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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.
Transitioning MF-ROMP from a batch to a continuous flow
process has yet to be demonstrated and could potentially benefit
the 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.

In general, products of ring-opening metathesis polymer-
ization (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 (precatalysts).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 vs ambient air) to be particularly alluring
features of flow chemistry when considering the 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 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

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 photo-
catalyst (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 photomediated, spatiotemporally

Received: September 12, 2023
Accepted: October 16, 2023

Letterpubs.acs.org/macroletters

© XXXX American Chemical Society
1479

https://doi.org/10.1021/acsmacrolett.3c00545
ACS Macro Lett. 2023, 12, 1479−1485

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
W

IS
C

O
N

SI
N

-M
A

D
IS

O
N

 o
n 

O
ct

ob
er

 2
3,

 2
02

3 
at

 1
5:

42
:2

5 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vincent+P.+Rigoglioso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+J.+Boydston"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmacrolett.3c00545&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00545?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00545?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00545?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00545?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.3c00545?fig=tgr1&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmacrolett.3c00545?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/macroletters?ref=pdf
https://pubs.acs.org/macroletters?ref=pdf


controlled polymerization with living characteristics.13 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).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 photo-
polymerizations 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, the flow rate,
irradiation setup, temperature control, reactor pressure, tubing
diameter, and residence time must be considered. Being at
subindustrial 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 the quality of mixing, control over reaction
atmosphere, and throughput of the reactor.
Continuous flow reactor designs are commonly used at

research scales, and reagent quantities necessitate slower flow
rates. These subindustrial 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 in which 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 the 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

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 photocontrolled 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 the excited photocatalyst or oxidized enol ether. Evaluated
monomers pictured on the bottom.

Figure 2. Comparison of batch, continuous flow (in the laminar flow
regime), and droplet flow reactor setups upon exposure to irradiation.
Flow velocity profiles shown in black for continuous and droplet flow.
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compatibility with photocontrolled radical polymerizations
(CRPs; Figure 1b).70,71

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 and
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. We
include comparisons of continuous versus droplet flow designs,
optimization of flow conditions, and demonstration of
successful (co)polymerizations using commercially relevant
monomers.
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 test-bed 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 three 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 photo-
catalyst solubility was limited. Therefore, with our current
designs, we chose to study more dilute concentrations. We

evaluated each monomer across the three different flow
reactors to compare monomer conversion, product molecular
weight, and polymer yield.
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 the monomer were initially
encouraging (reaching 80% conversion), attempts to reach
serviceable yields when using DCPD as the 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.
The results from studying norbornene in DF, as summarized

in Figures 4 and 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 photo-
bleaching 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 in-
creased, 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 with 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.
In the flow optimization of DCPD in Table S3.2, we noticed

an influence of the total flow rate on conversion. Figure S3.2
shows that an appropriate balance needs to be found between
the 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,

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.
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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 h and achieved similar

conversions to the 1 h experiments (82% for NB, 55% for
DCPD, and 74% for NB-co-DCPD Table 1, entries 2, 6, and
8). With these 5 h experiments, a slight drift in conversion was
observed presumably due to increased moisture exposure of
the storage vessel, which filled with air as the 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 the residence time to achieve 95% monomer
conversion via DF-N2 (Table 1, entry 4). For TD after
adjusting solvent and reagent concentrations to accommodate
the 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).
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

Figure 4. MF-ROMP reactor comparison: (a) Monomer conversion and (b) equivalent polymer output. Values are 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.

Figure 5. Droplet flow optimization: Gas, pressure, and temperature
trends. NB:1:2 = 65:1:0.05; [NB] = 0.65 M; total flow rate = 0.9 mL/
min; liquid flow rate = 0.3 mL/min.

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

entrya NB:DCPD:TD:1:2 residence time (min) convb (%) Mn
c (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 0.2−0.3 mL/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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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 h 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 a 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 a 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 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 scale-up of MF-ROMP while offering
the operational and safety benefits of flow techniques for
synthesis.
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