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ABSTRACT: Developments in nanomolecular engineering in the last 20 years
have led to the development of technology that uses ultrasonic irradiation in
initiating the polymerization process for wider industrial and commercial
applications. In this experimental study, ultrasound-assisted reversible addition
chain-transfer (Sono-RAFT) polymerization was used to differentiate the effects
of the bulk and continuous flow polymerization methods on three parameters�
monomer conversion, polymer molar mass, and dispersity�using 2-
hydroxyethyl acrylate, N-acryloyl morpholine, and N-dimethylacetamide as
monomer substrates. Experimental results indicate that continuous flow
polymerization demonstrated higher monomer conversion than polymerizations
performed in batch under identical experimental conditions. Furthermore, the increased surface-to-volume ratio inherent to
continuous flow reactors enabled Sono-RAFT at a higher monomer concentration than analogous batch reactions due to the higher
cavitational intensity accessible in tubular microreactors. The key to continuous flow Sono-RAFT was the observation that stainless-
steel microreactors result in increased cavitational intensity and decreased oxygen contamination compared to PFA tubing. We
envision that these findings will further advance the field of mechanochemistry in polymer science and provide an approach to make
sonochemically regulated polymerization more practical and sustainable.

■ INTRODUCTION
In the recent two decades, advances in radical polymerization
have resulted in versatile synthetic methods termed reversible
deactivation radical polymerization (RDRP).1−4 In contrast to
conventional polymerization methods, RDRP enables fine
control over the molar mass and dispersity of the finished
polymer product. Free-radical species that create an equili-
brium between active and dormant chain ends aid in the
development of polymer chains in the RDRP process. The
state of near equilibrium facilitates the simultaneous growth of
all chains, leading to the production of polymers that possess a
defined molar mass and a narrow molecular weight
distribution. The polymerization process, due to its versatility
and precision, has led to the rapid expansion of research in the
field of RDRP,5−8 which holds significant potential for various
industrial and technological applications. Reversible addition−
fragmentation chain-transfer (RAFT) polymerization,9−14

atom transfer radical polymerization (ATRP),15−26 and
nitroxide-mediated polymerization27−31 are the commonly
used RDRP techniques.
Traditionally, RAFT polymerization is initiated using

thermal energy,32,33 light,34,35 enzyme,36,37 redox,38,39 and
magnetic field.40,41 We recently developed a method to initiate
RAFT polymerization using ultrasonic irradiation to generate a
low concentration of radicals.42 The application of ultrasound
in polymerization processes is a versatile technique that can be

utilized across a diverse array of monomers,42−49 solvents,50−52

and polymerization methodologies. These include free-radical
polymerization,53−55 ring-opening polymerization,56,57 and
RDRP,58−61 among others. Uses for ultrasound range from
medical imaging62 and sewage treatment63 to the creation of
drug carriers64 and the dehydration of food and dairy
products.65 The aforementioned outcomes are attained
through diverse ultrasound modalities, including but not
limited to cavitation, vibration, radiation, acoustic scattering,
and acoustic streaming.66 Ultrasound-assisted RAFT (Sono-
RAFT) generates cavitation in water, which stimulates water
sonolysis and generates several physicochemical changes,
including radical generation.42−44,51,61,67 When rarefactive
negative pressure exceeds the attractive forces between water
molecules, a cavity forms, which is filled with solvent vapor,
dissolved gas, or both. The cavities continue to grow until they
form large cavitation bubbles, which expand to unstable sizes
until they violently collapse, generating zones and shock waves
of high temperatures. A portion of the water molecules that
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pass through these cavitation bubbles are decomposed into
hydrogen (•H) and hydroxyl (•OH) radicals. These hydroxyl
radicals subsequently initiate the polymerization reaction in the
presence of a RAFT agent and a monomer (Scheme 1).42 As a
result, depending on the ultimate use, a suitable frequency and
power should be selected. Factors that increase radical
production include increases in temperature, pressure, applied
power, and frequency.68 A steady supply of radical species is
generated in Sono-RAFT reactions to achieve quantitative
monomer conversions, chain activation, and good chain-end
fidelity. In one sense, an adequate radical concentration can
sustain a high reaction rate and monomer conversion within a
given reaction time; on the other hand, the radical
concentration must be low enough to minimize side reactions
that generate dead chains. Ultrasound-mediated polymer-
ization offers a number of benefits compared to thermal or
photochemical processes, such as an accelerated polymer-
ization rate and a lowered polymerization temperature. The
utilization of ultrasound in polymerization reactions has been
found to have several advantages. First, it allows for a reduction
in reaction time due to the increased rate of reaction caused by
cavitation. Moreover, tuning sonication conditions can modify
the radical concentration in the solution either by changing the
reaction frequency or by manipulating the applied power.
Second, it has been observed to enhance the solubility of the
reactants, leading to improved reaction kinetics. Third, the
absence of external initiators or catalysis in ultrasound-assisted
polymerization reactions results in a lower likelihood of
byproduct formation and an increase in the yield of the
polymer product. Lastly, the cavitation process induced by
ultrasound generates a mechanical force that ensures better
mixing and dispersion, which is beneficial in post-polymer-
ization processing. The utilization of aqueous media for
polymerization and the lack of external initiators or catalysts
make ultrasound-mediated polymerization a sustainable
process. Therefore, it is complementary with other mecha-

