terminated by applying a cathodic current of 

–0.6 mA for 10 min. The radical polymerization was then initiated by irradiation 

with blue LEDs for 32 min. Next, an anodic current of 0.6 mA was applied for 5 

min and the reaction was stirred for an additional 45 min. The cationic 

polymerization was reversibly terminated by applying a cathodic current of –

0.6 mA for 10 min. The radical polymerization was then reinitiated by 
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irradiating the solution with blue LEDs for 66 min. Next, an anodic current of 

0.6 mA was applied for 10 min and the reaction was stirred for an additional 2h 

45 min. The cationic polymerization was reversibly terminated by applying a 

cathodic current of –0.6 mA for 20 min.  Under inert atmosphere, aliquots for 

NMR and GPC analysis were taken at timepoints prior to a change in stimuli. 

GPC traces of the polymers before and after chain extension are shown in 

Figure S5.24. Mn,Theo (kg/mol) = 9.5, Mn,Exp (kg/mol) = 11.0, Đ = 1.24. 

 

 

Figure S5.24. GPC Traces of poly(IBVE-b-MA-b-IBVE-b-MA-b-IBVE) 
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Figure S5.25. Conversion vs. Time of IBVE (green line) and MA (blue line) 

for dual stimuli switching to generate poly(IBVE-b-MA-b-IBVE-b-MA-b-

IBVE) 

 

Procedure for Hexablock Copolymer Synthesis of Methyl Acrylate 

and Isobutyl Viny Ether (p(MA-b-IBVE-b-MA-b-IBVE-b-MA-b-IBVE), 

Figure 5.5c.vi) 
To an oven dried electrochemical cell, a magnetic stir bar was added to both 

the working and counter compartment. The cell was equipped with a stainless 

steel wire anode and stainless steel wire cathode and then sealed with the cell 

caps and rubber septa. The electrochemical cell was then evacuated and 

backfilled with positive pressure of nitrogen. Once the electrochemical cell had 

cooled to room temperature, 0.050 mL of a stock solution of ferrocene in DCM 

(0.084 M, 0.78 mg, 0.0042 mmol, 0.022 mol% relative to IBVE) was added to 

the working compartment and Bu4NClO4 (205 mg, 0.60 mmol) was added to 

both the working and counter compartments. The cell was then evacuated and 

backfilled with positive pressure of nitrogen three times. The working 
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compartment was then charged with isobutyl vinyl ether (2.5 mL, 19.2 mmol, 

100 equiv), methyl acrylate (1.7 mL, 19.0 mmol, 100 equiv), 1.0 mL of a stock 

solution of Ir(ppy)3 in DCM (4.58 mM, 0.042 mmol, 0.022 mol% relative to 

MA), 0.19 mL of a stock solution of 1b in DCM (1.0 M, 0.19 mmol, 1 equiv), 

and 1.6 mL of DCM. The counter compartment was charged with 8.0 mL of 

DCM. The leads of the DC power supply were connected to the electrodes, 

and a blue LED kessil lamp was situated 3 cm away from the working 

compartment. The radical polymerization was initiated by irradiation with blue 

LEDs for 1 h. Next, an anodic current of 0.4 mA was applied for 6 min and the 

reaction was stirred for an additional 15 min. The cationic polymerization was 

reversibly terminated by applying a cathodic current of –0.4 mA for 12 min. 

The radical polymerization was then reinitiated by irradiating the solution with 

blue LEDs for 50 min. Next, an anodic current of 0.4 mA was applied for 6 min 

and the reaction was stirred for an additional 15 min. The cationic 

polymerization was reversibly terminated by applying a cathodic current of –

0.4 mA for 12 min. The radical polymerization was then reinitiated by 

irradiating the solution with blue LEDs for 30 min. Next, an anodic current of 

0.4 mA was applied for 6 min and the reaction was stirred for an additional 30 

min. The cationic polymerization was then reversibly terminated by applying a 

cathodic current of –0.4 mA for 12 min. Under inert atmosphere, aliquots for 

NMR and GPC analysis were taken at timepoints prior to a change in stimuli. 

GPC traces of the polymers before and after chain extension are shown in 

Figure S5.26. Mn,Theo (kg/mol) = 11.7, Mn,Exp (kg/mol) = 9.7, Đ = 1.41. 
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Figure S5.26. GPC Traces of poly(MA-b-IBVE-b-MA-b-IBVE-b-MA-b-IBVE) 

 

 

Figure S5.27. Conversion vs. Time of IBVE (green line) and MA (blue line) 

for dual stimuli switching to generate poly(MA-b-IBVE-b-MA-b-IBVE-b-

MA-b-IBVE) 
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CHAPTER 6 

Reversible Redox Controlled Acids for Ring Opening Polymerization 

6.1 Abstract 

Advancements in externally controlled polymerization methodologies 

have been pivotal to the development of new lithographic and 3D printing 

technologies while also enabling the synthesis of novel polymeric structures 

and architectures. In particular, the development of externally controlled ring 

opening polymerizations is of great interest as these methods  provide access 

to novel biocompatible and biodegradable block polymer structures.  While 

ring opening polymerizations mediated by photoacid generators have made 

significant contributions to the fields of lithography and microelectronics 

development, they are plagued by  catalysts with poor stability and thus poor 

temporal control. Herein, we report a class of ferrocenyl redox controlled acids 

where upon oxidation of the appended metal center a drastic increase in 

acidity is observed.  This methodology was applied toward the chemically 

controlled and electrochemically controlled polymerization of cyclic esters. 

