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Abstract 

Photoredox-mediated metal-free ring-opening metathesis polymerization (MF-ROMP) is 

a convenient metal-free method to produce a variety of ROMP polymers. Though simple to 

implement in small-scale batch experiments, attempts to study and improve this photomediated 

radical cationic polymerization have been profoundly complex. 

This dissertation will motivate the research of MF-ROMP, and describe (1) the 

development of methods for assessing the mechanism of MF-ROMP, (2) the discovery and 

characterization of novel copolymer systems within MF-ROMP, and (3) the design and 

optimization of flow reactor setups enabling continuous production for MF-ROMP.  

Ultimately, the information herein provides methods and insights in expanding the utility 

and functionality of MF-ROMP. A chapter summarizing this research for the general public is 

included at the end of this dissertation. 
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Chapter 1: Background and Motivation 

The global market for polymers is currently valued at over $700 million and is expected to 

reach over $1,000 million by the end of 2030.1 In plastic products alone, this corresponds to a 

consumption of over 390 million tonnes in 2021 alone, and the demand is expected to rise to one 

billion tonnes by 2050.2,3 In order to sustainably mass-produce polymers at the rate required by 

humanity, polymer scientists need to develop novel, efficient, and scalable polymerization 

methods. 

 

Figure 1. Annual plastic production through 2021. Chart and data from Statista (2024). 

Ring-opening metathesis polymerization (ROMP) is a relatively modern polymerization 

that was enabled by the development of olefin metathesis. ROMP polymers—like 

poly(norbornene) (pNB or Norsorex®, a sound-proofing material), poly(dicylopentadiene) 

(pDCPD or Telene®, a common car plastic), and poly(tetracyclododecene) (pTD or Zeonex®, an 

optics material)—are predominantly produced using metal-mediated mechanisms that employ 
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well-established metal−alkylidene initiators or transition metal salts (precatalysts).4–14 By using 

monomer feedstocks consisting of inexpensive cyclic alkenes, ROMP polymer products also tend 

to be inexpensive at higher molecular weights. Using metals like ruthenium, molybdenum, and 

tungsten, metal-mediated ROMP achieves rapid, highly-controlled polymerizations. However, due 

to the high cost of these metals, producing lower molecular weight polymers—where one mole of 

metal is needed to initiate one mole of polymer—becomes more costly. Removal of the metal from 

the polymer also becomes a significant cost-driver in metal-sensitive fields like biotechnology or 

electronics. See Figure 2 for a summary of considerations regarding ROMP. 

 

Figure 2. Comparison of metal-mediated v. metal-free ROMP for poly(dicyclopentadiene). 
Typically M = Mo, W, Ru. 

In 2015, the Boydston Group improved the utility of ROMP and reported the novel 

photoredox-mediated metal-free ring-opening metathesis polymerization (MF-ROMP), a 

complementary ROMP pathway that is mechanistically distinct from its metal-mediated 

counterpart.15 As shown in Figure 3a, MF-ROMP proceeds through a radical cationic 

polymerization pathway that uses organic monomers, initiators, and photocatalysts. In this 

polymerization pathway, the 2,4,6-tris(4-methoxyphenyl)pyrylium tetra-fluoroborate 
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photocatalyst (2) serves as a photooxidant to generate the radical cationic enol ether (3) from the 

ethyl-1-propenyl ether initiator (1). This radical cationic intermediate engages and opens the 

strained bicyclic intermediate (4) to produce a ring-opened olefin (5). This newly formed olefin 

maintains its radical cationic enol ether, which can go on to engage other monomer units to produce 

ROMP polymers. During this process, back-electron transfer from the reduced photocatalyst and 

degenerative electron transfer from neutral enol ethers are each envisioned, offering a photo-

mediated, spatiotemporally controlled polymerization with living characteristics.15 As MF-ROMP 

is a radical cationic polymerization, its performance is unsurprisingly affected by the presence of 

oxygen in the reaction headspace, performing best under ambient conditions and worse under 

atmospheres of entirely nitrogen or oxygen, based upon total monomer conversion.16 Also 

noteworthy, only highly-strained alkenes show conversion in MF-ROMP leaving less strained 

alkenes intact, enabling access to valuable ROMP polymers that are typically difficult to produce 

via metal-mediated pathways, such as linear poly(dicyclopentadiene) (pDCPD).17–24 MF-ROMP 

has been demonstrated to produce high-conversion linear pDCPD with the caveat of requiring low 

temperatures. See Figure 2 for a comparison between metal-mediated and metal-free ROMP. 
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Figure 3. Areas of research for MF-ROMP. (a) Proposed mechanism of MF-ROMP. (b) 
Expansion of monomer scope for MF-ROMP (see Chapter 2). (c) Development of analytical 
techniques for MF-ROMP (see Chapter 3). (d) Scale-up of MF-ROMP via a droplet flow reactor 
setup. 

Because of MF-ROMP’s novelty, there are a swath of challenges that had yet to be 

addressed. For instance, MF-ROMP has only been shown to work with norbornyl monomers prior 

to 2019, which severely limits its utility compared to metal-mediated ROMP. Additionally, MF-

ROMP polymer molecular weight dispersities, Ð, rarely are below 1.2, signaling decreased control 

relative to its metal-mediated counterpart, which frequently produces polymers with Ð <1.1. To 
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improve the mechanism of MF-ROMP, a better understanding of the propagating chain end and 

general mechanism is needed, though we currently lack ways to analyze how different reaction 

conditions affect these aspects. Finally, since MF-ROMP requires adequate light penetration, 

thermal control, and effective mixing, scaleup attempts had been limited to using larger batch 

reactors at significantly decreased efficiencies to that of smaller scales. To develop MF-ROMP 

into a more efficient and useful polymerization method, we must achieve new (co)polymerizations 

with MF-ROMP, increasing its control, and improving its. I will address these goals in the coming 

chapters.  
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Chapter 2  

Hybrid Photo-induced Copolymerization of Ring-Strained and Vinyl Monomers Utilizing 

Metal-Free Ring-Opening Metathesis Polymerization Conditions 

 

Reproduced from: Krappitz, T.; Jovic, K.; Feist, F.; Frisch, H.; Rigoglioso, V. P.; Blinco, 

J. P.; Boydston, A. J.; Barner-Kowollik, C. “Hybrid Photo-induced Copolymerization of Ring-

Strained and Vinyl Monomers Utilizing Metal-Free Ring-Opening Metathesis Polymerization 

Conditions.” J. Am. Chem. Soc. 2019, 141, 16605−16609. 

 

Abstract 

We introduce the hybrid copolymerization of two disparate monomer classes (vinyl 

monomers and ring-strained cyclic olefins) via living photopolymerization. The living character 

of the polymerization technique (metal-free photo-ROMP) is demonstrated by consecutive chain-

extensions. Further, we propose a mechanism for the copolymerization and analyze the copolymer 

structure in detail by high-resolution mass spectrometry. 
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Introduction 

Copolymerization within the same class of monomers, following the same polymerization 

mechanism, can be conducted for almost every polymerization technique. Hybrid 

copolymerization and interconversion between different polymerization mechanisms is rarely 

reported and mostly confined to block copolymer formation. Zhang et al. recently established an 

interconverting polymerization system using heat and light as triggers for the interconversion of 

anionic ring-opening polymerization (AROP) and photoinduced electron transfer reversible 

addition–fragmentation chain transfer polymerization (PET-RAFT), affording multiblock 

copolymers.1 Despite the few reports on hybrid copolymerizations, some innovative approaches, 

such as tandem catalysis, afford block,2−6 brush,7−9 graft comb10 or bridge-like11 polymer 

structures. Buchmeiser and co-workers demonstrated a sophisticated tandem copolymerization of 

cyclic olefins with ethylene via a reversible interconversion of the catalyst to catalyze either ring-

opening metathesis polymerization (ROMP) or vinyl-insertion polymerization (VIP) to construct 

the lateral chain.12−16 The interconversion of two addition polymerizations, e.g. cationic- and 

radical polymerization of vinyl monomers was recently reported by Fors and co-workers.17,18 

Metal-free ROMP (MF-ROMP) was demonstrated by Boydston and co-workers and 

follows a step-growth mechanism where the ω-chain end can be reversibly activated or deactivated 

by oxidizing the double bond or reducing the cationic radical.19 Those authors presented random 

copolymerizations with different ring-strained monomers, the majority constituted of norbornene 

derivatives and dicyclopentadiene. Furthermore, copolymerization using a bifunctional initiator 

was shown, affording block copolymers.20 

Our approach merges the rich variety of vinyl monomers in a hybrid copolymerization with 

ring-strained monomers utilizing MF-ROMP conditions and paves the way for new copolymer 



 

 

10 

structures not accessible by other means. The unsaturated backbone and side chains of these 

copolymers are synthetically readily accessible for functionalization. 

Photoinduced homo- and copolymerization of norbornene with vinyl monomers under MF-

ROMP conditions were performed utilizing ethyl-1-propenyl ether as well as (2-

methoxyvinyl)cyclohexane as initiators and 2,4,6-tris(4-methoxyphenyl)pyrylium 

tetrafluoroborate (MeOTPP+BF4–) as the oxidizing photocatalyst. 

The two structurally distinct monomer classes usually follow different polymerization 

mechanisms, involving radical cations or radicals as the reactive intermediates. Whereas in hybrid 

copolymerization one reactive species is generated that can add both ring-strained and vinyl 

monomers to the growing chain (Scheme 1). 

 

Scheme 1. Hybrid Copolymerization of Ring-Opening Cyclic Olefins with Vinyl Monomers via 
MF-ROMP Conditions. 
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Results and Discussion 

A selection of the obtained polymers and the corresponding characteristics are summarized 

in Table 1. Methyl methacrylate and methyl acrylate were utilized as the main representative vinyl 

monomers and norbornene as the ring strained monomer. Styrenes as well as vinyl ethers are 

readily oxidized and cannot be polymerized using the same reaction conditions.21 No quenching 

agents were required as the polymerization ceases in the dark due to reduction of the active chain 

end and regeneration of the catalyst.19 Prior to the herein presented in-depth analysis, mass 

spectrometric studies have previously not been conducted on polymers obtained via MF-ROMP. 

For the norbornene homopolymer (entries 1 and 2, Table 1), solely consisting of the highly apolar 

norbornene repeating unit and the respective end groups originating from the utilized initiator, 

proton nuclear magnetic resonance (1H NMR) spectroscopy clearly shows the anticipated α- and 

ω-chain ends as highlighted by Boydston and co-workers (Figure S5).19 

Table 1. Different (Co)polymers Obtained Utilizing MF-ROMP Conditionsa 

entry M1 
(%) M2d Mtotal:I:PC [M]0 

(mol·L–1) 
conversion 

M1 (%) 
conversion 

M2 (%) 
time  
(min) 

Mn  
(g·mol–1) 

Mw  
(g·mol–1) Ð 

  1b,c 100 / 108:1:0.05 2.3 44 / 100 17600 25900 1.5 
  2b 100 / 102:1:0.05 2.0 35 /   90 9900 15500 1.6 
  3b   50 MMA 100:1:0.05 2.6 36 0   90 / / / 
  4   50 MMA 100:1:0.03 2.3 14 3   60 3600 6000 1.7 
  5   50 MA 100:1:0.03 2.0 7 5   60 1700 4700 2.7 
  6     0 MMA 100:1:0.03 2.3 / /   60 / / / 
  7   50 MMA 101:1:0.03 2.3 / /   60 / / / 
  8   45 TFEMA 112:1:0.03 2.2 n.d. n.d.   60 2100 4400 2.1 
  9   51 BA 97:1:0.03 1.9 13 5   60 3400 2200 2.2 
  10   51 IBA 97:1:0.03 1.9 24 3   60 2200 5600 2.6 
aAll reactions were performed in dry dichloromethane at 445 nm LED at 10 W (0.7 A, 8.85 V 
input) for the stated period of time. (2-methoxyvinyl)cyclohexane was utilized as initiator. The 
conversions were determined using 1H NMR in CDCl3. bNon-deoxygenated. cEthyl-1-propenyl 
ether. dAbbreviations: methyl methacrylate (MMA); methyl acrylate (MA); 2,2,2-trifluoroethyl 
methacrylate (TFEMA); n-butyl acrylate (BA); isobutyl acrylate (IBA). 

 

https://pubs.acs.org/doi/10.1021/jacs.9b09025#tbl1-fn1
https://pubs.acs.org/doi/10.1021/jacs.9b09025#t1fn3
https://pubs.acs.org/doi/10.1021/jacs.9b09025#t1fn1
https://pubs.acs.org/doi/10.1021/jacs.9b09025#t1fn2
https://pubs.acs.org/doi/10.1021/jacs.9b09025#t1fn1
https://pubs.acs.org/doi/10.1021/jacs.9b09025#t1fn1
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A corresponding ionized species was not identified in the recorded electrospray ionization 

(ESI) mass spectra, most likely due to low ionization efficiencies, however, the correct repeating 

unit spacing of 94.08 Da was observed (refer to Figure S16). A possible explanation for the species 

in the mass spectrum could be the [2+2]-cycloaddition of the charged ω-chain end with a neutral 

initiator molecule, as is often observed in radical cation chemistry.22 However, the corresponding 

species would inhibit the polymerization and would be in conflict with the 1H NMR spectrum, 

therefore, the presence of the observed end group species may result from preferential ionization. 

After successful homopolymerization using MF-ROMP conditions, the possibility of orthogonal 

reactivities between MF-ROMP and radical polymerizations of vinyl monomers was investigated. 

Thus, a polymerization of norbornene via MF-ROMP in the presence of methyl methacrylate 

(MMA) was performed. The presence of MMA did not inhibit the ROMP, nor was it orthogonal 

to MF-ROMP, as can be seen in the 1H NMR spectrum in Figure 1. The proton resonances of the 

methoxy group at 3.60 ppm, and for the methyl group at 0.84 ppm, are suitable signals for the 

identification of MMA units in the copolymer. The norbornene repeating unit can be readily 

identified via the resonances at 5.34 and 5.20 ppm, associated with the backbone double bonds 

formed during ROMP, as well as the CH resonances of the five-membered ring at 2.78 and 2.43 

ppm. 
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Figure 1. 1H NMR spectrum of poly(norbornene-co-MMA), synthesized under MF-ROMP 
conditions with a 50/50 mixture of the two monomers in dichloromethane and (2-
methoxyvinyl)cyclohexane as initiator. 

The polymer sample contained 90% norbornene and 10% methyl methacrylate using (2-

methoxyvinyl)cyclohexane as initiator. It is important to note that the same ω-chain end identified 

for a norbornene homopolymer was also identified via 1H NMR (trans, 6.28 and 4.71 ppm; cis, 

5.81 and 4.30 ppm). Critically, size exclusion chromatography (SEC) showed a monomodal shape 

with Mn = 3,700 g·mol–1 and Mw = 6,300 g·mol–1, underpinning the copolymerization between 

norbornene and MMA. Experiments performed under the same conditions, yet without 

norbornene, did not result in the formation of poly(methyl methacrylate), indicating that 

norbornene has to generate cationic radicals to incorporate MMA units (entry 6, Table 1). The 

same observation applies in the absence of initiator (entry 7, Table 1). 
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While improved conversion in MF-ROMP using non-deoxygenated reaction mixtures was 

observed for the homopolymerization of norbornene,23 the copolymerization with vinyl monomers 

requires inert reaction conditions. The incorporation of MMA in a copolymerization with 

norbornene completely ceased in the presence of oxygen (entry 3, Table 1). Any attempted 

copolymerization of norbornene with vinyl monomers (Table 1 and Figure S15) exhibited a higher 

conversion of norbornene compared to the vinyl monomer conversion, likely as a result of the high 

ring-strain of norbornene and the known fast polymerization kinetics in ROMP.24 

Unambiguous evidence for the hybrid copolymerization between the two monomer classes 

was provided by SEC/ESI-MS analysis of the polymer samples (Figure 2). 