nisms, such as the photoiniferter RAFT process that is free of
initiators or metal-free RDRP processes.51,66,67

A critical drawback of Sono-RAFT, however, is that poor
cavitational efficiency at higher viscosity limits the approach to
solutions of a low concentration. Evidence for this comes from
our previous study, where polymers with a higher monomer
concentration (>2.5 M) could not be synthesized using Sono-
RAFT.42 Therefore, methods that enable efficient Sono-RAFT
polymerization at a high monomer concentration (i.e., >3 M)
are desirable. Polymerization conducted in continuous reactors
is an emerging area of research and practice due to the
reproducible control of reaction conditions, improved mass
and heat transfer, and ease of scale-up.11,69,70 Early and
contemporary work has demonstrated that RAFT polymer-
ization is well-suited for continuous flow processes.71−73 We
hypothesized that the high surface-to-volume ratio inherent to
the tubular reactors used in continuous flow polymerization
could provide a strategy to enhance the cavitational intensity of
sonochemistry and thus enable Sono-RAFT to proceed at
higher concentrations than were possible in the corresponding
batch process.
Herein, we describe the synthesis of a diverse range of

polymers at a high monomer concentration (>3 M) using
Sono-RAFT polymerization in a flow reactor. The high surface-
to-volume ratio of tubular reactors enabled access to higher
cavitational intensity in the polymerization solution, which
enabled Sono-RAFT at higher concentrations than possible in
previously reported batch processes (Figure 1). A degassing
procedure that leverages oxygen consumption by glucose
oxidase (GOx)12 provided general reaction conditions for the
polymerization of hydroxyethyl acrylate (HEA), N-acryloyl
morpholine (NAM), and N,N-dimethylacrylamide (DMA) in
tubular reactors. We envision the ability to conduct Sono-
RAFT under translationally relevant conditions as well as the
understanding of how the reactor surface area influences
sonochemical reactions will be of value to the polymer science
community.

Scheme 1. Schematic Representation of the Synthesis of PolyHEA via Sono-RAFT

Figure 1. (A) In batch Sono-RAFT polymerization, the viscosity effects in the bulk medium causes reduction of cavitational intensity, thereby
preventing the attainment of quantitative monomer conversions in reaction solutions that exceed 1.5 M. (B) The present study employs stainless-
steel tubing to improve surface area and enhance cavitational intensity, resulting in quantitative monomer conversions of up to 5 M.
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■ RESULTS AND DISCUSSION
Batch Polymerization. Polymerization of the HEA using

Sono-RAFT resulted in the synthesis of poly(2-hydroxyethyl

acrylate) under batch conditions. Two methods were evaluated
to remove oxygen from the reaction solution�sparging with
nitrogen gas or degassing using the reaction of GOx along with
glucose. At a degree of polymerization (DP) of 100 and a
reaction time of 3 h, the effect of the two strategies was
compared in terms of monomer conversion, polymer molar
mass, and dispersity. As indicated in our early work,42,52 the
concentration of the OH radical in the system was measured

via spectroscopic technique. The monomer conversion was
higher in experiments carried out with GOx degassing
compared to N2 degassing (Table 1). In both degassing
methods, the observed molar masses closely matched those of
the theoretical molar masses of polyHEA invariate of
concentration (Table 1). HEA may interact strongly with the
stationary phase of a chromatographic column. These
interactions can cause the compound to adsorb more strongly
to the stationary phase, resulting in slower elution and tailing
peaks (Figure 2).
Oxygen can inhibit the polymerization reaction, resulting in