6.2 Introduction 

The physical properties and functionalities of polymeric materials are 

directly correlated to their structure and architecture. Minor changes in the 

tacticity, head-to-tail structure, sequence, and chain topology can have a 

drastic effect on the polymer’s physical properties.1–3 Although living 

polymerization methodologies in conjunction with carefully chosen and timed 

monomer additions produce materials with well-defined microstructures (e.g. 

block copolymers2), many advanced microstructures and architectures with 

potentially interesting physical properties are inaccessible by traditional 

methods. An attractive solution to the synthesis of these complex polymeric 
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materials is the development of externally controlled polymerization 

methodologies. These systems rely on changes in chemical reactivity upon 

application of an external stimulus (e.g., chemical,4–9 electrochemical,10–12 

photochemical,13–22 thermal,23–25 mechanochemical26–29) that precisely 

regulates the incorporation of monomers at a growing polymer chain end. The 

resultant enhanced spatiotemporal control these externally controlled 

polymerizations exhibit has enabled the development of new lithographic30,31 

and 3D printing technologies,32,33 in addition to promoting the synthesis of 

advanced polymeric structures and architectures.22,34 

The development of methods for externally controlled ring opening 

polymerization (ROP) of cyclic esters and carbonates is of particular interest 

as the polyesters and polycarbonates that are formed are valuable 

biocompatible and biodegradable alternatives to petroleum-derived 

polyolefins. State-of-the-art methods for externally controlled ROP have 

involved the use of photoacid generators (PAGs) which initiate polymerization 

by ejecting catalytic quantities of acid upon irradiation with ultraviolet or visible 

light.35 While these PAG mediated processes have been pivotal to the fields of 

lithography and microelectronics development, many PAGs suffer from poor 

thermal stability and often require the irreversible photodissociation of acid 

functionalities to generate acid which precludes temporal control over the 

polymerization.35 A promising development in the field has been the use of 

merocyanine-type photoacids, which are unique in that they rely on reversible 

intramolecular photoreactions to control proton dissociation facilitating modest 

temporal control over polymerization.36,37 However, slow thermal reversion of 

the spiropyran to the protonated merocyanine severely limits the degree of 

temporal control over ROP. In order to achieve temporal control over acid-
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mediated ROP, robust and reversible stimuli-responsive acids need to be 

developed.   

  In recent years, powerful strategies have emerged for externally 

controlled ROP utilizing redox controlled catalysis to gain spatiotemporal 

control over the polymerization of cyclic monomers. The Byers7,12 and 

Diaconescu8,9 groups have pioneered the development of redox-switchable, 

coordination-insertion ROP catalysts. They independently demonstrated that 

the catalysts’ reactivity toward certain monomers can be altered by changing 

the oxidation state of the metal center or redox-active ligand using chemical 

redox or electrochemical potential. Inspired by these advancements, we 

Figure 6.1. Enhancing externally controlled ring opening 

polymerization with reversible, redox controlled acids. 



 

249 
 

postulated that temporal control over acid-initiated ROP could be gained by 

using a reversible, redox-responsive acid in which acidity could be controlled 

by changes in the oxidation state of the molecule. In fact, it is well known 

within the field of organometallic chemistry that a metal’s oxidation state can 

impact the acidity of ligand functionalities.38,39 For example, some saturated 

transition-metal hydride complexes experience pKa changes as great as 30 

units upon oxidation. Inspired by these metal-hydride systems, we 

hypothesized that ferrocenes covalently tethered to common organic acid 

functionalities could afford control over the molecules acidity upon oxidation to 

the corresponding ferrocenium, thus lowering the pKa of the acidic functionality 

and enabling the selective initiation of ROP (Figure 6.1). Following reduction, 

the pKa of the corresponding acid would increase and allow for the reversible 

termination of the polymerization facilitating excellent temporal control over the 

reaction.  
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a[CL] = 9.1 M (neat), 1.0 mol % [Fc], 1.2 mol % AgBF4. 

b[CL] = 4.8 M (in DCM) 

cCL was metered in at a rate of 0.1 mL/hour. 

dMn,Theo = [CL]/[BnOH] X MWCL X Conversion + MWBnOH.  

eMn,Exp determined by gel permeation chromatography 

with a multiangle light scattering detector 

 

 

Table 6.1. Ferrocenyl Acids for Controlled Cationic Ring 
Opening Polymerization of CL. 
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6.3 Results and Discussion 

To test our hypothesis, we examined the ROP activity of several 

substituted ferrocenes in both the presence and absence of oxidant (Table 1). 

Significantly, in the presence of silver tetrafluoroborate (AgBF4) the ferrocenyl 

phosphonic, 1a, ferrocenyl (phenyl)phosphinic, 1b, and ferrocenyl 

(phenyl)phosphonic acids, 1c, showed significant catalytic activity for the 

controlled ROP of CL by generating polymers with good agreement between 

theoretical and experimental number average molecular masses (Mns) while 

maintaining a low dispersity (Đ) value (Table 1, entries 1-3). Furthermore, 

acids 1a, 1b, and 1c displayed no catalytic activity in the absence of AgBF4, 

validating that the oxidized form of the catalyst is necessary to facilitate 

polymerization of CL (see appendix Table S6.1, entries 1-3). Analogous 

reactivity was also observed with the acid catalysts in dichloromethane (DCM) 

(Table 1, entries 6-8). The less acidic ferrocenyl carboxylic acid catalysts 2a 

and 2b showed little to no catalytic activity in either the presence or absence 

of oxidant (Table 1, entries 4-5; appendix Table S6.1, entries 4-5) 

demonstrating that careful selection of the acidic moiety is pivotal for efficient 

polymerization.  

Having now found a series of suitably active ferrocene derivatives in the 

oxidized state, the polymerization was further probed to investigate the living 

characteristics of redox acid controlled ROP. By varying the monomer-to-

alcohol ratio a range of Mns were targeted while still retaining good agreement 

between experimental and theoretical Mns and low Đ values—this is indicative 

of a controlled polymerization with living characteristics (Table 1, entries 9-13). 

Furthermore, monitoring the polymerization of CL under optimized reaction 
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conditions illustrated that Mn grows linearly with conversion further 

demonstrating the living characteristics of this system (Figure 6.2).  

The chain-end fidelity of the polyesters generated by this method were 

assessed through the synthesis of block copolymers. Using our standard 

conditions, we generated a 2.3 kg/mol poly(CL) macroinitiator which was 

isolated and then subjected to identical reaction conditions to polymerize VL. 

The resulting 5.5 kg/mol poly(CL-b-VL) diblock copolymer shows a 

monomodal distribution with a low Đ value of 1.09 (Figure 6.3). This result 

illustrates the ability of our method to generate degradable polyester block 

polymers.  

Figure 6.2. Plot of Mn vs. monomer conversion for the 

cationic ring opening polymerization of ε-caprolactone. 
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In addition to polymerizing CL, we were also able to efficiently promote 

the polymerization of δ-valerolactone (VL) generating polymers with excellent 

control over molecular weight (Mn) and low Đ values (Table S6.2). 

Unfortunately, when we attempted to polymerize cyclohexene oxide (CHO) it 

was observed that the mild Lewis acidic nature of the silver oxidants prompted 

uncontrolled polymerization in the absence of acid catalyst. To overcome this 

limitation and thus extend the scope of the polymerization, it was decided to 

adapt this methodology toward electrochemically controlled ROP.  