 

Figure 2. High-resolution mass spectrum of poly(norbornene-co-MMA) with spacings of the 
isotopic patterns corresponding to the exact masses of the repeating unit and the associated mass-
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to-charge difference between the repeat units. The mass spectra were analyzed using 
pyMacroMS.26 

This hyphenated technique enables separation of the polymer by chain length (SEC) and 

consecutive online recording of the mass spectrum by ESI-MS, facilitating the separation of the 

polymer fractions by different charge states—aiding an unambiguous identification of the 

macromolecular species according to their sum formula.25 Contrary to the apolar norbornene 

homopolymer, species with multiple charges were observed indicating a copolymer consisting of 

MMA and norbornene. The copolymer exhibits a far better ionization due to the rather polar MMA 

repeating units. 

The singly charged region (z = 1) was used for further analysis, whereas higher charged 

regions (e.g., z = 2) also exhibit the characteristic copolymer pattern. The mass spectrum contains 

repetitive signal patterns characteristic for copolymers, such as isotopic patterns with an m/z 

spacing corresponding to both monomers (norbornene, Δ = 94.08 Da; MMA, Δ = 100.05 Da) and 

the spacing of Δ = 5.97 Da between neighboring isotopic patterns, corresponding to the difference 

in mass between norbornene and MMA repeating units (Figure 2 inset). Comparison of the high-

resolution mass spectra of poly(norbornene-co-MMA) obtained using either ethyl-1-propenyl 

ether or (2-methoxyvinyl)cyclohexane as initiators provided insight into the end group 

functionalities of the copolymers (Figures S17 and S18). 

Matching sum formulas for the copolymer mass spectra were found if the α-chain end 

remains intact, while the ω-chain end is converted to an aldehyde under cleavage of the alkoxy 

group during ionization. The degradation yielding an aldehyde can also be observed for a 

norbornene homopolymer and the initiator under MF-ROMP conditions in acid containing 

solvents such as CDCl3 (Figures S6 and S7). 
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A proposed mechanism for the copolymerization of norbornene and MMA is shown in 

Scheme 2. Similar to the mechanism proposed for the previously reported procedure for MF-

ROMP, the copolymerization commences with the initiation of norbornene.19 A subsequent 

metathesis of MMA with the active chain end, and release of an α-vinyl ether, results in an 

intermediate that can initiate the radical polymerization of MMA. The released α-vinyl ether does 

not initiate new chains as previously observed.19 

 

Scheme 2. Proposed Mechanism for the Hybrid Copolymerization of Norbornene (M1) and MMA 
(M2). 

The nucleophilic addition of the prior released α-vinyl ether to the radical-cation of the 

active chain end will lead to the regeneration of the vinyl ether end group allowing for further 

norbornene addition. This assumption is in agreement with a recent publication of Huang and co-

workers reporting the nucleophilic addition of a vinyl ether to a radical cation.27 Importantly, the 

kinetics for a 50/50 mixture of MMA and norbornene reveal an increase of the conversion over 

time for both monomers, with norbornene being the predominantly incorporated monomer, 

especially during the early stages of the polymerization (Figure 3A, B). 
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Figure 3. Conversions of norbornene and MMA at different times (A) and relative progress of the 
conversions (B). SEC traces at the corresponding times (C) showing a gradual increase in 
molecular weight Mp (D), while maintaining a monomodal distribution. 

The conversion after 3 h reaches 15% of norbornene and 5% of MMA in the case of the 

experiment shown in Figure 3. The conversions and molecular weights obtained with the general 

procedure for hybrid copolymerization utilizing MF-ROMP conditions can be increased by 

sequential addition of the pyrylium salt (Table S1). The initially added pyrylium salt does not fully 

recover and thus the polymerization stops. Our kinetic data support a gradient copolymerization 

rather than a block copolymerization as MMA is incorporated into the polymer from the beginning 

and the entire molecular weight distribution—including the oligomer region—shifts toward higher 

molecular weights (Figure 3C, D). Furthermore, in the case of a polymer blend, a bimodal 
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distribution would be expected at a certain stage of the polymerization, which was not observed. 

Nonetheless, analysis via 13C NMR spectroscopy points toward a high degree of blockiness, as no 

distinct resonances corresponding to the diad of norbornene adjacent to MMA were identified 

(Figures S8–S10). Caused by the relatively low percentage of incorporated vinyl monomer, the 

fraction of interconverting points in the polymer was too low to be detected via 13C NMR. 

In order to gain further information on the copolymerization mechanism, we attempted a 

chain extension of a copolymer consisting of MMA and norbornene. After purification of the 

copolymer the chain growth was successfully re-initiated by addition of a fresh norbornene feed 

and catalyst (Figure 4), proving the living character of the hybrid copolymerization. Critically, the 

complete molar mass distribution is shifted toward higher masses, starting from Mp = 4800 g·mol–

1 and shifting to Mp = 58600 g·mol–1 after chain extension. The possibility of a chain extension 

further supports the hybrid copolymerization proposed in Scheme 2. The 1H NMR spectra before 

and after chain extension also support hybrid copolymerization, showing an increase in the content 

of norbornene of the chain extended polymer, while the MMA content remains the same as prior 

to the chain extension (Figure S11). 
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Figure 4. Chain extension of poly(norbornene-co-MMA) with norbornene (black and red lines) or 
a mixture of norbornene and 2,2,2-trifluoroethyl methacrylate (blue and purple dashed lines). 

To demonstrate the living character and the end group fidelity of the developed technique, 

poly(norbornene-co-MMA) was chain extended with a mixture of 2,2,2-trifluoroethyl 

methacrylate and norbornene to obtain a terpolymer consisting of two blocks of different gradient 

copolymers—a microstructure unprecedented in literature (Figure 4, dashed lines, and Figure 

S12). A shift of the full mass distribution from Mp = 7500 g·mol–1 to 55700 g·mol–1 was observed. 
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Conclusions 

In conclusion, we introduce the hybrid copolymerization of ring-strained monomers with 

vinyl monomers utilizing MF-ROMP conditions. The final copolymers contain a high proportion 

of the norbornene repeating unit. Monomers suitable for MF-ROMP but exhibiting less ring-strain 

compared to norbornene may enable a shift of the equilibrium further to the side of the vinyl 

monomer. The resulting copolymers are promising candidates for future applications, as the 

backbone, as well as the side chains, can be readily altered. For example, introducing a cleavable 

group into the lateral chain via the ring-strained monomer will open a promising avenue for 

materials with novel features, especially in the field of biodegradable polymers.28 

Future Work 

The proposed mechanism for incorporation of acrylates into MF-ROMP explains the 

observed results but is surprising. For the liberated vinyl enol ether to rebound back onto the 

polymer chain end seems unlikely. Furthermore, we have since shown that cross metathesis with 

terminal alkenes tends to leave produce a terminal alkene on the polymer and a beta-substituted 

enol ether, which is counter to the proposed mechanism of enol ether radical cations with methyl 

methacrylate that shows formation of a non-terminal alkene on the polymer chain end and a vinyl 

enol ether. This suggests that the proposed mechanism is inaccurate, or that the substitution pattern 

on the enol ether is greatly influenced by the alkene electronics more so than sterics in the case of 

methacrylates. Other potential polymerization pathways can also exist, for example the reduced 

pyryl radical or some other radical byproduct of MF-ROMP could plausibly initiate a radical 

polymerization of the methacrylate and then link onto one of the norbornyl alkenes on the polymer 

backbone. In either case, additional control experiments should be conducted to verify the 

currently proposed mechanism of acrylate incorporation.  
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Appendix A: Chapter 2 Experimental Procedures and Supporting Information 
 
1 Materials  
 
Ethyl-1-propenyl ether (928-55-2, Sigma Aldrich) and bicyclo[2.2.1]hept-2-en / norbornene (498-
66-8, Sigma Aldrich) were used as received. The (meth)acrylates were filtered over basic 
aluminum oxide (brockmann type I) prior to use. The dry dichloromethane was obtained from a 
solvent purification system. The photoredox mediator 2.4,6-tris(4-methoxyphenyl)pyrylium 
tetrafluoroborate (MeOTPP+BF4-) and the initiator (2-methoxyvinyl)cyclohexane were 
synthesized according to literature procedures.19,29  
 
2 General procedures MF-ROMP (Co)-Polymerization  
 
Catalyst MeOTPP+BF4- (0.03 eq), norbornene (50 eq) and the respective comonomer (50 eq) were 
dissolved in dry dichloromethane (monomer concentration ~ 2 mol·L-1). Subsequently, the 
respective initiator (1 eq) was added, the reaction vial closed and deoxygenated for 5 min by 
purging the solution with nitrogen gas. Finally, the stirred reaction mixture was irradiated for 1 
hour with a blue LED (λmax = 445 nm, 10 W) through the bottom of the vial with a 2 cm distance 
between LED and vial bottom. During the reaction time the set up was cooled with a fan to ensure 
ambient temperature. For purification, the solution was precipitated in cold methanol, centrifuged 
and the solid residue dried in vacuo.  
 
3 Synthesis 
 
Tris(4-methoxyphenyl)pyrylium tetrafluoroborate (MeOTPP+BF4-) 

 
 

Synthesis adapted from reference19  
 
7.6 mL (60 mmol, 2.4 eq) of BF3•Et2O was added slowly to a mixture of 3 mL (25 mmol, 1 eq) of 
4-methoxybenzaldehyde and 7.5 g (50 mmol, 2 eq) of 4-methoxyacetophenone. The mixture was 
heated for 100 min at 100 °C and the oily product was dissolved in acetone and subsequently 
precipitated in diethyl ether. The residue was purified by three re-crystallizations from acetone to 
yield MeOTPP+BF4-as an orange powder.  
 

1H NMR (600 MHz, DMSO-d6) δ 8.73 (m, 2H), 8.60 (m, 2H), 8.48 (m, 4H), 7.28 (m, 6H), 3.97 
(d, J = 10.6 Hz, 9H).  
13C NMR (150 MHz, DMSO-d6) δ 56.04, 56.15, 111.09, 115.37, 115.40, 121.61, 124.68, 130.76, 
132.43, 162.04, 164.50, 165.23, 168.07.  
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ESI-MS: [M]+ = 399.1589 (m/zexp); 399.1591 (m/ztheo)  
 
(2-Methoxyvinyl)cyclohexane  

 
 
Synthesis adapted from reference29  
 
2.93 g (26 mmol, 1.5 eq) of potassium tert-butoxide, 8.97 g (methoxymethyl)triphenylposphonium 
chloride (26 mmol, 1.5 eq) and 2.1 mL of cyclohexanecarboxyaldehyde (17 mmol, 1 eq) were 
dissolved in 80 mL of dry THF. The reaction mixture was continuously stirred at ambient 
temperature for 4 hours. After completion of the reaction THF was evaporated at 40 °C. 
Subsequently, the residue was diluted with n-hexane and filtered. The filtration product was 
washed three times with water. Next, any residual solvent was evaporated. The crude product was 
purified via column chromatography (SiO2, ethylacetate:cyclohexane = 4:1 v/v).  
 

1H NMR (600 MHz, CDCl3) δ 6.28 (d, J = 12.6 Hz, 1H), 5.78 (dd, J = 5.88 Hz, J = 1.0 Hz, 0.5H), 
4.69 (dd, J = 12.6 Hz, J = 7.8 Hz, 1H), 4.22 (dd, J = 9.1 Hz, J = 6.3 Hz, 0.5H), 3.57 (s, 1.5H), 3.49 
(s, 3H), 2.41 (m, 0.5H), 1.87 (m, 1H), 1.740.78 (m, cyclohexanecis/trans).  
 

13C NMR (150 MHz, CDCl3) δ 26.03, 26.12, 26.20, 33.43, 33.57, 34.47, 36.96, 55.83, 59.55, 
109.79, 113.41, 144.55, 145.73.  
 
ESI-MS: [M+H]+ = 141.1272 (m/zexp); 141.1274 (m/ztheo)  
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4 Analysis  
 
NMR spectra  
 

 
Figure S1. 1H NMR spectrum of the photocatalyst MeOTPP+BF4- in DMSO-d6. 
 

 
Figure S2. 13C NMR spectrum of the photocatalyst MeOTPP+BF4- in DMSO-d6. 
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Figure S3. 1H NMR spectrum of the initiator (2-methoxyvinyl)cyclohexane in CDCl3. 
 
 

 
Figure S4. 13C NMR spectrum of the initiator (2-methoxyvinyl)cyclohexane in CDCl3. 
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Figure S5. 1H NMR spectrum of the initiator ethyl-1-propenyl ether (top) and norbornene 
homopolymer (bottom) obtained via MF-ROMP with ethyl-1-propenyl ether as initiator. The 
multiplicity of the cis and trans end group double bond resonances at 4.3 and 4.75 ppm changed 
from a higher order structure in ethyl-1-propenyl ether into a doublet of doublets in the polymer, 
evidencing the new connection of the initiator double bond to a norbornene unit at the ω-chain 
end. 

 
Figure S6. Zoomed region of the 1H/1H COSY of a norbornene homopolymer obtained via MF-
ROMP with ethyl-1-propenyl ether as initiator. The feed ratio of norbornene:initiator: 
photocatalyst was 5:1:0.03. The sample was deoxygenated and irradiated at 445 nm in dry 
dichloromethane for 75 min. The aldehyde multiplicity is a triplet that couples to the alkyl region. 
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Figure S7. ‘Cocktail experiment’: 1H NMR spectra of the reaction mixture before and after 
irradiation at 445 nm for 60 min. Reaction mixture consisting of 1 eq ethyl-1-propenyl ether and 
0.03 eq MeOTPP+BF4- in deuterated dichloromethane without deoxygenation. Inset: 
Corresponding 1H/1H COSY spectrum. The reaction leads to aldehyde formation after cleavage of 
ethanol. 

 
Figure S8. 13C NMR spectrum of poly(norbornene-co-MMA) in CDCl3.The copolymer was 
synthesized with (2-methoxyvinyl)cyclohexane as initiator and a 50/50 mixture of norbornene and 
MMA under constant irradiation at 445 nm for 180 min. The polymer was purified via precipitation 
in cold methanol. 
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Figure S9. Zoomed part of the spectrum shown in Figure S8. 