a polymer with a lower molar mass and a slower rate of
monomer conversion. GOx degassing is more effective at
removing oxygen because GOx removes oxygen by converting
glucose to gluconic acid and hydrogen peroxide, which reacts
with oxygen to form water and oxygen. This reaction helps
maintain a low oxygen concentration throughout the reaction
by removing oxygen from the reaction solution. Experiments
with GOx degassing revealed a higher monomer conversion
rate than those with N2 degassing (Table 1). This suggests
that GOx is more effective at removing oxygen from the
reaction solution, resulting in a more thorough polymerization
of the monomers. Consequently, GOx was used to conduct
degassing for all subsequent reactions.

Continuous Polymerization. We sought to test our
hypothesis that the higher surface-to-volume ratio in tubular
reactors would improve cavitational flux and thereby improve
the ability to synthesize polymers via Sono-RAFT with a higher
monomer concentration. To begin, polymerization of HEA
was conducted in either PFA or SS microreactors. PFA is the
most popular material for flow polymerization reactors due to
its flexibility and transparency. Sono-RAFT reactions are
extraordinarily sensitive to oxygen, but oxygen diffusion
through PFA tubes is substantial.24−28 This is evident from
the significant decreases in monomer conversion observed
between PFA tubular reactors and steel reactors (Figure 3).
Moreover, these effects were more pronounced at higher
monomer concentrations (Table 2). We hypothesized that the
material properties of PFA account for the lower yields. PFA is
susceptible to oxygen permeation, thereby increasing the
likelihood of chain-end reduction and polymerization termi-
nation. In addition, elastic PFA tubing attenuates ultrasound,
which decreases the cavitational intensity, particularly at higher
monomer concentrations (>3 M). While the continuous flow
method increases the surface area of the reaction vessel, the
inability of PFA tubing to leverage this benefit and maintain
the maximum cavitational intensity indicates that PFA is not
the optimal material for the Sono-RAFT reactions.
We were motivated to investigate the use of SS for

continuous polymerization due to the fact that steel resonates
sound waves, which could potentially enhance the acoustic
cavitation of the reaction. The steel tubing focuses the sound

Table 1. Theoretical and Observed Molecular Weights under N2 and GOx Degassing Methods

batch�N2 degassed batch�GOx degassed

[M] DPn

monomer conversion
(%)*

MnTheo
(g mol−1)a

MnObs
(g mol−1)b Đ

monomer conversion
(%)*

MnTheo
(g mol−1)a

MnObs
(g mol−1)b Đ

time
(h)

1.0 M 100 98 11,700 11,700 1.01 98 11,700 11,300 1.02 3
3.0 M 100 71 8500 8200 1.04 89 10,600 10,400 1.03 3
5.0 M 100 50 6100 5900 1.21 77 9200 9600 1.08 3

aDefined as Mn,th = (conv. × DPn) × MWmon + MWTTC, where DPn = [HEA]0/[TTC]0.
bCalculated via GPC−MALS using ASTRA software.

*Determined via 1H NMR spectroscopy.

Figure 2. GPC chromatograms of polyHEA in water at room
temperature carried out in a batch method with degassing by nitrogen
(N2) and GOx.

Figure 3. GPC chromatograms of chain extensions of polyHEA in
water at room temperature carried out in the continuous flow method
in PFA and SS microreactors.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.3c00816
Macromolecules 2023, 56, 6920−6927

6922

https://pubs.acs.org/doi/10.1021/acs.macromol.3c00816?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00816?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00816?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00816?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00816?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00816?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00816?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00816?fig=fig3&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c00816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


waves in a specific location, increasing the cavitation’s intensity
and enhancing the process’s efficiency. In addition, the use of
steel tubing can prevent the loss of ultrasonic energy that may
occur if the liquid is allowed to spread out too much. The

tubing can function as a waveguide, directing sound impulses
into the liquid and allowing them to travel without significant
attenuation. Unlike PFA tubing, stainless steel is neither
transparent nor air-permeable, making it a highly desirable
microreactor material. Overall, steel tubing can improve the
efficacy of ultrasound cavitation by providing a more efficient
and concentrated method for generating and controlling the
cavitation process. According to our investigations, the Sono-
RAFT polymerization of HEA under continuous flow
conditions in a stainless-steel reactor resulted in quantitative
monomer conversion at all measured concentrations, which is
an improvement over batch reactions in a glass reactor (Table
2). These data are consistent with Hornung et al.’s observation
that a SS microreactor provided better oxygen-free conditions
and improved monomer conversions.71