To achieve this, we first sought to further understand the nature of 

redox acid controlled ROP by determining the impact that oxidation state has 

Figure 6.3. Synthesis and GPC traces of poly(caprolactone) 

and poly(caprolactone-block-valerolactone) 
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on the acidity of the FcXH species. The pKa of 1a, 1b, 1c, and 2a were 

determined in DMSO-d6 by titration with bases whose conjugate acids have 

known pKa values in this solvent (Table S6.5). The pKa of the oxidized species 

1a+, 1b+, 1c+, and 2a+ can then be determined through square scheme 

thermochemical analysis using the pKa values of the 1a, 1b, 1c, and 2a and 

relevant electrochemical values (i.e. E1/2(FcXH/FcXH+) and E1/2(FcX–/FcX)).40–

42 As shown in Table S6.5, the ferrocenyl carboxylic acid 2a is the least acidic, 

having a pKa of 10.8 in DMSO. The ferrocenyl phosphonic acid 1a and the 

ferrocenyl (phenyl)phosphinic acid 1b have similar pKas of ca. 8.5 in DMSO. 

The ferrocenyl (phenyl)phosphonic acid is the most acidic FcXH species, 

having a pKa of 7.2 in DMSO. Upon oxidation, these pKa values decrease by 

ca. 3-5 units. Although the pKa of the ferrocenyl carboxylic acid 2a decreases 

the most upon oxidation (ΔpKa = 5.1), the oxidized species (2a+) is the least 

acidic FcXH+ species, having a pKa of ca. 6 in DMSO. The inability of 2a to 

polymerize CL in the presence of AgBF4 suggests that the oxidized FcXH+ 

species must have a pKa < 6 to efficiently catalyze ROP. The oxidized 

Figure 6.4. a) Illustration of square scheme thermochemical analysis for ferrocenyl acid pKa 

determination, b)  Relative acidities of the neutral (solid marker) and oxidized (dashed 

marker) forms of the ferrocenyl acids used in this study. 
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ferrocenyl phosphonic (1a+), ferrocenyl (phenyl)phosphinic (1b+), and 

ferrocenyl (phenyl)phosphonic (1c+) have similar pKa values of ca. 4 in DMSO, 

which is in good agreement with the pKa value of diphenyl phosphoric acid 

which is known to efficiently catalyze ROP.43,44 These detailed measurements 

suggest that redox acid controlled ROP can be realized by designing acid 

catalysts whose pKas switch from greater than to less than ca. 4 upon 

application of an external stimulus. This valuable insight into the acidic 

characteristics of the ferrocenyl acids illustrated that catalyst 1c would be an 

ideal candidate for the extension toward an electrochemically controlled 

polymerization as it proved to be both the most acidic and most soluble 

ferrocenyl acid catalyst studied. 

To extend this system toward electrochemically controlled ROP, we 

posited that simple application of anodic current could be used to oxidize the 

ferrocenyl acid and begin the polymerization. Then upon application of 

Figure 6.5. a) Proposed mechanism for electrochemically controlled redox acid ring opening 

polymerization. 
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cathodic voltage, the polymerization could be efficiently terminated thus giving 

temporal control over the polymerization (Figure 6.5). To test our hypothesis, 

we investigated the polymerization of CL in a divided electrochemical cell with 

reticulated vitreous carbon (RVC) electrodes. When a constant current of 2.0 

mA was applied for 2 h to a solution of CL, 1b, and tetrabutylammonium 

tetrafluoroborate (Bu4NBF4) in DCM, polymerization efficiently proceeded 

(Table S6.3, entry 1) producing a polymer with good agreement between 

experimental and theoretical Mns and low Đ values. Importantly, in the 

absence of electrical current no polymerization occurred and in the absence of 

catalyst, 1c, only minimal polymerization of CL occurred which we attribute to 

direct oxidation of monomer at the electrode (Table S6.3, entry 2). Future 

directions of this work will involve investigating the level of temporal control we 

can exhibit over the polymerization in addition to the scope of monomers 

amenable to the electrochemically controlled polymerization. 

6.4 Conclusion 

In conclusion, we have illustrated how a class of redox-active ferrocenyl 

acids could be used to initiate ROP of cyclic esters. The ability of the acids to 

reversibly promote polymerization largely corresponded to their pKa values in 

the neutral and oxidized form suggesting that other switchable acid catalysts 

may be realized by similar principles.  The initial chemical methodology which 

was extended to an electrochemical system which we believe will increase the 

scope of monomers amenable to this process. 
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6.6 Appendix 

General Analytical Information 

All polymer samples were analyzed using a Tosoh EcoSec HLC 8320 GPC 

system with two SuperHM-M columns in series at a flow rate of 0.350 mL/min. 

THF was used as the eluent and all number-average molecular weights (Mn), 

weight-average molecular weights (Mw), and dispersities (Đ) were determined 

by light scattering using a Wyatt miniDawn Treos multi-angle light scattering 

detector. The dn/dc values were calculated from light scattering in 

tetrahydrofuran (THF) for poly(caprolactone), poly(valerolactone), and block 

copolymers. Nuclear magnetic resonance (NMR) spectra were recorded on a 

Varian 400 MHz, a Varian 600 MHz, or a Bruker 500 MHz instrument. Cyclic 

voltammetry experiments and electrochemical polymerizations were 

performed using a Bio-Logic SP-50 Potentiostat at ambient temperature under 

a nitrogen atmosphere. NMR samples for pKa analysis were prepared in an 

inert atmosphere glovebox with freshly opened ampules of DMSO-d6. 

 

General Electrochemical Cell and Electrode Setup 

 

Preparation of electrochemical cell and caps 

Two-chambered electrochemical cells, separated by a fine frit and joined by a 

narrow passage above the volume of the reaction contents, were used bulk 

electrolysis experiments. Ground glass joints (14/20) sealed with septa were 

used for addition of liquid reagents. Cell caps were constructed from Teflon 

schlenk bomb screw on caps. Two (2 mm) holes were drilled with a drill press 
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into the top of the cap. A 2 mm stainless steel rod was driven through the cap 

and 2 mm (inner diameter) stainless steel tube was fastened to the inner end 

of the stainless steel rods to hold the electrodes. 