 
Figure S10. Zoomed part of the spectrum shown in Figure S9.  
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Figure S11. 1H NMR spectra of the block chain extension of poly(norbornene-co-MMA) with 
norbornene affording poly(norbornene-co-MMA)-block-poly(norbornene). The precursor 
copolymer was synthesized with (2-methoxyvinyl)cyclohexane as initiator and a 50/50 mixture of 
norbornene and MMA under constant irradiation at 445 nm for 60 min. The precursor polymer 
was purified via precipitation in cold methanol. The chain extension was performed with freshly 
added norbornene, MeOTPP+BF4- and dry dichloromethane under constant irradiation for 60 min. 
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Figure S12. 19F NMR spectra of the block chain extension of poly(norbornene-co-MMA) with 
norbornene and 2,2,2-trifluoroethyl methacrylate (TFEMA) yield poly(norbornene-co-MMA)-
block-poly(norbornene-co-TFEMA). The precursor copolymer was synthesized with (2-
methoxyvinyl)cyclohexane as initiator and a 50/50 mixture of norbornene and MMA under 
constant irradiation at 445 nm for 60 min. The precursor polymer was purified via precipitation in 
cold methanol. The chain extension was performed with a 50/50 mixture of norbornene and 2,2,2-
trifluoroethyl methacrylate and fresh addition of MeOTPP+BF4- and dry dichloromethane under 
constant irradiation for 60 min.  
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Size Exclusion Chromatography (SEC) 
 

 
Fig. S14: Molar mass distribution (left) and increase of Mp (right) at several time intervals of a 50 
% norbornene and 50% methyl acrylate copolymer utilizing (2-methoxyvinyl)cyclohexane as 
initiator. The typical copolymerization conditions of feed ratios of 100 eq monomer, 1 eq initiator 
and 0.03 eq catalyst were used. The reaction was performed for the stated times in dry 
dichloromethane using 445 nm LED light as an irradiation source. 
 

 
Figure S15. Molecular weight distribution of poly(norbornene-co-tetrahydrofurfuryl 
methacrylate) (black trace), poly(norbornene-co-isobutyl acrylate) (red trace), poly(norbornene-
co-butyl acrylate) (blue trace) and poly(norbornene- co-trifluoroethyl methacyrlat) (green trace). 
Each copolymer was synthesized according to the standard procedure within 60 min with (2-
methoxyvinyl)cyclohexane as initiator at 445 nm constant irradiation in dry dichloromethane.  
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SEC/HRESI – Mass Spectrometry 

 
Figure S16: ESI-MS spectrum of a norbornene homopolymer synthesized with ethyl-1-propenyl 
ether as initiator. The sample was first fractionated via online SEC with THF as eluent and 
subsequently analyzed by ESI-MS using sodium iodide as doping agent. (A) Depiction of 
matching results (green peaks) and mismatched results (red peaks) between experimentally 
obtained pattern and simulated isotopic pattern of the proposed structure. (B) The proposed 
structure of the norbornene homopolymer with sodium as a positive counter ion was identified in 
the mass spectrum. 

 
Figure S17: ESI-MS spectrum of a norbornene / methyl methacrylate copolymer (50:50) 
synthesized with ethyl-1- propenyl ether as initiator. The sample was first fractionated via online 
SEC with THF as eluent and subsequently analyzed by ESI-MS using sodium iodide as doping 
agent. (A) Depiction of matching results (green peaks) and mismatched results (red peaks) between 
experimentally obtained pattern and simulated isotopic pattern of the proposed structure. (B) The 
proposed structure of the norbornene/MMA copolymer with sodium as a positive counter ion was 
identified in the mass spectrum. A zoomed region of the spectrum shows the match of the 
experimental spectrum with the calculated one in greater detail. 
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Figure S18: ESI-MS spectrum of a norbornene / methyl methacrylate copolymer (50:50) 
synthesized with (2-methoxyvinyl)cyclohexane as initiator. The sample was first fractionated via 
online SEC with THF as eluent and subsequently analyzed by ESI-MS using sodium iodide as 
doping agent. (A) Depiction of matching results (green peaks) and mismatched results (red peaks) 
between experimentally obtained pattern and simulated isotopic pattern of the proposed structure. 
(B) The proposed structure of the norbornene/MMA copolymer with sodium as a positive counter 
ion was identified in the mass spectrum. A zoomed region of the spectrum shows the match of the 
experimental spectrum with the calculated one in greater detail. 

 
Figure S19: ESI-MS spectrum of a norbornene / methyl acrylate copolymer (50:50) synthesized 
with (2- methoxyvinyl)cyclohexane as initiator. The sample was first fractionated via online SEC 
with THF as eluent and subsequently analyzed by ESI-MS using sodium iodide as doping agent. 
(A) Depiction of matching results (green peaks) and mismatched results (red peaks) between 
experimentally obtained pattern and simulated isotopic pattern of the proposed structure. (B) The 
proposed structure of the norbornene/MA copolymer with sodium as a positive counter ion was 
identified in the mass spectrum. A zoomed region of the spectrum shows the match of the 
experimental spectrum with the calculated one in greater detail.  
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Figure S20: ESI-MS spectrum of a norbornene / butyl acrylate copolymer (50:50) synthesized 
with (2- methoxyvinyl)cyclohexane as initiator. The sample was first fractionated via online SEC 
with THF as eluent and subsequently analyzed by ESI-MS using sodium iodide as doping agent. 
The patterns of polymer chains with different degrees of polymerization (DP) overlap with each 
other and were color coded to guide the eye. The spacing between patterns of the same color is 
Δ34.01 m/z, corresponding to the difference of the repeating units 128.0837 Da (butyl acrylate) 
and 94.0783 Da (norbornene).  

 
Figure S21: ESI-MS spectrum of a norbornene / isobutyl acrylate copolymer (50:50) synthesized 
with (2- methoxyvinyl)cyclohexane as initiator. The sample was first fractionated via online SEC 
with THF as eluent and subsequently analyzed by ESI-MS using sodium iodide as doping agent. 
The patterns of polymer chains with different degrees of polymerization (DP) overlap with each 
other and were color coded to guide the eye. The spacing between patterns of the same color is 
Δ34.01 m/z, corresponding to the difference of the repeating units 128.0837 Da (isobutyl acrylate) 
and 94.0783 Da (norbornene).  
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Figure S22: ESI-MS spectrum of a norbornene / 2,2,2-trifluoroethyl methacrylate copolymer 
(50:50) synthesized with (2-methoxyvinyl)cyclohexane as initiator. The sample was first 
fractionated via online SEC with THF as eluent and subsequently analyzed by ESI-MS using 
sodium iodide as doping agent. The patterns of polymer chains with different degrees of 
polymerization (DP) overlap with each other and were color coded to guide the eye. The spacing 
between patterns of the same color is Δ73.96 m/z, corresponding to the difference of the repeating 
units 168.0398 Da (2,2,2- trifluoroethyl methacrylate) and 94.0783 Da (norbornene). 
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In-situ UV/VIS absorbance measurements 

 
Figure S23. In-situ UV/Vis measurement of a norbornene homopolymerization mixture with 100 
eq norbornene, 1 eq 2-cyclohexyl-1-methoxyethylene and 0.03 eq MeOTPP+BF4- in 
dichloromethane under constant irradiation with 445 nm blue light at ambient temperature. The 
dip in the absorbance above 500 nm can be explained by fluorescence of the catalyst. 
 
Table S1. Higher conversions in the hybrid copolymerization of norbornene and MMA (50/50 
feed ratio; 100 eq) utilizing MF-ROMP conditions with ethyl-1-propenyl ether (1 eq) as initiator 
and MeOTPP+BF4- (0.03 eq) in dichloromethane (2 mol·L-1). After 60 min an aliquot was taken 
for 1H NMR analysis. Afterwards, 1 mg of the pyrylium salt was dissolved in 2 mL 
dichloromethane and the solution degassed and subsequently added to the polymerization mixture. 
The same procedure was repeated after 180 min and the sample was irradiated for in total 420 min 
reaching higher conversions compared to experiments without sequential addition of pyrylium salt. 
The molecular weight distribution remained monomodal and leads towards higher molecular 
weights compared to the other molecular weights reported in table 1 of the main manuscript.  
 

total reaction 
time (h) 

conversion 
norbornene (%) 

conversion 
MMA (%) 

Mpc 
[kDa] 

1 4 4 / 
2 15 7 10.6 
3 22 13 13.1 
4 25 16 13.4 
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5 Instrumentation  
 
Nuclear Magnetic Resonance Spectroscopy (NMR)  
 
1H and 13C NMR spectra were recorded on a Bruker System 600 Ascend LH, equipped with a 
BBO-Probe (5 mm) with z-gradient (1H: 600.13 MHz, 13C: 150.90 MHz). All measurements were 
carried out in deuterated solvents. The chemical shift (δ) is recorded in parts per million (ppm) and 
relative to the residual solvent protons. Coupling constants (J) were calculated in Hertz (Hz). 
MestReNova 12.0 software was used to analyze the spectra. The signals were quoted as follows: s 
= singlet, bs =broad singlet, d = doublet, t = triplet and m = multiplet.  
 
Size-Exclusion Chromatography 
  
The SEC measurements were conducted on a PSS SECurity29 system consisting of a PSS SECurity 
Degasser, PSS SECurity TCC6000 Column Oven (35 °C), PSS SDV Column Set (8x150 mm 5 
μm Precolumn, 8x300 mm 5 μm Analytical Columns, 100000 Å, 1000 Å and 100 Å) and an Agilent 
1260 Infinity Isocratic Pump, Agilent 1260 Infinity Standard Autosampler, Agilent 1260 Infinity 
Diode Array and Multiple Wavelength Detector (A: 254 nm, B: 360 nm), Agilent 1260 Infinity 
Refractive Index Detector (35 °C). HPLC grade THF, stabilized with BHT, is used as eluent at a 
flow rate of 1 mL·min-1. Narrow disperse linear poly(styrene) (Mn: 266 g·mol-1 to 2.52·106 g·mol-

1) and poly(methyl methacrylate) (Mn: 202 g·mol-1 to 2.2·106 g·mol-1) standards (PSS ReadyCal) 
were used as calibrants. All samples were passed over 0.22 μm PTFE membrane filters. Molecular 
weight and dispersity analysis was performed in PSS WinGPC UniChrom software (version 8.2).  
 
SEC/HRESI-MS measurements  
 
Spectra were recorded on a Q Exactive Plus (Orbitrap) mass spectrometer (Thermo Fisher 
Scientific, San Jose, CA, USA) equipped with an HESI II probe. The instrument was calibrated in 
the m/z range 74-1822 using premixed calibration solutions (Thermo Scientific) and for the high 
mass mode in the m/z range of 600-8000 using ammonium hexafluorophosphate solution. A 
constant spray voltage of 3.5 kV, a dimensionless sheath gas and a dimensionless auxiliary gas 
flow rate of 10 and 0 were applied, respectively. The capillary temperature was set to 320 °C, the 
S-lens RF level was set to 150, and the aux gas heater temperature was set to 125 °C. The Q 
Exactive was coupled to an UltiMate 3000 UHPLC System (Dionex, Sunnyvale, CA, USA) 
consisting of a pump (LPG 3400SD), autosampler (WPS 3000TSL), and a temperature controlled 
column department (TCC 3000). An aliquot (100 μL) of a polymer solution with a concentration 
of 2 mg·mL-1 in THF was separated on two mixed bed size exclusion chromatography columns 
(Agilent, Mesopore 250 × 4.6 mm, particle diameter 3 μm) with a precolumn (Mesopore 50 × 7.5 
mm) operating at 30 °C. THF at a flow rate of 0.30 mL·min-1 was used as eluent. The mass 
spectrometer was coupled to the column in parallel to an UV detector (VWD 3400, Dionex), and 
a RI-detector (RefractoMax520, ERC, Japan) in a setup described earlier.30 0.27 mL·min-1 of the 
eluent were directed through the UV and RI-detector and 30 μL·min-1 were infused into the 
electrospray source after post-column addition of a 50 μM solution of sodium iodide in methanol 
at 20 μL·min-1 by a micro-flow HPLC syringe pump (Teledyne ISCO, Model 100DM).  
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Chapter 3 

Investigating the Reactivity of Photoredox-Mediated Metal-Free Ring-Opening Metathesis 

Polymerization with Quench Label Candidates 

Abstract 

Most chemists achieve molecular weight control over a polymerization by reducing the 

relative rate of propagation to termination. In metal-free ring-opening metathesis polymerization 

(MF-ROMP), the propagating chain ends continuously undergo deactivation and reactivation. This 

activation equilibrium makes it difficult to directly measure the population of propagating chain 

ends. This study probes the rates of activation and deactivation of MF-ROMP chain ends through 

the use of quench labeling, a method first used by the Landis group to determine active site counts 

on metal catalysts in olefin polymerizations. In this method, a UV-active quench is added to the 

polymerization such that it quickly and irreversibly binds and deactivates the active chain end, 

thus quenching the polymerization. The result is a population of labeled and unlabeled polymers, 

both of which are visible via gel permeation chromatography (GPC). From these GPC results, we 

can then calculate, along with other kinetic information, the equilibrium of active to inactive chain 

ends. Here, we look at different chromophoric quenchers and MF-ROMP reaction conditions, and 

how these variables affect the chain end equilibrium and control over MF-ROMP. 
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Author’s preface: This project was the first of my graduate school career. I was drawn to it 

because it allowed me to dive into the mechanism and reactivity of MF-ROMP. Because of the 

complexity of MF-ROMP, I quickly ran into a variety of obstacles, made assumptions that were 

sometimes unfounded, and overlooked potentially viable solutions. Regardless, here are the results 

of this research reported from a more experienced perspective. 

 

Introduction 

Photomediated metal-free ring-opening metathesis polymerization (MF-ROMP) was 

developed by the Boydston group in 2015 as an alternative to the current metal-mediated 

polymerization processes.18 As presented in Figure 1, MF-ROMP proceeds through a radical 

cationic polymerization pathway that uses organic monomers, initiators, and photocatalysts. In this 

polymerization pathway, the 2,4,6-tris(4-methoxyphenyl)pyrylium tetrafluoroborate photocatalyst 

(2) serves as a photooxidant to generate the radical cationic enol ether (3) from the ethyl-1-

propenyl ether initiator (1). This radical cationic intermediate engages and opens the strained 

bicyclic intermediate (4) to produce a ring-opened olefin (5). This newly-formed olefin maintains 

its radical cationic enol ether which is now the propagating chain end. Other monomer units can 

be engaged by this chain end to produce ROMP polymers. During this process, back-electron 

transfer from the reduced photocatalyst and degenerative electron transfer from neutral enol ethers 

to the radical cationic chain end are each envisioned, affording a photomediated pathway to 

reversibly activate and deactivate the chain end. These mechanistic features make MF-ROMP a 

photomediated, spatiotemporally-controlled polymerization with living characteristics. 
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Figure 1. Proposed mechanism of MF-ROMP. Boxed in red is the active propagating species. 

Despite MF-ROMP’s living, controlled characteristics, its polymers’ currently reported 

molecular weight dispersities range from 1.2–2.2. For many biological and industrial applications, 

it is important to have even lower dispersity polymers, where the polymer chain lengths are highly 

uniform. To afford better control over the polymer’s dispersity, it is usually necessary to have a 

low concentration of propagating species to ensure uniform growth of chain ends.9 Currently, there 

are no direct methods of measuring the population of active versus inactive chain ends in MF-

ROMP. This makes it difficult to assess, and therefore tune, the control of this polymerization 

method. However in the field of catalytic olefin polymerizations, the Landis group has showcased 

the use of a quench label, which has greatly facilitated the study of active sites and dispersity 

during the course of polymerization.10–15 Adaptation of the quench label method to MF-ROMP 

would be advantageous for quantifying the active chain end distribution during polymerization.  