Non-ideal conditions for the polymerization reaction may
arise due to inadequate temperature control, poor mixing, or
variations in reactant concentrations within the flow tube due
to low flow rates. The presence of such conditions may
enhance the probability of side reactions or modify the
reaction kinetics, which could lead to the production of
unintended products. Unlike batch polymerization, polymers
produced via continuous flow indicated the presence of
shoulder in the gel permeation chromatography (GPC) curves
and the dispersity of these polymers were slightly higher than
those produced by the batch method. It is hypothesized that
the presence of shoulders in the GPC curves can be attributed
to inhomogeneity in the flow process. In order to alleviate
undesired reactions in flow tube polymerizations, it is crucial to
careful optimize the reaction parameters such as the temper-
ature regulation, reactant concentrations, applied power,
ultrasound frequency, and residence time.74,75 Furthermore,
the judicious choice and configuration of the flow tube,
coupled with effective mixing and reaction regulation, can
mitigate the prevalence of undesired reactions.

Relative Effects of Batch and Continuous Flow
Methods on Monomer Conversion. The present study
aimed to evaluate the central hypothesis that the employment
of continuous flow tubular reactors with a high surface-to-
volume ratio would amplify the cavitational intensity of

Table 2. Theoretical and Observed Molecular Weights of PolyHEA in PFA and SS Microreactors

continuous flow�PFA continuous flow�steel

[M] DPn

monomer conversion
(%)*

MnTheo
(g mol−1)a

MnObs
(g mol−1)b Đ

monomer conversion
(%)*

MnTheo
(g mol−1)a

MnObs
(g mol−1)b Đ

time
(h)

1 M 100 74 8900 8400 1.31 99 11,800 11,600 1.13 3
3 M 100 40 4900 4600 1.26 99 11,800 11,600 1.15 3
5 M 100 --- --- --- --- 98 11,700 10,800 1.17 3

aDefined as Mn,th = (conv. × DPn) × MWmon + MWTTC, where DPn = [HEA]0/[TTC]0.
bCalculated via GPC−MALS using ASTRA software.

*Determined via 1H NMR spectroscopy.

Figure 4. GPC chromatograms of chain extensions of polyDMA (A)
and polyNAM (B) in water at room temperature carried out in the
continuous flow method in the SS microreactor.

Table 3. Theoretical and Observed Molecular Weights of PolyDMA in Batch and Continuous Flow Methods

monomer
conversion

(%)* batch continuous flow

[M] DPn batch flow MnTheo (g mol−1)a MnObs (g mol−1)b Đ MnTheo (g mol−1)a MnObs (g mol−1)b Đ time (h)

1 M 100 93 99 9800 9700 1.06 10,100 9900 1.04 4
3 M 100 93 99 9500 9600 1.03 10,100 9800 1.03 4
5 M 100 --- 98 --- --- --- 10,000 11,300 1.27 4

aDefined as Mn,th = (conv. × DPn) × MWmon + MWTTC, where DPn = [HEA]0/[TTC]0.
bCalculated via GPC−MALS using ASTRA software.

*Determined via 1H NMR spectroscopy.
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sonochemistry. We have calculated the surface areas of the
batch and flow reactors, and they are 56.6 and 250.0 cm2,
respectively. The surface area of the flow reactor is
approximately five times that of the batch reactor. Moreover,
the introduction of ultrasonic waves into the batch reactor
occurs via the bottom part of the vial, which possesses a
reduced surface area in comparison to the flow reactor.
Consequently, an increase in viscosity results in a decrease in
cavitational intensity, which subsequently leads to a reduction
in monomer conversion. The larger surface area affords more
sites for bubble nucleation, resulting in more intense cavitation.
In addition, they cause a greater number of reactant molecules
to be exposed to the cavitational bubble, which increases
reaction rates and conversion efficiencies. This, in turn, would
facilitate the Sono-RAFT process to operate at elevated
concentrations, surpassing the limits of the corresponding
batch process.
Continuing from our prior work, these experiments were