 

Preparation of reticulated vitreous carbon (RVC) electrodes 

The RVC electrodes were constructed by driving a 2 mm pencil lead through a 

50 mm x 50 mm x 100 mm section of RVC. For use in the electrochemical cell, 

the other end of the pencil lead was inserted into the stainless steel tube of the 

electrochemical cell caps. The pencil lead was cut to the desired length with a 

razor blade to maximize electrode surface area in contact with the reaction 

while allowing for space for magnetic stirring. 

Experimental Procedures 

Synthesis of Ferrocenyl Acids 

 

Synthesis of diethyl ferrocenylphosphonate: 

 

Diethyl ferrocenylphosphonate was synthesized according to a modified 

literature procedure.1 In a flame-dried, 250 mL three-necked flask, ferrocene 

(2.5 g, 13.4 mmol, 1.4 equiv) and potassium tert-butoxide (KOtBu) (0.27 g, 2.4 

mmol, 0.25 equiv) were combined. The flask was then evacuated and 

backfilled with N2 3 times and then left under inert atmosphere. To this flask, 

50 mL of anhydrous THF were added and the reaction mixture was cooled to –
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78 °C at which time the solution became heterogeneous. tBuLi (5.6 mL, 1.7 M, 

9.52 mmol, 1.0 equiv) in pentane was then added dropwise to the solution 

over 30 minutes at which point the reaction mixture turned bright red in color. 

The reaction was left to stir for 30 min at –78 °C followed by the addition of 

diethyl chlorophosphite (2.0 mL, 13.8 mmol, 1.45 equiv) in THF (10 mL). The 

reaction mixture was then left to warm to room temperature overnight. After 16 

h, the reaction mixture was slowly quenched with 100 mL of 1M NaOH, the 

layers were separated, and the aqueous layer was extracted with DCM (3 x 30 

mL). The organic layer was dried over MgSO4 and evaporated to dryness in 

vacuo. The dark oil was further purified by column chromatography (SiO2, 

gradient of 10:0 to 9:1 DCM:MeOH) to yield diethyl ferrocenylphosphonate as 

a dark, brown oil. The spectroscopic data for this compound were consistent 

with those reported in the literature1. 1H NMR (CDCl3, 600 MHz): δ 4.50 (m, 2 

H), 4.39 (m, 2 H), 4.30 (s, 5 H), 4.12 (m, 4 H), 1.34 (t, 6 H). 

 

Synthesis of ferrocenylphosphonic acid (1a): 

 

1a was synthesized according to a modified literature procedure.1 Diethyl 

ferrocenylphosphonate (2.0 g, 6.2 mmol, 1 equiv) was dissolved in DCM (14 

mL). To this solution, TMSBr (2.4 mL, 18.2 mmol, 2.94 equiv) was slowly 

added and the reaction was left to stir. After 24 h, the solvent was evaporated 

in vacuo, diluted with a 1:1 mixture of MeCN:H2O (10 mL), and let stir for 6 h. 
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At this time, the solution was diluted with DCM and the resulting precipitate 

was collected by filtration. The dark, brown solid was washed with copious 

amounts of H2O then DCM, and heated to 50 °C in vacuo to dryness. This 

yielded 1a as a hygroscopic, light-brown solid which was stored under a 

blanket of N2. The spectroscopic data for this compound were consistent with 

those reported in the literature.1 1H NMR (CDOD3, 600 MHz): δ 4.47 (m, 2 H), 

4.41 (m, 2 H), 4.30 (s, 5 H).  

Synthesis of ferrocenyl (phenyl)phosphinic acid (1b): 

 

In a flame-dried, 250 mL three-necked flask, ferrocene (5.0 g, 26.8 mmol, 1.4 

equiv) and potassium tert-butoxide (KOtBu) (0.54 g, 4.8 mmol, 0.25 equiv) 

were combined. The flask was then evacuated and backfilled with N2 3 times 

and then left under inert atmosphere. To this flask, 100 mL of anhydrous THF 

were added and the reaction mixture was cooled to –78 °C at which time the 

solution became heterogeneous. tBuLi (11.2 mL, 1.7 M, 19.0 mmol, 1.0 equiv) 

in pentane was then added dropwise to the solution over 30 minutes at which 

point the reaction mixture turned bright red in color. The reaction was left to 

stir for 2 h at –78 °C followed by the addition of phenylphosphonic dichloride 

(4.6 mL, 32.4 mmol, 1.71 equiv) in THF (20 mL). The reaction mixture was 

then left to warm to room temperature overnight. After 16 h, the reaction 

mixture was slowly quenched with 100 mL of saturated aqueous sodium 

bicarbonate and let stir for 3 h. The organic layer was then acidified to pH = 1 
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with 1M aqueous HCl. The layers were then separated, and the aqueous layer 

was extracted with DCM (3 x 50 mL). The organic layer was dried over 

Na2SO4 and evaporated to dryness in vacuo. The solid was then washed with 

copious amounts of ethyl acetate, and then dried in vacuo at 50 °C to yield 1b 

as a light brown solid which was stored under a blanket of N2. The 

spectroscopic data for this compound were consistent with those reported in 

the literature.2 1H NMR (CDOD3, 500 MHz): δ 7.88–7.75 (m, 2 H), 7.60–7.44 

(m, 3 H), 4.47 (s, 3 H), 4.24 (s, 4 H), 4.14 (s, 2 H). 31P NMR (CDOD3, 202 

MHz): δ 38.0 (s). 

 

Synthesis of ferrocenyl (phenyl)phosphonic acid (1c): 

 

In a flame-dried, 250 mL three-necked flask, ferrocene (2.5 g, 13.4 mmol, 1.4 

equiv) and potassium tert-butoxide (KOtBu) (0.27 g, 2.4 mmol, 0.25 equiv) 

were combined. The flask was then evacuated and backfilled with N2 3 times 

and then left under inert atmosphere. To this flask, 50 mL of anhydrous THF 

were added and the reaction mixture was cooled to –78 °C at which time the 

solution became heterogeneous. tBuLi (5.6 mL, 1.7 M, 9.52 mmol, 1.0 equiv) 

in pentane was then added dropwise to the solution over 30 minutes at which 

point the reaction mixture turned bright red in color. The reaction was left to 

stir for 2 h at –78 °C followed by the addition of phenyl dichlorophosphate (2.5 

mL, 16.5 mmol, 1.73 equiv) in THF (10 mL). The reaction mixture was then left 

to warm to room temperature overnight. After 16 h, the reaction mixture was 
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slowly quenched with 100 mL of saturated aqueous sodium bicarbonate and 

let stir for 3 h. The organic layer was then acidified to pH = 1 with 1M aqueous 

HCl. The layers were then separated, and the aqueous layer was extracted 

with DCM (3 x 30 mL). The organic layer was dried over Na2SO4 and 

evaporated to dryness in vacuo. The solid was then washed with copious 

amounts of ethyl acetate, and then dried in vacuo at 50 °C to yield 1c as a 

light brown solid which was stored under a blanket of N2. 1H NMR (CDOD3, 

500 MHz): δ 7.32–7.25 (m, 2 H), 7.17–7.06 (m, 3 H), 4.54–4.42 (m, 4 H), 4.31 

(s, 5 H). 31P NMR (CDOD3, 202 MHz): δ 22.5 (s). 