To establish a quench label method for MF-ROMP, the following needed to be developed: 

efficient quench label reagent; reproducible quench procedure; analysis procedure. A quench label 

reagent is a polymerization additive that irreversibly quenches and labels one of the key active 

species. When the concentration of the key species is too low to produce a strong signal via 

differential refractive index (RI)- or multiangle light-scattering (MALS)-detected gel permeation 
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chromatography (GPC), a more sensitive quantification technique is needed. Frequently, the 

quench label is chromophoric to offer more sensitive quantification techniques in the form of UV-

Vis-detected GPC. With these GPC capabilities, one can determine a bulk, unlabeled molecular 

weight distribution via RI- and MALS-detected GPC and a quench labeled, active chain molecular 

weight distribution via UV-Vis-detected GPC for the polymerization. 

As mentioned, for MF-ROMP it is desirable to know the active chain end distribution 

compared to the total chain end distribution at any given time during the polymerization. For a 

reagent to relay this information via RI- and UV-Vis-detected GPC, it needs to (1) irreversibly 

label active polymer chains during polymerization; (2) label an active chain only once; (3) show 

minimal reactivity towards inactive chains; (4) provide a strong UV-Vis handle.  

Results and Discussion 

To find a label reagent satisfying this criteria, different functionalities with literature 

precedence for reactivity with radicals, cations, or radical cations were screened in MF-ROMP. 

For example, [2+2], [4+2], nucleophilic, and radical additions are typical mechanisms that show 

reactivity with the radical cation enol ethers.16–30 The following reagents shown in Figure 2 were 

expected to undergo these mechanisms, and were studied in MF-ROMP. 
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Figure 2. Quench label candidates. Ar = 1-pyrenyl. 

To ensure that these quench label candidates would quench MF-ROMP, they were added 

mid-polymerization and monitored for increases in monomer conversion. If no significant increase 

in monomer conversion is detected, then the candidate passed this stage of screening and moved 

onto a labeling screening. The results to this screen are shown in Figure 3. 
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Figure 3. Quench label conversion screen results. Candidate numbering comes from Figure 2. 
Solid blue bar shows the norbornene conversion 3 minutes into polymerization (unless otherwise 
noted) before the quench candidate was added to the polymerization mixture; the blue 
outline/white infill bar shows the norbornene conversion after the quench candidate was added 
plus 30 minutes of irradiation (unless otherwise noted). (4) was added 30 minutes into irradiation 
and (13) at 10 minutes into irradiation; all other screening polymerizations were quenched at 3 min 
into irradiation. [NB]:[EPE]:[PC] = 50:1:0.1 for (3), 50:1:0.05 for (15), and 100:1:0.05 for all else. 
[EPE] = 20 mM. 

The results indicate that, of the additives tested, furan (6) and ethyl 2-cyanoacrylate (15) 

do not inhibit the conversion of monomer, making them inviable quenchers. Dimethyl 

acetylenedicarboxylate (17), methyl methacrylate (16), and cyclopentadiene (11) retard 

polymerization but do not stop it, making them inviable quenchers. (16) had thereafter been shown 

to copolymerize with NB9 in MF-ROMP albeit at a slower rate, which justifies the reduction in 

rate of polymerization. (11) undergoes oxidation, providing an off-target pathway for the 

polymerization which justifies the reduction in polymerization rate. 2,2,6,6-tetramethylpiperidine 

1-oxyl (18) and isoprene (12) also demonstrated a halt in NB conversion, but the isolated polymer 

indicated no new chain end structure, supporting that these reagents stop polymerization and leave 

the propagating chain ends untagged, potentially through an oxidative pathway similar to (11). 
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Dodecyl mercaptan (4) halted conversion of NB. Further inspection supported labeling of the 

polymer backbone upon irradiation, making it an inviable quencher.28,29  

The remaining reagents halted conversion of norbornene when added and were subjected 

to another screen to evaluate labeling of the polymer. This screen consisted of comparing the 

absorptivity of the unlabeled polymer to (i) the quenched polymer during irradiation and (ii) the 

quenched polymer after a dark period. From this screen, we determined if the polymer was labeled, 

if labeling happens during or after the polymerization, and the background reactivity of the 

quencher. The results from this screen are listed in Figure 4. 

 

Figure 4. Label screening results. Candidate numbering comes from Figure 2. Polymerization was 
quenched at 3 min into irradiation unless otherwise noted. Blue solid bar indicates the calculated 
percentage of polymer labeled by adding the quench candidate in the absence of light; blue 
outline/white infilled bar indicates the calculated percentage of labeled polymer after a short period 
of irradiation. [NB]:[EPE]:[PC] = 50:1:0.1 for (3), 50:1:0.05 for (14), and 100:1:0.05 for all else. 
[EPE] = 20 mM. 

1-acetylpyrene (14) and 1-pyrenecarboxaldehyde (13) labeled the polymer with little 

background labeling. Pyrene (5) and 1-pyrene-1-trimethylsiloxyethylene (10) did not significantly 

label the polymer. We observed conversion of (10) to (14) during the course of irradiation, so we 

hypothesize that (10) labels the polymer through (14)’s labeling mechanism. N-vinylcarbazole (8), 

0%

1%

2%

3%

4%

5%

6%

7%

3 5 7 8 10 13 14

%
 o

f P
ol

ym
er

 L
ab

el
ed

Quench Label Candidate Number

Label added during irradiation
Label added in the dark



 

 

47 

1-pryenebutanol (3), and N-methylindole (7) demonstrated moderate background labeling. 

Though 1-aminopyrene (1) was tested on a different detection setup, it also  showed high levels of 

labeling in the dark relative to the amount it labeled in the light. Further studies on background 

labeling of these reagents must be done before they can be used as quench labels. Phenyl vinyl 

ether (9) is nonchromophoric and was not expected to provide a strong UV-Vis handle, and was 

not tested in this screen despite passing the conversion screen. 1-pyrenemethanol (2) was not 

further tested, it is expected to show reactivity similar to that of (3). Out of these quenches, (13) 

was further studied for its background reactivity. It was determined how quench loading relative 

to photocatalyst affects polymerization rate and how the polymer labeling increases during the 

course of irradiation. The percentage of labeled polymer grows to about 5% and levels off, as 

shown in Figure 5. Upon examination of the UV-Vis structure of the labeled polymer at 120 min, 

there was a clearly distinct band structure from that of the unlabeled polymer or from the initial 

quench label (Figure 6), indicating a change in functionality of the chromophore. The newly 

formed band structure is consistent with that of 1-pyrenebutanol, indicating that the aldehyde 

functionality of the quench label nay be consumed.  
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Figure 5. Polymer labeling time-course for 1-pyrenecarboxaldehyde in MF-ROMP. 
[NB]:[EPE]:[PC]:[13] = 100:1:0.05:10. [EPE] = 20 mM. Polymerization was irradiated for 3 
minutes, at which point (13) was added and irradiation continued. 

 

Figure 6. UV-Vis spectrum of the components of MF-ROMP. Solid blue region indicates the 99% 
emission cutoff of the blue LED used for irradiation; solid blue trace indicates the absorbance 
spectrum of the photocatalyst; dotted red trace indicates the absorbance spectrum of 1-
pyrenecarboxaldehyde; solid black trace indicates the absorbance spectrum of the concentrated 
labeled polymer after about 120 minutes of irradiation. The black trace is also consistent with the 
UV-Vis trace of 1-pyrenebutanol. 

Conclusions 

 Several candidates were tested for viability as quench label reagents for MF-ROMP. 

Though the mechanism is not clear yet, 1-aminopyrene (1), 1-pyrenebutanol (3), N-methylindole 

(7), 1-acetylpyrene (14), and 1-pyrenecarboxaldehyde (13) all displayed varying degrees of 

direct and background labeling. Further studies showed that (13) displays a clear change in 

molecular structure upon labeling. To complete this project, further studies into the chain end 

structure of the polymer should be conducted, and the other currently viable labels should be 

tested to measure each labeling rate in order to verify the calculated labeling percentage. 
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Appendix B: Chapter 3 Experimental Procedures and Supporting Information 
 
All reagents were used as purchased unless otherwise stated. 
 
Calculation of percentage labeled. 
Mn = number average molecular weight (provided by GPC); 
g = functional form of the GPC calibration curve of the chromophoric reagent; 
f = initiator efficiency; 
GPC injected mass is provided by the instrument using the RI trace and a known dn/dc of 0.1507 
for PNB. GPC injected volume is known. 
 

%	labeled =
concentration	of	labeled	population
concentration	of	entire	population =

𝑔(area	of	UV	trace)

𝑀! ∗
GPC	injected	mass
GPC	injected	volume

 

 
The % labeled should not be higher than the following… 

max%	labeled =
maximum	amount	of	radical	cation

minimum	possible	moles	of	chain	ends =
[PC]
f[EPE] 

In most cases, f > 0.4, and [PC]:[EPE] = 0.05, so we should see label percentages of less than 
13%. 
 
 
Control Experiments 
 

Table S1. Control Experiments for 1-pyrenecarboxaldehyde 

entrya NB:I:PC:13 reaction 
time (min) 

NB 
convb (%) 

Mnc 
[kDa] 

polymer 
absorptivity 

(M-1cm-1) 

   1 50 : 1 : 0.05 : 0 10 93 5.6 95 
   2d    50 : 1 : 0.05 : 0.5 100 93 5.8 190 
   3e    50 : 1 : 0.05 : 0.5 180 96 7.0 1190 
   4    50 : 1 : 0.00 : 0.5 1180 0 -- -- 
   5    15 : 0 : 0.05 : 2.5 150 0 -- -- 
   6      0 : 1 : 0.12 : 1.5 30 -- -- -- 

aFor all entries, 0% conversion of QL was observed. 
bConversion determined via 1H NMR. 
cAbsorptivity determined via UV-detected GPC effluent at 328 nm. 
dEntry 1 mixed with QL and left in the dark for 100 min. 
eEntry 2  irradiated for 180 min. 
 
These experiments show that (14) causes a significant increase in polymer absorptivity after 
irradiation despite having no reactivity outside of standard MF-ROMP conditions.  
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Quench Label Saturation Studies 
 
The quench label can either label the chain end by being activated by photocatalyst and then 
labeling neutral chain end (undesirable) or by directly labeling active chain end (desirable) as 
depicted in Figure S1. We can check the quench candidates’ saturation kinetics in MF-ROMP 
quenching. If the photocatalyst is activating the quench label before it reacts with chain-end, we 
should not see a dependence of quencher concentration on the labeling percentage. In the ideal 
quench-label case where the quench label reacts only with the active chain end, we should see a 
saturation dependence of quencher concentration on labeling percentage. 
 

 
Figure S1. Potential pathways of quench-labeling chain end. This model assumes the radical 
cation concentration is some constant fraction of the amount of initial photocatalyst and that there 
is rapid e-transfer from activated photocatalyst.  
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Kinetic Models for Photoredox-Mediated MF-ROMP 
 
Notes: For the following models, we will ignore photocatalyst relaxation but you can also 
assume that excited state photocatalyst relaxes with a significant rate (Step 5), which results in an 
additional term in the rate expression. Of the following models, Model A tends to be a good fit at 
early conversions, and Model B tends to fit for the entirety of the polymerization. 
 
Abbreviations: 
PC = pyrylium photocatalyst; EE = enol ether functionality; M = monomer; * = activated state; 
V = volume of reactor ; ϕ = quantum yield of excitation; F = Light flux into reactor; 𝜀 = molar 
absorbtivity; l = path length; f = initiator efficiency; kn = rate constant of step n; Xt = monomer 
conversion at time t;  [N]0 = initial concentration of N; [N] = concentration of N at time t. 
 

Step Rate Expression 

Initiation 
(1) PC

hv
→PC∗ rate =

ϕ	F
V (1 − 10#$	&	[()]) 

(2) PC∗ + EE
+!→PC•# + EE•- rate = 𝑘.[PC∗][EE] 

Propagation (3) M+ EE•-
+"
OPEE•- rate = 𝑘/[M][EE•-] 

Termination (4) PC•#	 + EE•-
+#→PC + EE	 rate = 𝑘0[PC•#][EE•-] 

Relaxation (5) PC∗
+$→PC rate = 𝑘1[PC∗] 
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Model A: No Chain Death 
Assumptions:  

(i) Photocatalyst does not go through decomposition pathways. 
(ii) Ground state and dead photocatalyst concentrations are significantly greater than 

excited and reduced photocatalyst concentrations; [PC] + [PC2342] >> [PC•#] +
[PC∗]. 

(iii) Step 1 is the rate-determining step for initiation. 
(iv) All radical cationic enol ethers react with a similar rate. 
(v) All neutral enol ethers react with a similar rate.  
(vi) Neutral enol ether concentration is significantly greater than radical cationic enol 

ether concentration; [EE] >> [EE•-]	. 
 
Mass balance:  

[PC]5 = [PC] + [PC•#] + [PC∗] + [PC2342] ≈ [PC] + [PC2342] 
and 

𝑓[EE]5 = [EE] + [EE•-] ≈ [EE] 
 
Charge balance:         [PC•#] = [EE•-] 
 

If RDS is Step 1: rate6768 =
ϕ	9
:
(1 − 10#$	&	[()]) ≈ ϕ	9

:
  (based on our photocatalyst loadings) 

 
rate83;< = 𝑘0[PC•#][EE•-] = 𝑘0[EE•-]= (from the charge balance) 

 

For chain polymerizations, rate6768 ≈ rate83;< → [EE•-] ≈ U ϕ	9
+#:

 

 

Therefore: rate>;?> = − @[A]
@0

= 𝑘/[M][EE•-] = 𝑘/U
B	9
+#:
	 [M] = 𝑘[M] 

 
From calculus: [A]

		[A]%
= 1 − 𝑋0 = 𝑒#+0 

 
A line of slope –k is produced for a plot of t vs. 𝐿𝑛(1 − 𝑋0) 

 
 
For chain polymerizations, rate of initiation ≈ rate of termination. [1] is the RDS for initiation 
(else we’d see a buildup of PC*) 
 
If you include Step 5 and assumed a steady state concentration of excited state photocatalyst 
(@[CD

∗]
@0

= 0), you’d now find… 

rate>;?> = −
𝑑[M]
𝑑𝑡 = 𝑘/[M][EE•-] = 𝑘/\

ϕ	F
𝑘0V

∗
𝑘. 	𝑓[EE]5

𝑘1 	+ 𝑘. 	𝑓[EE]5
	 [M] = 𝑘[M] 

…in which case the rate constant, k, would include an additional term of 𝑘1. 
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Model B: 1st Order Chain Death 
Assumptions:  

(i) Polymer chain end goes through first order decomposition pathway; [EE•-] ∝ 	𝑒#+'0. 
 

Therefore: rate>;?> = − @[A]
@0

= 𝑘/[M][EE•-] = 𝑘EE[M] 𝑒#+'0 
 

From calculus: [A]
		[A]%

= 1 − 𝑋0 = 𝑒(G#H()	#)∗J!(G#K+) 
 

A line of slope –k is produced for a plot of t vs. 𝐿𝑛 _1 − J!(G#K#)
J!(G#K+)

` 
 

𝑋L = monomer conversion after an infinite amount of time, and can usually be approximated by 
the peak conversion attained after sufficient amounts of time. 

 
Model C: 2nd Order Photocatalyst Chain Death 
Assumptions:  

(i) Polymer chain end goes through second order decomposition pathway; 
[EE•-] ∝ 	 G

G-+'	0
 . 