carried out in stainless-steel tubing under continuous flow
conditions, utilizing GOx to remove oxygen from the solution.
Polymerization of HEA was observed to occur across all
concentrations evaluated (ranging from 1.0 to 5.0 M with
respect to the monomer) under both batch and flow
conditions. The experimental results indicate that the
conversion of HEA in the batch mode exhibits a negative
correlation with an increasing concentration, ultimately
plateauing at 77% after a reaction time of 3 h at a
concentration of 5.0 M. The monomer conversion of HEA
during polymerization in continuous flow at 5.0 M was found
to be 98%. This is believed to be a result of the increased
cavitational intensity facilitated by the high surface-to-volume
ratio of the tubular reactors. To understand if the benefits
engendered by continuous flow are general, we explored this
Sono-RAFT approach to other monomers, including DMA and
NAM. For these two substrates, the positive influence of using
tubular reactors is more pronounced.
Dispersity (Đ) is a measure of molecular weight distribution,

and it is a very important parameter to determine the control
and homogeneity of the polymerization reaction. At a lower
monomer concentration (up to 3 M), the polymers produced
via batch and continuous methods exhibit narrow and
monomodal indicating well-controlled and homogeneous
synthesis (Figure 4). Additionally, the observed molecular
weight is identical to the theoretical molecular weight for both
pDMA and pNAM. Due to the nature of the monomer, the
dispersities of pDMA and pNAM at 5 M monomer
concentrations were slightly higher compared to pHEA but
still was measured to be less than 1.3. Nevertheless, as we
increased the monomer concentration to 5 M in the batch
method, the monomer conversion reduced significantly
presumably due to the high viscosity of the medium and

therefore low cavitational intensity. In contrast, continuous
flow conditions resulted in monomer conversions of 98 and
95% for pDMA and pNAM, respectively, at monomer
concentrations of 5 M (Tables 3 and 4).
Clear trends emerge across the three monomers studied: the

use of stainless-steel tubular reactors under continuous flow
conditions enables Sono-RAFT polymerizations to proceed at
a high monomer concentration. This is significant for the
continued development and translation of Sono-RAFT because
decreasing solvent usage reduces cost, minimizing solvent
wasted enhances sustainability, and continuous production
provides a pathway for scale-up that does not require
excessively large ultrasound devices.

■ CONCLUSIONS
We report a continuous flow method for Sono-RAFT that has
distinct advantages over the corresponding batch process.
Most prominently, continuous flow Sono-RAFT enables
polymerization at higher concentrations than in batch
chemistry. The continuous flow Sono-RAFT polymerizations
result in high monomer conversion and good agreement
between the targeted and observed molar mass and dispersity
values. Key to continuous flow Sono-RAFT was the
observation that SS microreactors result in increased cavita-
tional intensity and decreased oxygen contamination compared
to PFA tubing. The benefits of continuous flow Sono-RAFT
method were observed for all three monomers studied (HEA,
DMA, NAM), which vary in both different structure and
reactivity. The advancement of Sono-RAFT in the future is
expected to involve the integration of automation and real-time
monitoring into advanced continuous processes. These
innovations aim to improve continuous polymerization
control, efficiency, and sustainability even more. In addition,
the investigation of new monomers, effect of reactor surface
area, applied power, and frequency can result in the
development of novel polymerization techniques with
enhanced properties and a broader range of applications.
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Table 4. Theoretical and Observed Molecular Weights of PolyNAM in Batch and Continuous Flow Methods

monomer
conversion

(%)* batch continuous flow

[M] DPn batch flow MnTheo (g mol−1)a MnObs (g mol−1)b Đ MnTheo (g mol−1)a MnObs (g mol−1)b Đ time (h)

1 M 70 99 99 10,100 10,200 1.12 10,100 10,000 1.24 4
3 M 70 97 97 9800 9600 1.18 9800 9700 1.15 4
5 M 70 --- 95 --- --- --- 9600 9000 1.31 4

aDefined as Mn,th = (conv. × DPn) × MWmon + MWTTC, where DPn = [HEA]0/[TTC]0.
bCalculated via GPC−MALS using ASTRA software.