 

General Procedure for Solvent-Free Redox Acid Controlled Cationic Ring 

Opening Polymerization of ε-Caprolactone 

 

To an oven-dried one-dram vial equipped with a stir bar, AgBF4 (12.0 mg, 

0.062 mmol, 1.2 equiv) and ferrocene acid catalyst ( 0.05 mmol, 1.0 equiv) 

were added. The vial was then put under an inert N2 atmosphere and charged 

with benzyl alcohol ( 5.2 uL, 0.05 mmol, 1.0 equiv) followed by ε-caprolactone 

(0.55 mL, 5 mmol, 100 equiv). Following the desired reaction time, the 

reactions were terminated by addition of excess sodium dithionite and diluted 

with 0.4 mL of THF for analysis by 1H NMR and GPC.  
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Table S6.1. FcXH mediated polymerization of ε-caprolactone in the 

absence of AgBF4. 

Entrya Catalyst Conversion 
Mn,Exp

(kg/mol) 
Đ 

1 1a <5% — — 

2 1b <5% — — 

3 1c <5% — — 

4 2a <5% — — 

5 2b <5% — — 

aReaction Conditions: [CL] = 9.1 M, 1.0 mol % [Fc], [CL]:[BnOH]:[Fc] = 

100:1.0:1.0. 

General Procedure for Redox Acid Controlled Cationic Ring Opening 

Polymerization of ε-Caprolactone with catalyst 1b. 

To an oven-dried one-dram vial equipped with a stir bar, AgBF4 (12.0 mg, 

0.062 mmol, 1.2 equiv) and catalyst 1b (16.0 mg, 0.05 mmol, 1.0 equiv) were 

added. The vial was then put under an inert N2 atmosphere and sequentially 
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charged with benzyl alcohol (5.2 uL, 0.05 mmol, 1.0 equiv), DCM (0.5 mL), 

and ε-caprolactone (0.55 mL, 5.0 mmol, 100 equiv). Following the desired 

reaction time, the reactions were terminated by addition of excess sodium 

dithionite and diluted with 0.4 mL of THF for analysis by 1H NMR and GPC.  

 

 

Procedure for Redox Acid Controlled Cationic Ring Opening 

Polymerization with catalyst 1b while Metering in Caprolactone Over 

Time 

 

 

To an oven-dried one-dram vial equipped with a stir bar AgBF4 (12.0 mg, 

0.062 mmol, 1.2 equiv) and catalyst 1b (16.0 mg, 0.05 mmol, 1.0 equiv) were 

added. The vial was then put under an inert N2 atmosphere and sequentially 

charged with benzyl alcohol ( 2.6 uL, 0.025 mmol, 0.5 equiv) and DCM (0.1 

mL). At this time, a solution of caprolactone (0.55 mL, 5.0 mmol, 100 equiv) in 

DCM (0.4 mL) was metered in at a rate of 0.1 mL/h using a syringe pump. The 

solution had finished being metered in after 10 h and was then left to stir. 

Following an addition 18 h reaction period, the reaction was terminated by 

addition of excess sodium dithionite and diluted with 0.4 mL of THF for 
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analysis by 1H NMR and GPC. (Mn,Exp = 10.9 kg/mol, Mn,Theo = 11.3 kg/mol, Đ 

= 1.26). 

 

Procedure for Redox Acid Controlled Cationic Ring Opening 

Polymerization of δ-Valerolactone with catalyst 1b. 

 

To an oven-dried one-dram vial equipped with a stir bar AgBF4 (12.0 mg, 

0.062 mmol, 0.6 equiv) and catalyst 1b (16.0 mg, 0.05 mmol, 0.5 equiv) were 

added. The vial was then put under an inert N2 atmosphere and sequentially 

charged with benzyl alcohol (10.0 uL, 0.096 mmol, 1.0 equiv), DCM (0.63 mL), 

and δ-valerolactone (0.46 mL, 5.0 mmol, 52 equiv). After 18 h, the reaction 

was terminated by addition of excess sodium dithionite and diluted with 0.4 mL 

of THF for analysis by 1H NMR and GPC.  
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Table S6.2. Polymerization of δ- valerolactone with catalyst 1b. 

Entrya Catalyst 
[VL]:[BnOH]: 

[1b]:[AgBF4] 
Conversion 

Mn,Exp 

(kg/mol) 

Mn,Theo 

(kg/ mol) 
Đ 

1 1b 52:1.0:0.5:0.6 95% 4.4 4.9 1.12 

2 1b 26:1.0:0.5:0.6 88% 2.2 2.4 1.22 

3 1b 10:1.0:0.5:0.6 95% 1.3 1.1 1.23 

aReaction Conditions: [VL] = 4.6 M, 1.0 mol % [Fc], 1.2 mol % AgBF4. bMn,Theo 

= [VL]/[BnOH] X MWCL X Conversion + MWBnOH. 

General Procedure for Redox Acid Controlled Cationic Ring Opening 

Polymerization to Generate Poly(CL-b-VL) diblock copolymer. 

To an oven-dried one-dram vial equipped with a stir bar, AgBF4 (12.0 mg, 

0.062 mmol, 1.2 equiv) and catalyst 1b (16.0 mg, 0.05 mmol, 1.0 equiv) were 

added. The vial was then put under an inert N2 atmosphere and sequentially 

charged with benzyl alcohol ( 20 uL, 0.19 mmol, 4.0 equiv), DCM (0.48 mL), 
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and ε-caprolactone (0.55 mL, 5.0 mmol, 100 equiv). Following the desired 

reaction time, the reactions were terminated by addition of excess sodium 

dithionite and diluted with 0.4 mL of THF. Poly(CL) was then precipitated from 

methanol at 0 °C, dried in vacuo, and then analyzed by 1H NMR and GPC.  