 
Therefore: rate>;?> = − @[A]

@0
= 𝑘/[M][EE•-] = 𝑘EE[M] G

G-+'	0
 

 
From calculus: [A]

		[A]%
= 1 − 𝑋0 = (1 + 𝑘E𝑡)#+ 

 
A line of slope –k is produced for a plot of 𝐿𝑛(1 − 𝑋0) vs. 𝐿𝑛(1 + 𝑘E𝑡) 
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Quench Label Poisoning Studies 
 
These poisoning studies were conducted to determine the minimum amount of quench label needed 
to halt conversion in MF-ROMP. In these experiments, norbornene (NB), ethyl propenyl ether 
(EPE), pyrylium (PC) and the quench label reagent (same numbering as Figure 2 from main text) 
were mixed together in CH2Cl2 before being irradiated for 20 minutes. [NB]:[EPE]:[PC] = 
100:1:0.05 at [EPE] = 20 mM. 

 
Figure S2. Poisoning study of N-vinylcarbazole (8) in MF-ROMP. 
 

 

 
Figure S3. Poisoning study of N-vinylcarbazole (8) in MF-ROMP. 
  

0
0.2
0.4
0.6
0.8
1

0 2 4 6 8 10

Re
la

tiv
e 

In
iti

al
 R

at
e

Molar Loading of 13:PC

0

0.2

0.4

0.6

0.8

1

0 5 10 15

Re
la

tiv
e 

In
iti

al
 R

at
e

Molar Loading of 8:PC 



 

 

55 

Polymerization of poly(norbornene) via MF-ROMP. 
 

 

 
Sublimed norbornene (0.50 g, 5.31 mmol) and PC (1.3 mg, 0.0027 mmol) was added to a 2-dram 
vial. Dichloromethane (3.0 mL) was added. Ethyl propenyl ether (4.6 mg, 0.053 mmol) was 
added. The mixture is stirred and irradiated for 60 minutes. Crude aliquots are taken at various 
increments of the polymerization for analysis by 1H NMR and GPC. Work up: dilute reaction 
mixture with dichloromethane (40 mL) and filter through alumina. Dry down filtrate to 10 mL, 
and precipitate in chilled methanol (75 mL). Analysis of the precipitated product is done using 
1H NMR and GPC. 
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Synthesis of 2,4,6-tri-(p-methoxyphenyl) pyrylium tetrafluoroborate photocatalyst. 

 
Following the literature preparation, acetanisole (2.50 mL, 20.6 mmol) and acetaldehyde (6.17 g, 
41.2 mmol) were added to a 50 mL round bottom flask. After putting under the reagents under an 
atmosphere of nitrogen, boron trifluoride etherate (6.3 mL, 50.9 mmol) was slowly added over the 
course of a minute. The reaction was heated to 100 ºC and left for 2 hours. Work up: the reaction 
mixture was allowed to cool and diluted in 100 mL of acetone and 125 mL of diethyl ether. The 
dilution was filtered, the filtrite was washed with 80 mL of warm acetone. The filtrite was filtered 
and washed again before using. 
 
1H NMR in DMSO-d6 
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Synthesis of 1-pyrene-1-trimethylsiloxyethylene. 
 

 
 
Adapted from I. Khan, B. G. Reed-Berendt, R. L. Melen, L. C. Morrill. Angew. Chem. Int. Ed. 
2018, 57, 12356. 1-acetylpyrene (1.0 g, 4.1 mmol) and sodium iodide (740 mg, 4.9 mmol) were 
added to a 100 mL round bottom flask under nitrogen. Acetonitrile (50 mL) dried over 3Å mole 
sieves was added. The mixture was stirred for 5 minutes, and then triethylamine (0.86 mL, 6.1 
mmol) was added. Chlorotrimethylsilane (0.52 mL, 4.9 mmol) was added slowly. The reaction 
was allowed to stir for 12 hours. Work up: the reaction mixture was diluted with chilled hexanes. 
The hexane layer was washed twice with chilled acetonitrile and water saturated with ammonium 
chloride. The resulting mixture was dried with sodium sulfate. 
 
1H NMR in CD2Cl2 
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Chapter 4 

Flow Optimization of Photoredox-Mediated Metal-Free Ring-Opening Metathesis 

Polymerization 

Reproduced from: Rigoglioso, V. P. Boydston, A. J. “Flow Optimization of Photoredox-Mediated 

Metal-Free Ring-Opening Metathesis Polymerization.” ACS Macro Lett. 2023, 12, 1479−1485. 

 
Abstract 

Photoredox-mediated metal-free ring-opening metathesis polymerization (MF-ROMP) is a 

convenient metal-free method to produce a variety of ROMP polymers. Transitioning MF-ROMP 

from a batch to a continuous flow process has yet to be demonstrated and could potentially benefit 

production efficiency, safety, and modularity of reaction conditions. We designed and evaluated 

continuous flow and droplet flow setups and compared the results for MF-ROMP across a short 

series of common monomers. By using the droplet flow reactor setup, we achieved flow 

conversions comparable to that of batch, and circumvented issues with diffusion-limited mixing 

and air exposure. 
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Introduction 

In general, products of ring-opening metathesis polymerization (ROMP) are used 

industrially in applications where their material strength and chemical compatibility are featured.1 

Until recently, essentially all ROMP products were produced via metal-mediated mechanisms that 

employ any number of well-established metal-alkylidene initiators or transition metal salts (pre-

catalysts).2–11 Although metal-mediated ROMP has been integrated into flow chemistry production 

methods (Figure 1a), the metal-free variant, which features several mechanistic distinctions from 

metal-mediated ROMP, has not yet been reported in flow (Figure 1c).12,13 

Flow chemistry is becoming increasingly more applicable for polymer production relative 

to batch reactor methods for its improved safety, ease of scale up, and compatibility with 

automation. As breakthroughs in catalysis continue to enable more efficient chemical syntheses, 

so too have flow reactor designs advanced to augment and facilitate manufacturing processes.14–21 

Of course, certain classes of reactions present greater potential benefits from moving into a flow 

reactor process in comparison with batch production. For example, photochemical methods are 

best conducted with sufficient light penetration throughout the reactor volume, which is better 

accommodated by narrow diameter flow paths than by large volume batch reactors.22–24 

Additionally, reaction parameters such as temperature, pressure, and thermal management can be 

compartmentalized to small volumes at any given time within a flow reactor design, whereas the 

entirety of a batch reactor must be subjected to the requisite conditions.25–31 We found light 

penetration, temperature control, and gas dissolution (e.g., conducting a reaction under nitrogen 

versus ambient air) to be particularly alluring features of flow chemistry when considering 

potential scale-up of photoredox-mediated metal-free ring-opening metathesis polymerization 

(MF-ROMP). At present, MF-ROMP is best conducted using photoredox catalysis, provides the 
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highest yields for common monomers only when performed at low temperatures, and is 

particularly sensitive to the composition and concentration of gases in the reaction solvent.32–36  

 

Figure 1. Supporting precedence for conducting MF-ROMP in a droplet flow setup. (a) The first 
literature example of metal-mediated ROMP in continuous flow.12 (b) The first literature example 
of a photo-controlled radical polymerization (CRP) in droplet flow.67 (c) This work. (d) 
Mechanism of MF-ROMP. X is the reduced pyryl radical or neutral enol ether; Y•+ is excited 
photocatalyst or oxidized enol ether. Evaluated monomers pictured on the bottom. 

As presented in Figure 1d, MF-ROMP proceeds through a radical cationic polymerization 

pathway that uses organic monomers, initiators, and photocatalysts. The polymerization proceeds 

under ambient conditions and performs worse under atmospheres of entirely nitrogen or oxygen, 

based upon total monomer conversion.33 In this polymerization pathway, the 2,4,6-tris(4-

methoxyphenyl)pyrylium tetrafluoroborate photocatalyst (2) serves as a photooxidant to generate 

the radical cationic enol ether (3) from the ethyl-1-propenyl ether initiator (1). This radical cationic 

intermediate engages and opens the strained bicyclic intermediate (4) to produce a ring-opened 

olefin (5). This newly formed olefin maintains its radical cationic enol ether, which can go on to 

engage other monomer units to produce ROMP polymers. During this process, back-electron 

transfer from the reduced photocatalyst and degenerative electron transfer from neutral enol ethers 

are each envisioned, offering a photo-mediated, spatiotemporally controlled polymerization with 

living characteristics.13 Also noteworthy, only highly-strained alkenes show conversion in MF-
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ROMP leaving less strained alkenes intact, enabling access to valuable ROMP polymers that are 

typically difficult to produce via metal-mediated pathways, such as linear poly(dicyclopentadiene) 

(pDCPD).37–44 MF-ROMP has been demonstrated to produce high-conversion linear pDCPD with 

the caveat of requiring low temperatures, which presents an opportunity for improvement with an 

appropriate flow process. 

The scalability of linear pDCPD production and more generally of MF-ROMP, which is 

promoted by uniform irradiation and rapid cooling, would greatly benefit from the improved 

photophysics and heat transfer of flow chemistry relative to batch.45–47 However, implementing 

MF-ROMP in flow has many of the obstacles associated with laboratory-scale flow reactors. 

Going from laboratory-scale batch photopolymerizations to laboratory-scale flow 

photopolymerizations is nontrivial, but there are well-defined parameters to consider when making 

the transition.48–57 Mixing speed, irradiation setup, temperature control, reaction atmosphere, 

reactor size, and reaction time (among other things) must be considered in batch reactors. Similarly 

for flow reactors, flow rate, irradiation setup, temperature control, reactor pressure, tubing 

diameter, and residence time must be considered. Being at sub-industrial scales already creates 

further constraints and considerations for flow reactors. For transitioning MF-ROMP to a flow 

setup, we considered the benefits and limitations of both continuous and droplet flow reactor 

designs, which included quality of mixing, control over reaction atmosphere, and throughput of 

the reactor. 
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Continuous flow reactor designs are commonly used at research scales, and reagent 

quantities necessitate slower flow rates. These sub-industrial continuous flow reactors are 

typically limited to laminar flow, resulting in slow, diffusion-limited mixing within the reactor.58–65 

This is detrimental to photopolymerizations because light exposure is uneven across the flow 

reactor, leading to increased molecular weight dispersities, reduced initiation efficiencies, and 

reduced monomer conversions (Figure 2). Though these issues can be mitigated by decreasing the 

flow loop diameter to improve diffusive mixing, doing so can drastically raise the pressure of the 

flow system and increase the likelihood of clogging, especially in cases where the solution 

viscosity increases as the polymerization progresses. There is also limited air exposure in 

continuous flow which, after observing nontrivial effects of reaction atmosphere on MF-ROMP, 

we thought could affect catalyst turnover.33 Based on these observations, we hypothesized that a 

droplet flow reactor could be an ideal setup for MF-ROMP. 

Droplet flow—sometimes referred to as Taylor flow, segmented flow, or isolated plug 

flow—refers to a flow reactor setup where two immiscible fluids (such as liquid/liquid or 

liquid/gas) are driven through the same flow loop.66–69 The two fluids travel through the loop as 

separate, alternating plugs causing each plug to circulate and mix within itself. In the case where 

one fluid is the reaction solution and the other fluid is a gas, the gas composition of the reaction 

solution can be maintained within the flow loop, thereby allowing one to probe the interaction of 

atmosphere with a reaction. For polymerizations, droplet flow setups have been shown to yield 

experimental results (like molecular weight dispersity, monomer conversion, and initiation 

efficiency) better than that of continuous flow setups and comparable to that of small-scale batch 

setups owing to more similar mixing dynamics to that of batch.66,67 Droplet flow setups have also 

shown great compatibility with photo-controlled radical polymerizations (CRPs) (Figure 1b).70,71 
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Figure 2. Comparison of batch, continuous flow (in the laminar flow regime), and droplet flow 
reactor setups when exposed to irradiation. Flow velocity profiles shown in black for continuous 
and droplet flow. 

The droplet flow setup is more complex than its continuous flow counterpart. Pressure 

regulators, flow controllers, and other safety measures are essential to creating a safe, controlled 

droplet flow setup. Another feature intrinsic to droplet flow is a reduced active reactor volume 

relative to continuous flow since part of the reactor volume is taken up by gas pockets. Though 

not explicitly studied here, others have shown that decreasing the gas to liquid ratio can maintain 

the mixing benefits of droplet flow while increasing the amount of active reactor volume.69 When 

the optimal reactor setup is droplet flow, the decreased active volume is compensated by increased 

quality of mixing translating to increased monomer conversion, increased initiator efficiency, and 

decreased dispersity relative to continuous flow. Based on our experience with MF-ROMP, 

droplet flow was viewed as a promising approach to outperform batch production methods. 

Herein, we report on laboratory-scale flow systems for MF-ROMP, which includes comparisons 

of continuous versus droplet flow designs, optimization of flow conditions, and demonstration of 

successful (co)polymerizations using commercially relevant monomers. 
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Results and Discussion 

For our studies, we evaluated norbornene (NB) and dicyclopentadiene (DCPD) as 

representative monomers for MF-ROMP before evaluating tetracyclododecene (TD) in our 

optimized flow setup. Importantly, NB performs well at room temperature and with high rates of 

monomer conversion relative to other MF-ROMP monomers.32,35 Therefore, NB is a good starting 

testbed for comparing flow reactor designs. DCPD requires more stringent reaction conditions in 

batch production, such as low temperature, which makes it an attractive target for vetting 

modifications to flow systems. MF-ROMP of TD is unreported and demonstrates the applicability 

of our optimized flow setup to other monomer systems. 

We assembled a modular flow reactor ensemble (Figure 3) and evaluated 3 flow reactor 

configurations for each monomer system: (i) a continuous flow setup (CF) in which the reaction 

solution is pumped through the flow reactor; (ii) a droplet flow air setup (DF-Air) in which the 

reaction solution and dried air are pumped through the flow reactor; and (iii) a droplet flow 

nitrogen setup (DF-N2) in which the reaction solution and dried nitrogen are pumped through the 

flow reactor. Within each flow setup the gas flow rate, liquid flow rate, temperature, and system 

pressure could be directly controlled. When surveying different reagent concentrations, we found 

that higher concentrations of monomer led to large changes in viscosity during polymerization, 

and that photocatalyst solubility was limited. Therefore, with our current designs we chose to study 

more dilute concentrations. We evaluated each monomer across the 3 different flow reactors to 

compare monomer conversion, product molecular weight, and polymer yield. 
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Figure 3. Flow Reactor Setup. The equipment shown on the scheme is: reagent solution storage 
vessel, liquid pump, gas supply, needle valve, tee joint, temperature equilibration zone, active 
irradiation zone, chiller, back pressure regulator, and product solution storage vessel. 

 As we began our investigations of flow systems, we first focused on CF as this design is 

comparatively simpler than DF. Although results with NB as monomer were initially encouraging 

(reaching 80% conversion), attempts to reach serviceable yields when using DCPD as monomer 

or comonomer (with NB) were met with limited success (Figure 4). We achieved only 37% 

conversion with DCPD alone (at 20 °C) and 45% conversion with a 1:1 feed ratio of NB and DCPD 

(at 20 °C). Much greater gains were found as we shifted focus to DF experiments, as described 

below. 