To achieve chain extension with δ-valerolactone, an oven-dried one-dram vial 

was equipped with a stir bar and AgBF4 (1.2 mg, 6.2 µmol,  0.19 equiv), 

catalyst 1b (1.6 mg, 5.0 µmol, 0.16 equiv), and the previously prepared 

poly(CL) macroinitiator (71.0 mg, 0.031 mmol, 1.0 equiv) were added. The vial 

was then put under an inert N2 atmosphere and sequentially charged with 

DCM (0.21 mL) and δ-valerolactone (90 µL, 0.98 mmol, 32 equiv). Following 2 

h, the reaction was terminated by addition of excess sodium dithionite and 

diluted with 0.4 mL of THF. Poly(CL-b-VL) was then precipitated from 

methanol at 0 °C, dried in vacuo, and then analyzed by 1H NMR and GPC. 

Figure S6.1. GPC traces of poly(CL) and poly(CL-b-VL) diblock 

copolymer, (Mn,Exp = 5.5 kg/mol, Mn,Theo = 4.2 kg/mol, Đ = 1.09). 
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General Procedure for Electrochemical Redox Acid Controlled Cationic 

Ring Opening Polymerization of Caprolactone with Catalyst 1b (Constant 

Current) 

To an oven dried electrochemical cell, a magnetic stir bar was added to both 

the working and counter compartment. The cell was equipped with a 

reticulated vitreous carbon (RVC) anode and RVC cathode and then sealed 

with the cell caps and rubber septa. The electrochemical cell was then 

evacuated and backfilled with positive pressure of nitrogen. Once the 

electrochemical cell had cooled to room temperature, 1b (50 mg, 0.15 mmol, 

0.52 equiv) was added to the working compartment and Bu4NBF4 (198 mg, 0.6 

mmol) was added to both the working and counter compartments. The 

cell was then evacuated and backfilled with positive pressure of nitrogen 

three times. Then the working compartment was charged with CL (1.65 

mL, 15.0 mmol, 52 equiv), benzyl alcohol (30 uL, 0.289 mmol, 1 equiv), 

and DCM to bring the total volume to 3.0 mL. The counter compartment was 

charged with 3.0 mL of DCM. The leads of the DC power supply were 

connected to the electrodes. Stirring began and an anodic current (2.0 mA) 

was applied for 2 h, and the reaction was left to stir for 18 h. Aliquots taken 

by syringe under a blanket of N2 and were quenched with excess sodium 

dithionite in THF and then analyzed by 1H NMR and GPC. 
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Table S6.3. Control Reactions for the Electrochemical Redox Acid 

Controlled Polymerization of Caprolactone 

Entrya Catalyst Conversion 
Mn,Exp

(kg/mol) 

Mn,Theo

(kg/mol) 
Đ 

1 1b 75% 3.7 4.6 1.10 

2 None 8% 0.8 0.6 1.13 

aReaction Conditions: [CL] = 5.0 M, [CL]:[BnOH]:[Fc] = 52:1.0:0.52. 
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General Procedure for Cyclic Voltammetry 

Cyclic voltammetry experiments were performed using a Bio-Logic SP-50 

Potentiostat at ambient temperature under a nitrogen atmosphere. A typical 

electrochemical cell consisted of a three-electrode setup using a glassy 

carbon working electrode, a platinum wire counter electrode, and a Ag/AgCl 

reference electrode. All electrochemical experiments were performed with 0.1 

M tetrabutylammonium perchlorate (Bu4NClO4) as supporting electrolyte in 

DMSO. The glassy carbon working electrode was polished between each 

scan. Potentials are referenced to the Fc0/+ couple (0.0 V).  

Figure S6.2. Cyclic voltammograms of 2a (1.0 mM) in 0.1 M Bu4NClO4 in 

DMSO at various scan rates. Anodic sweep. 
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Figure S6.3. Cyclic voltammograms of 2a (1.0 mM) in the absence (green 

trace) and presence of Et-P2 (1.2 mM, blue trace) in 0.1 M Bu4NClO4 in 

DMSO. Scan rate 2000 mV/s.  

Figure S6.4. Cyclic voltammograms of 2a (1.0 mM) in the presence of Et-P2 

(1.2 mM) in 0.1 M Bu4NClO4 in DMSO at various scan rates. Anodic sweep.  
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Figure S6.5. Cyclic voltammograms of 1a (1.0 mM) in 0.1 M Bu4NClO4 in 

DMSO at various scan rates. Anodic sweep. 

 

Figure S6.6. Cyclic voltammograms of 1a (1.0 mM) in the absence (green 

trace) and presence of Et-P2 (1.2 mM, blue trace) in 0.1 M Bu4NClO4 in 

DMSO. Scan rate 2000 mV/s.  
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Figure S6.7. Cyclic voltammograms of 1a (1.0 mM) in the presence of Et-P2 

(1.2 mM) in 0.1 M Bu4NClO4 in DMSO at various scan rates. Anodic sweep.  

 

Figure S6.8. Cyclic voltammograms of 1c (1.0 mM) in 0.1 M Bu4NClO4 in 

DMSO at various scan rates. Anodic sweep. 

 

 



 

280 
 

 

Figure S6.9. Cyclic voltammograms of 1c (1.0 mM) in the absence (green 

trace) and presence of Et-P2 (1.2 mM, blue trace) in 0.1 M Bu4NClO4 in 

DMSO. Scan rate 500 mV/s.  

 

Figure S6.10. Cyclic voltammograms of 1c (1.0 mM) in the presence of Et-P2 

(1.2 mM) in 0.1 M Bu4NClO4 in DMSO at various scan rates. Anodic sweep.  
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Figure S6.11. Cyclic voltammograms of 1b (1.0 mM) in 0.1 M Bu4NClO4 in 

DMSO at various scan rates. Anodic sweep. 

 

Figure S6.12. Cyclic voltammograms of 1b (1.0 mM) in the absence (green 

trace) and presence of Et-P2 (1.2 mM, blue trace) in 0.1 M Bu4NClO4 in 

DMSO. Scan rate 2000 mV/s.  
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Figure S6.13. Cyclic voltammograms of 1b (1.0 mM) in the presence of Et-P2 

(1.2 mM) in 0.1 M Bu4NClO4 in DMSO at various scan rates. Anodic sweep.  
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Square Scheme Analysis to Determine ΔpKa 

 

 

Figure S6.14. Square scheme for FcXH species.  