 

Figure 4. MF-ROMP Reactor Comparison: (a) Monomer conversion and (b) Equivalent polymer 
output. All values shown as average of 2 trials ± standard deviation. For the NB experiments (solid, 
gray)—NB:1:2 = 65:1:0.05; NB = 0.65 M; total flow rate for CF and DF = 0.9 mL/min; liquid 
flow rate for DF = 0.3 mL/min. For the DCPD experiments (solid, white)—DCPD:1:2 = 25:1:0.07; 
DCPD = 0.45 M; total flow rate for CF and DF = 0.6 mL/min; liquid flow rate for DF = 0.2 
mL/min. For the NB-co-DCPD experiments (striped, gray)— NB:DCPD:1:2 = 25:25:1:0.07; [NB] 
= 0.3 M; total flow rate for CF and DF = 0.6 mL/min; liquid flow rate for DF = 0.2 mL/min. 
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The results from studying norbornene in DF as summarized in Figure 4, Figure 5, and 

elaborated in Table S3.1, revealed that using a backpressure regulator (BPR) with the DF-Air setup 

resulted in low monomer conversions and significant photobleaching for the reaction mixture, 

which we ascribed to decomposition of the pyrylium salt photocatalyst. Specifically, NB 

conversion dropped from 67% to 60% to 51% as BPR pressure increased from 5 to 20 to 40 PSI 

(Figure 5). In the absence of a BPR, monomer conversions varied broadly across experiments and 

the fickleness of the system precluded additional optimization. Lowering the temperature from 

room temperature to 0 °C at 40 PSI did not improve conversions when using the DF-Air setup 

(29% conversion, Table S3.1, entry 9). We observed color loss to a lesser extent after changing 

the gas from air to nitrogen, signifying less photocatalyst decomposition. Accordingly, monomer 

conversion also increased, reaching above 80% for the 5, 20, and 40 PSI BPR experiments. Across 

the different setups that used a BPR and N2, no significant trends in conversion were observed 

when varying the BPR pressure. As mentioned previously, oxygen has a nontrivial effect on MF-

ROMP, and presumably using BPRs to pressurize the system in our studies causes an increased 

O2 concentration in the reaction solution, thereby causing an increased rate of photocatalyst 

decomposition. Decreasing solution temperature also increases dissolved O2 concentration, and 

therefore the observations regarding monomer conversion, pressure, and temperature support the 

hypothesis that increasing dissolved O2 concentration negatively affects the performance of these 

pressurized reactor setups. In general, when compared to continuous flow, droplet flow yielded 

better monomer conversions. The production of DF-N2, as compared to continuous flow, was 

lower, as is expected when using the same total flow rate but about a one-third the solution flow 

rate. 
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Figure 5. Droplet Flow Optimization: Gas, Pressure, and Temperature Trends. NB:1:2 = 
65:1:0.05; [NB] = 0.65 M; total flowrate = 0.9 mL/min; liquid flow rate = 0.3 mL/min. 

In the flow optimization of DCPD in Table S3.2, we noticed an influence of total flow rate 

on conversion. Figure S3.2 shows that an appropriate balance needs to be found between residence 

time and flow rate, which impacts mixing effects and reaction time. Batch control experiments 

corroborate the significant effects that mixing has on DCPD polymerization (Table S3.3). With 

DCPD, we found that higher flow rates, but shorter residence times were necessary for good 

conversions, observing 61% conversion for 0.56 mL/min total flow rate versus 34% and 50% 

conversion for 0.19 and 0.25 mL/min total flow rates, respectively (Table 1, entry 5; Table S3.2, 

entries 4 and 5). In flow experiments with DCPD performed in a cooled flow setup without a 

temperature equilibration zone, we observed low (< 30%) monomer conversions (Table S3.2, entry 

2)), which we attribute to premature initiation of the polymerization before sufficient cooling. 

After achieving successful polymerizations of both NB and DCPD, we extended our results 

to longer experiments, larger molecular weights, higher conversions, and different 

(co)polymerizations. By extending the flow parameters of the DCPD homopolymerization to the 

copolymerization of NB and DCPD, we achieved 68% conversion of DCPD, 83% conversion of 

NB, and 75% total monomer conversion at 20 °C (Table 1, entry 7; Table S3.4 entry 4). We were 

also able to maintain the DF-N2 setup for 5 hours and achieved similar conversions to the 1-hour 
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experiments (82% for NB, 55% for DCPD, and 74% for NB-co-DCPD Table 1, entries 2, 6, and 

8). With these 5-hour experiments, a slight drift in conversion was observed presumably due to 

increased moisture exposure of the storage vessel, which filled with air as reaction solution 

pumped through the reactor (see Figure S3.6). We then extended our optimized DF-N2 conditions 

to increased loadings of NB, to increased conversions of NB, and to TD. For NB, we achieved 

74% monomer conversion and reached a number average molecular weight of 19.3 kDa (notably 

above NB’s entanglement molecular weight) at a polymer dispersity of 1.3 (Table 1, entry 3). We 

also lowered loadings of NB while increasing residence time to achieve 95% monomer conversion 

via DF-N2 (Table 1, entry 4). For TD after adjusting solvent and reagent concentrations to 

accommodate pTD’s solubility behavior, we achieved a similarly successful flow polymerization, 

reaching 74% monomer conversion at a projected output of 10 g/day of pTD (Table 1, entry 9). 

Table 1. Summarized Results of MF-ROMP via DF-N2 

entrya NB:DCPD:TD:1:2 residence 
time (min) Convb (%) Mnc [kDa] Đ outputd 

(g/day) 
   1 65:0:0:1:0.05 28 88 ± 1 8.1 ± 0.6 1.3 ± 0.0(4) 24 ± 1 
   2e 65:0:0:1:0.05 30 82 7.7 1.3 22 
   3 200:0:0:1:0.05 30 74 19.3 1.3 20 
   4 25:0:0:1:0.05 45 95 3.3 1.3 17 
   5f 0:25:0:1:0.07 45 61 ± 7 3.9 ± 0.7 1.3 ± 0.1 11 ± 1 
   6e,f 0:25:0:1:0.07 45 55 3.4 1.4 10 
   7f 25:25:0:1:0.07 45 75 ± 2 8.4 ± 1.0 1.4 ± 0.1 25 ± 1 
   8e,f 25:25:0:1:0.07 45 74 8.4 1.4 17 
   9g 0:0:25:1:0.07 50 74 5.8 1.5 10 

aRun at room temperature during a 1-h experiment at a liquid flow of 0.2−0.3mL/min in a 25 mL 
active flow loop, unless otherwise noted. Values shown as an average of two trials ± standard 
deviation when applicable. bMonomer conversion determined from 1H NMR spectroscopy. 
cNumber-average molecular weights (Mn) determined by GPC equipped with multiangle light-
scattering detector and a measured dn/dc, as described in the supporting information. dProjected 
polymer output calculated as described in the supporting information. e5-h experiment. fRun at 
−20°C. gRun in ortho-dichlorobenzene. 
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Conclusions 

After finding suitable setups for the NB, DCPD, and NB-co-DCPD polymerizations with 

respect to flow rate, residence time, and temperature, we were able to compare the observed flow 

performance trends, as summarized in Figure 4 and Table 1. In all cases, we saw that the DF-N2 

setup performed the best in terms of monomer conversion, reaching up to 95% for NB, 61% for 

DCPD, and 75% for NB-co-DCPD. Regarding polymer output, the continuous flow setup tended 

to do well because of its larger liquid flow rate, but the DF-N2 setup was competitive in terms of 

output for DCPD-containing polymers, reaching up to 24 g/day for pNB, 11 g/day for pDCPD, 

and 25 g/day for pNB-co-DCPD. We confirmed that these flow experiments could be conducted 

for 5 hours while maintaining similarly successful monomer conversions and polymer outputs. We 

also demonstrated that the DF-N2 setup is compatible above the entanglement number-average 

molecular weight of NB, reaching 74% monomer conversion and achieving a number average 

molecular weight of 19.3 kDa and molecular weight dispersity of 1.3. Lastly, we then extended 

our optimized DF-N2 conditions to TD where we achieved successful flow polymerization, 

reaching 74% monomer conversion at a projected output of 10 g/day of pTD. 

We compared different flow setups for MF-ROMP using NB, DCPD, and TD monomer 

conversion as well as projected output as measurements of success. Through this process, we found 

that droplet flow configurations for MF-ROMP can translate results from small-scale batch 

experiments to flow processes. For polymerization of each monomer, droplet flow achieved higher 

conversion than continuous flow, which is attributed to better quality of mixing in the former. On 

the other hand, within the constraints of the current scale, continuous flow gave greater quantities 

of projected daily polymer output due to the higher liquid flow rate in comparison with droplet 
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flow. We found that lowering the reactive volume temperature was easily accommodated in flow, 

which offered benefits for MF-ROMP of DCPD. Similarly, solvent changes to enable MF-ROMP 

of TD were found to be straightforward. Moving forward, the reactor designs described herein can 

enable further scaleup of MF-ROMP while offering the operational and safety benefits of flow 

techniques for synthesis. 
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Appendix C: Chapter 4 Experimental Procedures and Supporting Information 
 

1. General Information 
 
1.1 Reagents 
 
1.1.1 Materials and General Considerations. Dichloromethane, 1,2-dichloroethane (DCE), and 
orthodichlorobenzene (oDCB) were dried over 3Å molecular sieves prior to use. Tetrahydrofuran 
(THF) was obtained from an LC Technology solvent purification system. Norbornene (NB) was 
purchased from Sigma-Aldrich and sublimed prior to use. Dicyclopentadiene (DCPD) was 
purchased from Sigma-Aldrich as a 97:3 mixture of the endo:exo isomer and sublimed prior to 
use. Tetracyclododecene was provided by Promerus as a 95:5 mixture of the endo-endo:endo-exo 
isomer and used as is. 2,4,6-Tris(4-methoxyphenyl)pyrylium tetrafluoroborate (2) was prepared 
according to literature procedures with modifications. All other reagents and solvents were 
acquired from commercial sources and used without purification unless otherwise noted. All batch 
polymerizations were conducted in standard 2- dram borosilicate glass vials with PTFE-lined 
screw cap as purchased from Fisher Scientific. Irradiation of photoredox mediated ROMP was 
done in batch with 100 mW/cm2 Norman Lamps MR16-4W blue LEDs (450 nm) and in flow with 
20 mW/cm2 Creative Lighting Solutions Blue Flexible LED Strips, 5M Spool-12vdc, Sapphire 
Blue (Figure S5.1). If cooling was needed, an EYELA PSL-2000 low temperature chiller with 
magnetic stirring was used with ethanol as the coolant. 
 
1.1.2 Characterizations. 1H NMR spectra were recorded on Bruker Avance III 400, 500, or 600 
MHz spectrometers. Chemical shifts are reported in delta (δ) units, expressed in parts per million 
(ppm) downfield from tetramethylsilane using protio-solvent (residual) as internal standard 
(CDCl3, δH = 7.26 ppm for 1H NMR). Data are reported as chemical shift (δ). Gel permeation 
chromatography (GPC) was performed using the following setup: an Agilent Technologies Infinity 
Series II pump, either 2 or 3 inline columns, and Wyatt Technology miniDAWN light scattering 
(LS) and Optilab T-rEX refractive index (RI) detectors using THF as the mobile phase with a flow 
rate of 1 mL/min. The weight-average molecular weights were determined by the dn/dc value of 
polynorbornene in THF (0.1507 mL/g), polydicyclopentadiene in THF (0.1759 mL/g), 1:1 
statistical copolymer of norbornene-co-dicyclopentadiene in THF (0.1632 mL/g), and 
polytetracyclododecene in THF (0.1668 mL/g). Values of each polymer’s dn/dc were determined 
using Wyatt’s ASTRA software assuming 100% mass recovery from the GPC columns.  
 
1.2 Photocatalyst and Polymer Synthesis 
 
1.2.1 2,4,6-Tris(4-methoxyphenyl)pyrylium tetrafluoroborate (2). 2 was prepared according to 
our previous procedure with minor modification.13 To a 50 mL round bottom flask containing p-
anisaldehyde (2.50 mL, 20.6 mmol, 1 eq) and p-acetylanisole (6.17 g, 41.2 mmol, 2 eq) was added 
BF3•Et2O (6.28 mL, 50.9 mmol, 2.4 eq) dropwise over 5 min under nitrogen. The solution was 
heated in an oil bath set to 100 °C for 2 h. After cooling down, the reaction mixture was diluted 
with acetone (100 mL) and water (7.5 mL), and subsequently precipitated into diethyl ether (125 
mL). The resulting suspension was filtered to give the crude product as a rust-colored solid. 
Recrystallization of the solids from hot acetone gave 2 as an orange powder (2.39 g, 4.91 mmol, 
24% yield). Spectral data were consistent with reported values in literature. 
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1.2.2 Norbornene (NB) MF-ROMP Solution. To a 100 mL amber glass vial containing a 
magnetic stir bar and pyrylium (21.6 mg, 0.0445 mmol, 0.05 eq) were added norbornene (5.49 g, 
58.3 mmol, 65 eq), and CH2Cl2 (90.0 mL, dried over 3Å molecular sieves) under air. The mixture 
was stirred at room temperature for 1 – 3 min until the pyrylium salt dissolved. Then initiator ethyl 
propenyl ether (100. μL, 0.903 mmol, 1 eq) was added via micro-syringe. The vial was mixed and 
then sealed with a PTFE-lined screw cap. This vial was then used to (i) take a 2 mL aliquot for a 
batch reaction irradiated in a sealed 2 mL glass vial (see reference [13] for more information 
efficient batch polymerizations of NB) or (ii) feed the flow reactor. Upon completion, aliquots 
were taken for analysis to determine monomer conversion and crude molecular weight by 1H NMR 
spectroscopy and GPC, respectively. The results are shown in Table S3.1. When further 
purification was necessary, the polymer sample was then diluted with CH2Cl2 and passed through 
basic alumina to remove any remaining pyrylium. The filtrate was concentrated to approximately 
20 mL and added into cold MeOH (100 mL, 3 ℃), which resulted in formation of a precipitate. 
The precipitate was collected by filtration, washed with MeOH, and dried under vacuum to give a 
white powder. 
 
1.2.3 Dicyclopentadiene (DCPD) MF-ROMP Solution. To a 100 mL amber glass vial containing 
a magnetic stir bar and pyrylium (44.2 mg, 0.0909 mmol, 0.07 eq) were added dicyclopentadiene 
(4.55 g, 34.4 mmol, 25 eq), and CH2Cl2 (72.0 mL, dried over 3Å molecular sieves) under air. The 
mixture was stirred at room temperature for 1 – 3 min until the pyrylium salt dissolved. Then 
initiator ethyl propenyl ether (155 μL, 1.40 mmol, 1 eq) was added via micro-syringe. The vial 
was mixed and then sealed with a PTFE-lined screw cap. This vial was then used to (i) take a 2 
mL aliquot for a batch reaction irradiated in a -20 °C sealed 2 mL glass vial (see reference [32] for 
more information efficient batch polymerizations of DCPD) or (ii) feed the flow reactor. Upon 
completion, aliquots were taken for analysis to determine monomer conversion and crude 
molecular weight by 1H NMR spectroscopy and GPC, respectively. The results are shown in 
Tables S3.2 and S3.3. When further purification was necessary, the polymer sample was then 
diluted with CH2Cl2 and passed through basic alumina to remove any remaining pyrylium. The 
filtrate was concentrated to approximately 20 mL and added into cold MeOH (100 mL, 3 ℃), 
which resulted in formation of a precipitate. The precipitate was collected by filtration, washed 
with MeOH, and dried under vacuum to give a white powder. 
 
1.2.4 Norbornene-co-Dicyclopentadiene MF-ROMP Solution. To a 100 mL amber glass vial 
containing a magnetic stir bar and pyrylium (31.2 mg, 0.0641 mmol, 0.07 eq) were added 
norbornene (2.22 g, 23.6 mmol, 25 eq), dicyclopentadiene (3.13 g, 23.6 mmol, 25 eq), and CH2Cl2 
(68.0 mL, dried over 3Å molecular sieves) under air. The mixture was stirred at room temperature 
for 1 – 3 min until the pyrylium salt dissolved. Then initiator ethyl propenyl ether (105 μL, 0.948 
mmol, 1 eq) was added via micro-syringe. The vial was mixed and then sealed with a PTFE-lined 
screw cap. This vial was then used to (i) take a 2 mL aliquot for a batch reaction irradiated in a -
20 °C sealed 2 mL glass vial (see reference [32] for more information efficient batch 
polymerizations of NB-co-DCPD) or (ii) feed the flow reactor. Upon completion, aliquots were 
taken for analysis to determine monomer conversion and crude molecular weight by 1H NMR 
spectroscopy and GPC, respectively. The results are shown in Table S3.4. When further 
purification was necessary, the polymer sample was then diluted with CH2Cl2 and passed through 
basic alumina to remove any remaining pyrylium. The filtrate was concentrated to approximately 
20 mL and added into cold MeOH (100 mL, 3 ℃), which resulted in formation of a precipitate. 
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The precipitate was collected by filtration, washed with MeOH, and dried under vacuum to give a 
white powder. 
 
1.2.5 Tetracyclododecene (TD) MF-ROMP Solution. To a 100 mL amber glass vial containing 
a magnetic stir bar and pyrylium (28.2 mg, 0.0580 mmol, 0.065 eq) were added tetracyclododecene 
(3.60 g, 22.5 mmol, 25 eq), and oDCB (86.0 mL, dried over 3Å molecular sieves) under air. The 
mixture was stirred at room temperature for 5 min. Then initiator ethyl propenyl ether (102 μL, 
0.921 mmol, 1 eq) was added via micro-syringe. The vial was mixed and then sealed with a PTFE-
lined screw cap. This vial was then used to (i) take a 2 mL aliquot for a batch reaction irradiated 
in a sealed 2 mL glass vial or (ii) feed the flow reactor. Upon completion, aliquots were taken for 
analysis to determine monomer conversion and crude molecular weight by 1H NMR spectroscopy 
and GPC, respectively. The results are shown in Table S3.5. When further purification was 
necessary, the polymer sample was then diluted with CH2Cl2 and passed through basic alumina to 
remove any remaining pyrylium. The filtrate was concentrated to approximately 20 mL and added 
into cold MeOH (100 mL, 3 ℃), which resulted in formation of a precipitate. The precipitate was 
collected by filtration, washed with MeOH, and dried under vacuum to give a white powder. 
 
1.3 Monomer and Polymer Analysis 
All monomer conversions discussed in the main text and SI were determined via 1H NMR and 
analyzed as follows. All projected outputs in the main text and SI were determined as described as 
follows. 
 
1.3.1 Polymer Output Analysis 
 

𝐏𝐫𝐨𝐣𝐞𝐜𝐭𝐞𝐝	𝐩𝐨𝐥𝐲𝐦𝐞𝐫	𝐨𝐮𝐭𝐩𝐮𝐭 = o𝟏𝟒𝟒𝟎
𝐦𝐢𝐧
𝐝𝐚𝐲v (𝟏𝟎

#𝟑 𝐋
𝐦𝐋) ∗ 𝑭𝐥𝐢𝐪 ∗y[𝒊]𝟎 ∗ 𝑿𝒊 ∗ 𝑴𝑾𝒊 

𝑭𝐥𝐢𝐪 = liquid flow rate of reaction solution [mL/min]; [𝒊]𝟎 = initial concentration of monomer i 
[mol/L]; 𝑿𝒊 = conversion of monomer i; 𝑴𝑾𝒊 = molecular weight of monomer i [g/mol].  
 
Example calculations: 

 
Table S1.3 Sample Values for Polymerization in Flow 

NB:DCPD [NB]  
(M) 

monomer 
conversion  

(%) 

liquid  
flow 

(mL/min) 

total  
flow 

(mL/min) 

projected 
polymer 

output (g/day) 

24:25 0.33 
75           total 
68        DCPD 
83             NB 

0.3 0.55 25 

 
𝐏𝐫𝐨𝐣𝐞𝐜𝐭𝐞𝐝	𝐩𝐨𝐥𝐲𝐦𝐞𝐫	𝐨𝐮𝐭𝐩𝐮𝐭 = ~𝟏𝟒𝟒𝟎𝐦𝐢𝐧

𝐝𝐚𝐲
� ~𝟏𝟎#𝟑 𝐋

𝐦𝐋
� ~𝟎. 𝟑 𝐦𝐋

𝐦𝐢𝐧
� ∗

_~𝟎. 𝟑𝟑𝐦𝐨𝐥
𝑳
� (𝟖𝟑%) ~𝟗𝟒. 𝟐 𝐠

𝐦𝐨𝐥
� + ~𝟐𝟓

𝟐𝟒
∗ 𝟎. 𝟑𝟑𝐦𝐨𝐥

𝑳
� (𝟔𝟖%) ~𝟏𝟑𝟐. 𝟐 𝐠

𝐦𝐨𝐥
�` = 𝟐𝟓 𝐠

𝐝𝐚𝐲
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1.3.2 Norbornene conversion analysis. 
 
The region X from 5.9-6.1 ppm (corresponding to 2 protons from the monomer) was compared to 
the region Y at 2.3-3.1 ppm (corresponding to 2 protons from the monomer and 2 protons from 
the polymer). 
 

𝐍𝐁	𝐜𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 = 	
𝐚𝐫𝐞𝐚𝐘 − 𝐚𝐫𝐞𝐚𝐗

𝐚𝐫𝐞𝐚𝐘
 

Example calculations: 
 

𝐍𝐁	𝐜𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 =
(𝟓. 𝟓𝟑) − (𝟏. 𝟎𝟎)

(𝟓. 𝟓𝟑) = 𝟖𝟐% 

 

 
Figure S1.3.2. Crude pNB 1H NMR for example calculation.  
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1.3.3 Dicyclopentadiene conversion analysis. 
 
The region X from 5.8-6.1 ppm (corresponding to 2 protons from the monomer) was compared to 
the region Y at 5.6-5.8 ppm (corresponding to 1 proton from the polymer) and to region Z at 3.1-
3.35 ppm (corresponding to 1 proton from the monomer and 1 proton from the polymer). Solvent 
signal can overlap with region Y, so the analysis method using only regions X and Z are most 
frequently used. 
 

𝐃𝐂𝐏𝐃	𝐜𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 = 	
𝐚𝐫𝐞𝐚𝐙 −

𝟏
𝟐𝐚𝐫𝐞𝐚𝐗

𝐚𝐫𝐞𝐚𝐙
=

𝐚𝐫𝐞𝐚𝐘

𝐚𝐫𝐞𝐚𝐘 +
𝟏
𝟐𝐚𝐫𝐞𝐚𝐗

=
𝐚𝐫𝐞𝐚𝐘
𝐚𝐫𝐞𝐚𝐙

 

 
Example calculations: 
 

𝐃𝐂𝐏𝐃	𝐜𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 = 	
(𝟏. 𝟑𝟔) − 𝟏𝟐 (𝟏. 𝟎𝟎)

(𝟏. 𝟑𝟔) =
(𝟎. 𝟖𝟔)

(𝟎. 𝟖𝟔) + 𝟏𝟐 (𝟏. 𝟎𝟎)
=
(𝟎. 𝟖𝟔)
(𝟏. 𝟑𝟔) = 𝟔𝟑% 

 

 
Figure S1.3.3. Crude pDCPD 1H NMR for example calculation. 
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1.3.4 Norbornene-co-dicyclopentadiene conversion analysis. 
 
The region V from 5.88-5.935 ppm (corresponding to 1 proton from DCPD) and region W from 
5.935-6.02 ppm (corresponding to 1 proton from DCPD and 2 protons from NB) was compared to 
the region X at 5.6-5.8 ppm (corresponding to 1 proton from the polymeric DCPD), region Y at 
3.1-3.35 ppm (corresponding to 1 proton from DCPD and 1 proton from the polymeric DCPD) 
and to region Z at 1.67-1.95 ppm (corresponding to 3 protons from the polymeric NB). Solvent 
signal can overlap with region Y, so the analysis method using only regions X and Z is most 
frequently used, and will be the only one shown for simplicity. 
 

𝐃𝐂𝐏𝐃	𝐜𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 = 	
𝐚𝐫𝐞𝐚𝐘 − 𝐚𝐫𝐞𝐚𝐕

𝐚𝐫𝐞𝐚𝐘
 

 
 

𝐍𝐁	𝐜𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 = 	
𝟏
𝟑 𝐚𝐫𝐞𝐚𝐙

𝟏
𝟑𝐚𝐫𝐞𝐚𝐙 +

𝟏
𝟐 [𝐚𝐫𝐞𝐚𝐖 − 𝐚𝐫𝐞𝐚𝐕]

 

 
 

𝐓𝐨𝐭𝐚𝐥	𝐜𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧
= (𝐦𝐨𝐥	%	𝐨𝐟	𝐟𝐞𝐞𝐝	𝐍𝐁) ∗ (𝐍𝐁	𝐜𝐨𝐧𝐯) + (𝐦𝐨𝐥	%	𝐨𝐟	𝐟𝐞𝐞𝐝	𝐃𝐂𝐏𝐃)

∗ (𝐃𝐂𝐏𝐃	𝐜𝐨𝐧𝐯) =
𝟏
𝟑𝐚𝐫𝐞𝐚𝐙 + 𝐚𝐫𝐞𝐚𝐘 − 𝐚𝐫𝐞𝐚𝐕

𝟏
𝟑𝐚𝐫𝐞𝐚𝐙 +

𝟏
𝟐 [𝐚𝐫𝐞𝐚𝐖 − 𝐚𝐫𝐞𝐚𝐕] + 𝐚𝐫𝐞𝐚𝐘

 

 
 
Example calculations: 
 

𝐃𝐂𝐏𝐃	𝐜𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 = 	
(𝟑. 𝟓𝟑) − (𝟏. 𝟎𝟎)

(𝟑. 𝟓𝟑) = 𝟕𝟐% 

 

𝐍𝐁	𝐜𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 = 	
𝟏
𝟑 (𝟗. 𝟕𝟔)

𝟏
𝟑 (𝟗. 𝟕𝟔) +

𝟏
𝟐 [(𝟏. 𝟔𝟓) − (𝟏. 𝟎𝟎)]

= 𝟗𝟏% 

 
 

𝐓𝐨𝐭𝐚𝐥	𝐜𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 = (𝟓𝟎%) ∗ (𝟗𝟏%) + (𝟓𝟎%) ∗ (𝟕𝟐%) 

=
𝟏
𝟑 (𝟗. 𝟕𝟔) + (𝟑. 𝟓𝟑) − (𝟏. 𝟎𝟎)

𝟏
𝟑 (𝟗. 𝟕𝟔) +

𝟏
𝟐 [(𝟏. 𝟔𝟓) − (𝟏. 𝟎𝟎)] + (𝟑. 𝟓𝟑)

= 𝟖𝟏% 
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Figure S1.3.4. Crude pNB-co-DCPD 1H NMR for example calculation. 
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1.3.5 Tetracyclododecene conversion analysis. 
 
The region X from 5.85-6.15 ppm (corresponding to 2 protons from TD) was compared to the 
region Y from 5.25-5.70 ppm (corresponding to 2 protons from TD and 2 protons from pTD) or 
region Z at 2.60-3.20 ppm (corresponding to 2 protons from pTD and 2 protons from pTD). 
Solvent signal can overlap with region Y, so the analysis method using only regions X and Z are 
most frequently used. 
 

𝐓𝐃	𝐜𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 = 	
𝐚𝐫𝐞𝐚𝐙 − 𝐚𝐫𝐞𝐚𝐗

𝐚𝐫𝐞𝐚𝐙
=
𝐚𝐫𝐞𝐚𝐘 − 𝐚𝐫𝐞𝐚𝐗

𝐚𝐫𝐞𝐚𝐘
 

Example calculations: 
 

𝐓𝐃	𝐜𝐨𝐧𝐯𝐞𝐫𝐬𝐢𝐨𝐧 =
(𝟏𝟎. 𝟑𝟏) − (𝟏. 𝟎𝟎)

(𝟏𝟎. 𝟑𝟏) =
(𝟏𝟎. 𝟑𝟕) − (𝟏. 𝟎𝟎)

(𝟏𝟎. 𝟑𝟕) = 𝟗𝟎% 

 

 
Figure S1.3.5. Crude pTD 1H NMR for example calculation. 
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2. Flow Methodology 
 
2.1 Flow Equipment 
 
A: IDEX Micro Metering Valve Assembly for 1/16" OD With Fittings (P-445) 
B: IDEX PFA Tubing Natural 1/8" OD x 1/16" ID x 50ft (P1507L); 25 mL internal volume for 
active flow loop (B1), 5 mL internal volume for temperature equilibration zone (B2)  
C: Agilent Quaternary HPLC Pump (G7111b) 
D: EYELA PSL-2000 low temperature chiller with magnetic stirring 
E: Creative Lighting Solutions Blue Flexible LED Strips, 5M Spool-12vdc, Sapphire Blue 
F: IDEX Back pressure regulators: 5 PSI, 20 PSI, 40 PSI (P-790, P-791, U-605) 
G: W.A. Hammond Drierite Gas Drying Unit with Hose Barbs 
H: Gas supply (N2 cylinder, house air) 
I: IDEX PEEK Low Pressure Tee Assembly 1/16" PEEK .020 thru hole (P-712) 
J: Victor Model VTS250C Medium Duty Two Stage Regulator 
K: 20 um pump filter 
L: Opaque plastic housing used for temperature equilibration zone 

 

 
Figure S2.1. Labeled scheme of flow reactor setup. In the following images of the flow reactor 
setup, temperature equilibration loop L and active flow loop E are shown out of chiller D for 
clarity, but during flow experiments, L and E are submerged in the chiller. 
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2.2 Flow Experiments 
 
The chiller was turned on, set to the desired temperature, and allowed to thermally equilibrate. The 
magnetic stirring on the chiller was set to 500 RPM. The LEDs were switched on. The pump inlet 
was inserted into the reaction solution prepared in section 1.2. The liquid flow rate was then set to 
the desired liquid flow rate and allowed to equilibrate. The gas flow rate was then gradually 
increased to the desired value by visually comparing the liquid slug volume to gas slug volume. 
The residence time was measured by timing how long it took for the first slug to enter and leave 
the active flow loop; measured slug velocity was consistent with the measured residence time. 
 