 

 (1) 

 (2) 

 (3) 

 (4) 

 (5) 

 (6) 

 (7) 
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Table S6.4. Redox potentials of FcXH species 1a, 1b, 1c, and 2a.  

 E1/2(FcXH/FcXH+)a 

V vs. Fc0/+ 

E1/2(FcX– /FcX)a 

V vs. Fc0/+ 

ΔE1/2
d
 ΔpKa

e 

Fc(CO2H)b (2a) 0.208 –0.095 0.303 5.1 

FcP(O)(OH)2
b (1a) 0.114 –0.126 0.240 4.0 

FcP(O)(OPh)(OH)c (1c) 0.158 –0.032 0.190 3.2 

FcP(O)(Ph)(OH)b (1b) 0.153 –0.090 0.243 4.1 

a E1/2 = 0.5(Epa + Epc), where Epa and Epc are anodic and cathodic peak 

potentials, respectively. b Epa and Epc taken at 2000 mv/s. c Epa and Epc taken 

at 500 mv/s. d∆E1/2 = E1/2(FcXH/FcXH+) – E1/2(FcX–/FcX). e Determined via 

Equation 7.  
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General Procedure for pKa Titrations 

In an inert atmosphere glovebox, a 15 mM solution of XH in 0.6 mL DMSO-d6 

was prepared in a septum-capped NMR tube with dichloromethane (0.05 mL 

of a 0.15 M stock solution in DMSO-d6) added as an internal standard. A stock 

solution of base (0.20 M in DMSO-d6) was prepared and aliquots were added 

to the NMR tube. The NMR solution was allowed to equilibrate for three 

minutes before a 1H NMR spectrum was acquired. All 1H NMR spectra were 

recorded on a 600 MHz spectrometer with a relaxation delay (d1) of 20 

seconds.  

 

Upon addition of base, an equilibrium mixture of the protonated (XH, e.g. 

FcP(O)(OH)2) and deprotonated (X–, e.g. FcP(O)(OH)(O–) is rapidly 

established. As a result, only one set of 1H NMR resonances is observed, and 

it corresponds to the weighted average of spectrum of XH and X–. Similarly, a 

weighted average spectrum of the base (B, e.g. triethylamine) and its 

conjugate acid (BH+, e.g. triethylammonium) is observed. The mol fraction (χ) 

of each species can be determined by the chemical shift of the resonances 

attributed to XH/X– and the chemical shift of the resonances attributed to 

B/BH+. From this data, the equilibrium constant Keq of the reaction can be 

calculated and the pKa of XH can be determined provided that the pKa of BH+ 

is known. All 1H NMR titrations were performed in duplicate. Because the 

duplicates were within error of each other, the reported pKa value is the 

average value obtained from both titrations. Additional information detailing the 

theory and procedure for pKa determination by NMR titration can be found in 

references 3-7.  
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 (8) 

 (9) 

 (10) 

 (11) 

 (12) 

 (13) 

 (14) 

 (15) 

Table S6.5. pKa values of relevant acids in DMSO.  

 pKa (XH)a ΔpKa
b pKa (XH+)c

 

Fc(CO2H)d (2a) 10.8 ± 0.2 5.1 5.7 ± 0.2 

FcP(O)(OH)2
e (1a) 8.6 ± 0.2 4.0 4.6 ± 0.2 

FcP(O)(OPh)(OH)e (1c) 7.2 ± 0.3 3.2 4.0 ± 0.3 

FcP(O)(Ph)(OH)e (1b) 8.5 ± 0.4 4.1 4.4 ± 0.4 

P(O)(OPh)2(OH)f 3.7 ± 0.2 -- -- 

P(O)(Ph)(OH)2
e 8.0 ± 0.2 -- -- 

a Determined through 1H NMR titration. b Determined through square-scheme 

analysis using electrochemical data in Table S6.4 and Equation 7. c pKa (XH+) 

= pKa (XH) - ΔpKa. d Titration performed with pyrrolidine. e Titration performed 

with triethylamine. f Titration performed with pyridine.  
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Figure S6.15. 1H NMR spectra of triethylamine (NEt3, top spectrum, dark blue)

and triethylamine hydrochloride (NEt3HCl, bottom spectrum, light blue) in 

DMSO-d6.  

Figure S6.16. 1H NMR spectra of pyrrolidine (Pyr, top spectrum, dark blue)

and pyrrolidine hydrochloride (PyrH+, bottom spectrum, light blue) in DMSO-

d6. 
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Figure S6.17. 1H NMR spectra of pyridine (Py, top spectrum, dark blue) and

pyridine hydrochloride (PyH+, bottom spectrum, light blue) in DMSO-d6. 
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pKa Titration of Fc(CO2H) 2a with pyrrolidine 

Chemical shift analysis of the resonances at 4.46-4.76 ppm, 4.13-4.50 ppm, 

and 4.07-4.26 ppm yielded an average value for the mol fractions of Fc(CO2H) 

2a (χFc(CO2H)) and its conjugate base Fc(CO2
–) (χFc(CO2

–)).The mol

fractions of pyrrolidine and its conjugate acid pyrrolidinium (χPyr and χPyrH+, 

respectively) were determined by chemical analysis of the resonance at 1.54-

1.82 ppm.  

Figure S6.18. 1H NMR titration of Fc(CO2H) 2a in DMSO-d6 with pyrrolidine

(Pyr, 0.20 M stock solution in DMSO-d6). DMSO is noted with a circle (●), 

resonances attributed to Fc(CO2H)/Fc(CO2)– are noted with diamonds (♦), and 

resonances attributed to pyrrolidine/pyrrolidinium (PyrH+) are noted with 

squares (■).  
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Figure S6.19. Plot of [χFc(CO2)– × χ(PyrH+)]/[χFc(CO2H)] versus [χPyr] where 

χ is the mole fraction as determined by chemical shift. When the y-intercept is 

set to 0, the slope of the linear regression yields Keq.  
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pKa Titration of FcP(O)(OH)2 1a with triethylamine 

Chemical shift analysis of the resonances at 4.29-4.35 ppm and 4.25-4.21 

ppm yielded an average value for the mol fractions of FcP(O)(OH)2 1a (χ 

FcP(O)(OH)2) and its conjugate base FcP(O)(OH)(O–) (χFcP(O)(OH)(O–)). 

The mol fractions of triethylamine and its conjugate acid triethylammonium 

(χNEt3 and χNEt3H+, respectively) were determined by chemical analysis of 

the resonance at 0.93-1.19 ppm.  

 

Figure S6.20. 1H NMR titration of FcP(O)(OH)2 1a in DMSO-d6 with 

triethylamine (NEt3) (0.20 M stock solution in DMSO-d6). DMSO is noted with 

a circle (●), resonances attributed to FcP(O)(OH)2/FcP(O)(OH)(O–) are noted 

with diamonds (♦), and resonances attributed to NEt3/NEt3H+ are noted with 

squares (■).  
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Figure S6.21. Plot of [χFcP(O)(OH)(O–) × χ(NEt3H+)]/[χFcP(O)(OH)2] versus 

[χNEt3] where χ is the mole fraction as determined by chemical shift analysis. 

When the y-intercept is set to 0, the slope of the linear regression yields Keq.  
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pKa Titration of FcP(O)(OPh)(OH) 1c with triethylamine 

Chemical shift analysis of the resonances at 7.15-7.32 ppm, 6.88-7.10 ppm, 

and 4.15-4.26 ppm yielded an average value for the mol fractions of 

FcP(O)(OPh)(OH) 1c (χFcP(O)(OPh)(OH)) and its conjugate base 

FcP(O)(OPh)(O–) (χFcP(O)(OPh)(O–)). The mol fractions of triethylamine and 

its conjugate acid triethylammonium (χNEt3 and χNEt3H+, respectively) were 

determined by chemical analysis of the resonance at 2.42-3.07 ppm. 

 

Figure S6.22. 1H NMR titration of FcP(O)(OPh)(OH) 1c in DMSO-d6 with 

triethylamine (NEt3) (0.20 M stock solution in DMSO-d6). DMSO is noted with 

a circle (●), resonances attributed to FcP(O)(OPh)(OH)/FcP(O)(OPh)(O–) are 

noted with diamonds (♦), and resonances attributed to NEt3/NEt3H+ are noted 

with squares (■).  
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Figure S6.23. Plot of [χFcP(O)(OPh)(O–) × χ(NEt3H+)]/[χFcP(O)(OPh)(OH)] 

versus [χNEt3] where χ is the mole fraction as determined by chemical shift 

analysis. When the y-intercept is set to 0, the slope of the linear regression 

yields Keq.  

 



 

295 
 

 

pKa Titration of FcP(O)(Ph)(OH) 1b with triethylamine 

Chemical shift analysis of the resonances at 7.67-7.72 ppm, 7.28-7.46 ppm, 

and 4.09-4.20 ppm yielded an average value for the mol fractions of 

FcP(O)(Ph)(OH) (χFcP(O)(Ph)(OH)) and its conjugate base FcP(O)(Ph)(O–) 

(χFcP(O)(Ph)(O–)). The mol fractions of triethylamine and its conjugate acid 

triethylammonium (χNEt3 and χNEt3H+, respectively) were determined by 

chemical analysis of the resonance at 0.93-1.19 ppm. 

 

Figure S6.24. 1H NMR titration of FcP(O)(Ph)(OH) 1b in DMSO-d6 with 

triethylamine (NEt3) (0.20 M stock solution in DMSO-d6). DMSO is noted with 

a circle (●), resonances attributed to FcP(O)(Ph)(OH)/FcP(O)(Ph)(O–) are 

noted with diamonds (♦), and resonances attributed to NEt3/NEt3H+ are noted 

with squares (■).  
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Figure S6.25. Plot of [χFcP(O)(Ph)(O–) × χ(NEt3H+)]/[χFcP(O)(Ph)(OH)] 

versus [χNEt3] where χ is the mole fraction as determined by chemical shift 

analysis. When the y-intercept is set to 0, the slope of the linear regression 

yields Keq.  
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pKa Titration of P(O)(OPh)2(OH) with pyridine 

Chemical shift analysis of the resonances at 7.26-7.37 ppm and 7.01-7.17 

ppm yielded an average value for the mol fractions of P(O)(OPh)2(OH) 

(χP(O)(OPh)2(OH)) and its conjugate base P(O)(OPh)2(O)– (χP(O)(OPh)2(O)–). 

The average values for the mol fractions of pyridine and its conjugate acid 

pyridinium (χPy and χPyH+, respectively) were determined by chemical 

analysis of the resonances at 8.57-8.93 ppm and 7.78-8.59 ppm.  

 

Figure S6.26. 1H NMR titration of P(O)(OPh)2(OH) in DMSO-d6 with pyridine 

(Py) (0.20 M stock solution in DMSO-d6). Resonances attributed to 

P(O)(OPh)2(OH)/ P(O)(OPh)2(O)– are noted with diamonds (♦), and 

resonances attributed to pyridine/pyridinium (PyH+) are noted with squares (■).  

 



 

298 
 

 

Figure S6.27. Plot of [χP(O)(OPh)2(O)– × χ(PyH+)]/[χP(O)(OPh)2(OH)] versus 

[χPy] where χ is the mole fraction as determined by chemical shift analysis. 

When the y-intercept is set to 0, the slope of the linear regression yields Keq.  
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pKa Titration of P(O)(Ph)(OH)2 with triethylamine 

Chemical shift analysis of the resonances at 7.68-7.62 ppm and 7.29-7.45 

ppm yielded an average value for the mol fractions of P(O)(Ph)(OH)2 

(χP(O)(Ph)(OH)2) and its conjugate base P(O)(Ph)(OH)(O–) 

(χP(O)(Ph)(OH)(O–)). The mol fractions of triethylamine and its conjugate acid 

triethylammonium (χNEt3 and χNEt3H+, respectively) were determined by 

chemical analysis of the resonance at 0.93-1.19 ppm. 

 

Figure S6.28. 1H NMR titration of P(O)(Ph)(OH)2 in DMSO-d6 with 

triethylamine (NEt3) (0.20 M stock solution in DMSO-d6). DMSO is noted with 

a circle (●), resonances attributed to P(O)(Ph)(OH)2/P(O)(Ph)(OH)(O–) are 

noted with diamonds (♦), and resonances attributed to NEt3/NEt3H+ are noted 

with squares (■).  



 

300 
 

 

Figure S6.29. Plot of [χP(O)(Ph)(OH)(O)– × χNEt3H+]/[χP(O)(Ph)(OH)2] versus 

[χNEt3] where χ is the mole fraction as determined by chemical shift analysis. 

When the y-intercept is set to 0, the slope of the linear regression yields Keq.  
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