2.3 General Comments and Suggestions 
 
Before entering the irradiated flow loop, there is an opaque section of tubing which allows for 
temperature equilibration when the reaction requires cooling. The temperature equilibration zone 
was essential for any polymerizations using DCPD. Additionally, the LEDs generated a significant 
amount of heat, making the chiller necessary for DCPD polymerizations. A dual stage gas 
regulator was found to provide a more steady source of pressure as opposed to a single stage gas 
regulator. Without a back pressure regulator, we observed unsteady flow and solvent evaporation 
within the tubing. The pump requires time to equilibrate after adding the gas stream. When 
working with droplet flow, note that changes in temperature (from cooling or from reaction 
thermodynamics) can affect the gas and total flow rate. At higher monomer and photocatalyst 
concentrations, be aware that the pyrylium can be insoluble and that there can be large changes in 
solution viscosity. When clogging was observed, it occurred at the BPR, which has a small ID. 
When we worked at higher monomer concentrations without a BPR in a DF-Air setup, we saw 
improved conversions relative to continuous flow, indicating that (i) droplet flow still provides 
improvement relative to continuous flow even at higher concentrations, and (ii) DF-Air setups can 
still be viable at lower pressures of O2 (compare Table S3.1 entries 2 and 12). DCPD can be used 
without sublimation, but the results showed inconsistency in conversion across trials. DCPD 
polymerization shows greater sensitivity towards changes in temperature, humidity, and reactor 
design when compared to NB polymerization. Any discrepancies between batch conversions and 
flow conversions we attribute to a worse mixing quality and a reduced photocatalyst concentration 
due to the pump filter. 

3. Extended Polymerization Data 
 
For the following section contained in supplementary section 3, 𝝉 = residence time; Mn = number 
average molecular of polymer as determined by GPC equipped with multiangle light-scattering 
detector and a measured dn/dc; Đ = polymer molecular weight dispersity as determined by GPC 
equipped with multiangle light-scattering detector and a measured dn/dc; “2mL batch” refers to a 
2 mL batch reactor setup as described in SI section 1.2; “1h CF” refers to a continuous flow setup 
run for 1 hour as described in section 2.2; “1h DF-Air” refers to a droplet flow air setup run for 1 
hour as described in section 2.2; “1h DF-N2” refers to a droplet flow N2 setup run for 1 hour as 
described in section 2.2;  “5h DF-N2” refers to a droplet flow N2 setup run for 5 hours as described 
in section 2.2. 
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Figure S3.2. Flow rate versus residence time for MF-ROMP of DCPD in DF-N2. Uses entries 4, 
5, and 6 from Table S3.2. 

 
 
 
3.3 DCPD Control Experiments 
In batch controls of DCPD we found that the quality of mixing greatly affected monomer 
conversion. Specifically, monomer conversion dropped from 75% to 39% when stirring was not 
conducted (cf. Table S3.3, entries 1 and 2).  Stirring, but in a reaction vial that had no headspace, 
also resulted in significant reduction in conversion (21%, entry 3). These results suggest that 
mixing is necessary for successful polymerization of DCPD, most likely due to a combination of 
uneven photoinitiation, decreased effective monomer concentration around the propagating 
species, and decreased heat transfer in an unmixed sample. Experiments where  DCE was used 
as solvent instead of CH2Cl2, different monomer concentrations were used, and different 
monomer:initiator loadings were used all showed similar trends, supporting the hypothesis that 
mixing and potentially air exposure plays a role in polymer conversion. Using ultrasonication 
instead of mechanical mixing method did not lead to improved conversions. 
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Table S3.3 DCPD Batch Reactor Controls 

a: Run for 60 minutes at -20 °C unless otherwise noted. b: Run stationary in flow loop. c: DCE 
as solvent. d: Run at 3 °C. e: Run for 75 minutes. 
 

n

OEtOEt

PC
CH2Cl2, blue light

entrya DCPD:1:2 [DCPD] (M) DCPD conversion mixing method headspace 

   1b 10:1:0.02 0.45 43 % none air 

     2b,d 13:1:0.02 0.58 47 % sonication air 

  3 10:1:0.02 0.45 52 % none air 

  4 25:1:0.03 0.68 39 % none air 

   5c 27:1:0.03 0.64 34 % none air 

   6d 13:1:0.02 0.58 57 % sonication air 

  7 10:1:0.02 0.34 22 % stir bar none 

  8 25:1:0.03 0.68 21 % stir bar none 

   9c 27:1:0.03 0.64 29 % stir bar none 

 10d 13:1:0.02 0.58 28 % sonication none 

 11e   17:1:0.024 0.70 83 % stir bar N2 

12 10:1:0.02 0.45 89 % stir bar air 

 13e   17:1:0.024 0.70 80 % stir bar air 

14 25:1:0.03 0.68 75 % stir bar air 

 15c 27:1:0.03 0.64 58 % stir bar air 
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4. Additional Oxygen Experiments and Commentary 
The following experiments were conducted to explore the role of oxygen in batch MF-ROMP. A 
FireSting GO2 sensor in reaction solution was used to measure the solution’s oxygen depletion in 
sealed batch experiments. The measured dissolved O2 concentration drops linearly and rapidly 
within the first few minutes of polymerization before becoming completely consumed. Monomer 
conversion and initiator conversion do not seem to be impacted by the O2 concentration before and 
after consumption. The O2 concentration does not regenerate while irradiation occurs (see Figure 
S4.1). The rate of O2 consumption was also linearly correlated with the intensity of incident light 
(see Figure S4.2). In control experiments that used photocatalyst and monomer without initiator, 
oxygen consumption was significantly slower. We also notice significant catalyst photobleaching 
of during polymerization. These data suggest O2 is reacting when the radical cationic pathway is 
active, perhaps in a deleterious pathway with the reduced photocatalyst. 
 

  
Figure S4.1. Dissolved oxygen consumption in MF-ROMP. NB:1:2 = 30:1:0.05 at [NB] = 0.6 M 
in CH2Cl2 at room temperature. Irradiated from t = 1–10 min with blue LED. Solid, black trace 
shows dissolved O2 concentration in Torr; dotted red trace shows temperature increase over the 
course of reaction. 
 

 
Figure S4.2. Initial oxygen consumption rates in MF-ROMP at different 450 nm light intensities. 
NB:1:2 = 0:1:0.05 at [1] = 0.1 mM in CH2Cl2 at room temperature. 
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Representative 1H NMR Spectrum and GPC Trace of crude pNB in CDCl3 
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Representative 1H NMR Spectrum and GPC Trace of crude pDCPD in CDCl3 
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Representative 1H NMR Spectrum and GPC Trace of crude pNB-co-DCPD in CDCl3 
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Representative 1H NMR Spectrum and GPC Trace of crude pTD in CDCl3 
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Chapter 5 

Polymer Chemistry for the General Public 

Section 0: Who’s this chapter for, and why is science communication important? 

 This chapter is meant for anyone interested in learning more about chemistry and what 

chemists do! The preceding chapters of my thesis that describe my research are written with 

chemists as the audience, so there are various technical, chemistry terms thrown around which 

make it harder for non-chemists to follow these chapters. In this chapter, I’ll describe my 

research (mainly from dissertation chapters 1 and 4) for anyone that’s interested but doesn’t 

want to be slowed down by scientific jargon.  

Describing one’s own research so that a wide audience can follow is a huge skill called 

science communication, and I’ve worked hard to develop this skill over the course of my 

graduate schooling. Science communication is a vital skill for any scientist, because at some 

point we hope that non-scientists will be able to use our research. This means we need to explain 

the motivation behind our research and how to use our research to people that are interested in 

listening. 

Science communication is also important to me as an educator. Students that take general 

chemistry and organic chemistry (usually not because the students want to but because their 

major requires it), walk away never wanting to look at chemistry again. This is a problem that 

educators need to address. We see chemistry as a beautiful, logical science, but we still have 

trouble motivating learning students that don’t see the full picture yet. I strive to describe my 

science in interesting (but still accurate) ways because when I eventually teach science, I want 

everyone to have the opportunity to love chemistry just as much as I do.  
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Section 1: What are polymers, how do you make them, and why are they important? 

The word “polymer” comes from the Greek words “poly” (meaning many) and “mer” 

(meaning parts). A polymer is a molecule formed by stringing together smaller molecules called 

monomers (“mono” meaning single in Greek). You can make a polymer by taking a molecule and 

then combining it with itself over and over again.  

Making polymers is like using LEGO building blocks at the molecular level (see Figure 1 

on the next page for an illustration of this analogy). You can combine these different little pieces 

and make them into a variety of structures to achieve a multitude of material and chemical 

properties. The length, sequence, and structure of the polymer can greatly affect its characteristics, 

and the ability to combine these molecules in many different ways to create many different 

properties is why we frequently encounter polymers in everyday life. Plastics, spandex, rubber, 

Kevlar, tree bark, and even DNA—these are all examples of polymers!  
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Figure 1. Comparing polymers to LEGOs. Polymers are very similar to LEGOs—both are made 

from smaller units and can be combined in different ways to make a multitude of different 

products. Shown is an example of a homopolymer (“homo” meaning same) and copolymer (“co” 

meaning together). The homopolymer consists of the same one monomer combined over and over 

again, while the copolymer consists of many different monomers combined together. Polystyrene, 

(commonly called Styrofoam, the material frequently used for coffee cups) is a homopolymer. 

Nylon 6,6 (the clothing material) is a copolymer made from the monomers adipic acid and 

hexamethylenediamine. Fun fact: LEGOs are actually made from the copolymer ABS 

(acrylonitrile butadiene styrene, a polymer made with 3 different monomer units). 
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Section 2: What’s the role of a polymer chemist, and what are the problems they solve? 

Polymer chemists have this really interesting job. We make polymers, study their 

properties, and figure out ways to more easily manufacture them. To study polymers, we use 

different types of equipment to determine molecular properties (like how long each polymer is) 

and physical properties (like how strong the polymer is). We then try to figure out how these 

different properties are related so we can design polymers with specific properties. 

The polymer chemistry field also has a challenging problem: we need to make enough 

polymers to meet the ever-growing demand for polymer products, which is projected to reach over 

one billion tons by 2050, but we also need to do this sustainably, because we don’t want plastic 

trash everywhere, and we want to make sure our polymers aren’t environmentally toxic. 

 

Figure 2. Plastic production forecast through 2050. Red area represents measured data, orange 

area represents forecasted data. Reproduced from Grid-Arendal UNEP (2021).  
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Section 3: What research are you working on, and how are you solving these polymer 

sustainability problems? 

My primary research goal is to prepare a polymerization performed in a small-scale 

university laboratory for a large-scale industrial laboratory or factory. I optimize the 

polymerization process by testing different reactor setups making it safer, greener, and more 

efficient. For example, I may take a product stirred in a small glass jar the size of a thumb, and 

mix it in an even bigger glass jar the size of a refrigerator. Or if you don’t need to stir it, I can run 

the reaction mixture through something called a flow reactor, which is just some tubing that allows 

your reaction to occur (a flow reactor is similar to a water faucet except instead of water coming 

out of the faucet, the polymer product comes out). In flow reactors, scaling up production just 

requires faster flow speeds (like turning the faucet on higher) instead of larger reactor volumes. 

But the specific polymerization that I’m studying is a bit trickier to make efficient. 

 

Figure 3. Graphic of small-scale batch, large-scale batch, and flow reactor setups. Approximately 

to scale. 
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I’m studying a polymerization where the building blocks are molecular rings and the 

polymer is made by breaking open these rings and stitching them to the next ring. Normally, the 

rings are hard to break apart, like opening a nut with only your hands. Fortunately, we can use 

molecular nutcrackers—reactive, toxic metals—to crack open up the donuts. After these rings are 

opened, the metal also stitches them together. But since we use toxic metals in the polymerization, 

(1) you can’t use these polymers in any biological applications and (2) discarding them becomes 

an environmental hazard (this ring-opening chemistry is so effective and efficient that it won the 

2005 Nobel Prize for Chemistry). To avoid using these reactive metals, my research group found 

an alternative way to open these rings: we use visible light to crack them! Now that we use light 

instead of metals for the polymerization, we can use these polymer products for any application 

we want, and it’s safer for the environment. 

  

 

Figure 4. My polymerization of focus. It’s called metal-free ring-opening metathesis 

polymerization (MF-ROMP), which is the scientific way to describe that the polymerization 

involves opening up molecular rings! The product polymer can be used as sound-proofing 

material, car plastic, clothing padding, or even oil-spill cleanup material. 

However, using light adds an obstacle towards scaling up the polymer production. How we 

make the polymer is by stirring a liquid in a small glass vial and then shining a bright blue LED 
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on it. But if we try using a bigger glass jar, the light isn’t strong enough and won’t reach the center 

of the jar. (You can think about it like trying to use a flashlight on a faraway object at night—even 

when you use a laser pointer, your light can’t reach the moon!). This is problematic because then 

the polymerization will only occur on the exposed side of the reactor, making the process really 

inefficient. 

Another alternative to a bigger batch reactor is using an unstirred flow reactor. In this case, 

the tubing is usually narrow enough so light penetration isn’t an issue, but now the reaction is 

inefficient for a different reason. Since we can’t stir the reaction solution, the only mixing that 

occurs comes from diffusion (the natural tendency of liquids to mix themselves, try dropping food 

dye in water and watching it mix itself), which creates a significant amount of inconsistency in the 

polymerization process. It’s like adding all the ingredients of cake into an oven without mixing 

it—you won’t make a very good cake! 

 

Figure 5. Graphic of diffusion using purple food dye in water. The leftmost image shows the water 

right before the food dye was added. The adjacent images show how the dye mixes into the water 

via diffusion over time until the dye looks evenly distributed within the water (Even at this last 

point diffusion occurs, but we can no longer observe it because it no longer produces a color 

change). Graphic from BruceBlause CC By 3.0 via Wikimedia Commons.  
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So we can’t achieve an efficient polymerization using a large-scale batch reactor (because 

of light penetration) or a conventional flow reactor (because of mixing issues). So I looked at ways 

the scientists get better mixing in flow reactors, and found something interesting… There’s a 

reactor design where you mix a flow reactor! It’s called droplet flow, and you pump liquid and gas 

through your flow reactor at the same time. This forms liquid droplets sandwiched between gas, 

and doing this actually causes your droplets to mix themselves. Figure 7 shows this droplet flow 

reactor in use; you can see the yellow reaction solution sandwiched between the gas. Even after 

discovering this reactor setup, the polymerization wasn’t efficient yet—I had to figure out what 

gas, temperature, light, and amounts work best. Let’s think about cakes again. To make a great 

cake recipe, you need to know exactly how much of each ingredient to add, what oven temperature 

to use, and how long to cook your cake. You figure this out by comparing to others’ cake recipes, 

learning from your past attempts, and harnessing your baker’s intuition. This is basically how I 

came up with the final reactor optimizations!  

 

Figure 6. Comparison of the different reactor setups specifically for a polymerization that uses 

light.  
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Section 4: What excites you about this research project? What are the results of your 

research? 

Throughout this research project, I worked on the cutting edge of polymer science, 

photoredox chemistry, and reaction engineering, and I got to learn new strategies and techniques 

every day. I’m also proud that this is the most efficient setup to make polymers this way as of 

2023. You can reach 95% polymer conversion (the percentage of donuts that become polymer), 

and you can actually make a few pounds of polymer a month this way! I’ve been in contact with a 

company that’s interested in adopting my reactor setups to help make their polymers more 

sustainable. 

 

Figure 7. Image of the droplet flow reactor in use.  
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