*Determined via 1H NMR spectroscopy.
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(63) Ibáñez, M.; Lor, E. G.; Bijlsma, L.; Morales, E.; Pastor, L.;
Hernández, F. M. Removal of emerging contaminants in sewage water
subjected to advanced oxidation with ozone. J. Hazard Mater. 2013,
260, 389−398.
(64) Gao, Z.; Zhu, H.; Li, X.; Zhang, P.; Ashokkumar, M.; Cavalieri,
F.; Hao, J.; Cui, J. Sono-polymerization of poly (ethylene glycol)-
based nanoparticles for targeted drug delivery. ACS Macro Lett. 2019,
8, 1285−1290.
(65) Ashokkumar, M.; Bhaskaracharya, R.; Kentish, S.; Lee, J.;
Palmer, M.; Zisu, B. The ultrasonic processing of dairy products − An
overview. Dairy Sci. Technol. 2010, 90, 147−168.
(66) Kumar, A. R. S. S.; Padmakumar, A.; Kalita, U.; Samanta, S.;
Baral, A.; Singha, N. K.; Ashokkumar, M.; Qiao, G. G. Ultrasonics in
polymer science: applications and challenges. Prog. Mater. Sci. 2023,
136, 101113.
(67) Padmakumar, A. K.; Kumar, A. R. S. S.; Allison-Logan, S.;
Ashokkumar, M.; Singha, N. K.; Qiao, G. G. High chain-end fidelity in
sono-RAFT polymerization. Polym. Chem. 2022, 13, 6140−6148.
(68) Bhangu, S. K.; Ashokkumar, M. Theory of Sonochemistry. In
Sonochemistry: From Basic Principles to Innovative Applications;
Colmenares, J. C., Chatel, G., Eds.; Springer International Publishing:
Cham, 2017, pp 1−28.
(69) Zaquen, N.; Rubens, M.; Corrigan, N.; Xu, J.; Zetterlund, P. B.;
Boyer, C.; Junkers, T. Polymer synthesis in continuous flow reactors.
Prog. Polym. Sci. 2020, 107, 101256.
(70) Reis, M. H.; Leibfarth, F. A.; Pitet, L. M. Polymerizations in
continuous flow: recent advances in the synthesis of diverse polymeric
materials. ACS Macro Lett. 2020, 9, 123−133.
(71) Hornung, C. H.; Guerrero-Sanchez, C.; Brasholz, M.; Saubern,
S.; Chiefari, J.; Moad, G.; Rizzardo, E.; Thang, S. H. Controlled RAFT
polymerization in a continuous flow microreactor. Org. Process Res.
Dev. 2011, 15, 593−601.
(72) Reis, M.; Gusev, F.; Taylor, N. G.; Chung, S. H.; Verber, M. D.;
Lee, Y. Z.; Isayev, O.; Leibfarth, F. A. Machine-Learning-Guided
Discovery of 19F MRI Agents Enabled by Automated Copolymer
Synthesis. J. Am. Chem. Soc. 2021, 143, 17677−17689.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.3c00816
Macromolecules 2023, 56, 6920−6927

6926

https://doi.org/10.3390/polym12071481
https://doi.org/10.1071/ch05072
https://doi.org/10.1071/ch05072
https://doi.org/10.1002/marc.202270003
https://doi.org/10.1039/d1py01530c
https://doi.org/10.1039/d1py01530c
https://doi.org/10.1039/d1py01530c
https://doi.org/10.1039/d1py01530c
https://doi.org/10.1002/ange.202202033
https://doi.org/10.1002/ange.202202033
https://doi.org/10.1016/j.xcrp.2021.100487
https://doi.org/10.1016/j.xcrp.2021.100487
https://doi.org/10.1002/pola.29318
https://doi.org/10.1002/pola.29318
https://doi.org/10.1071/ch19109
https://doi.org/10.1071/ch19109
https://doi.org/10.1071/ch19109
https://doi.org/10.1002/app.20073
https://doi.org/10.1002/app.20073
https://doi.org/10.3390/pr5020015
https://doi.org/10.3390/pr5020015
https://doi.org/10.1002/anie.201706771
https://doi.org/10.1021/acs.macromol.8b01606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d0py00461h
https://doi.org/10.1039/d0py00461h
https://doi.org/10.1039/d0py00461h
https://doi.org/10.1021/jp9114817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9114817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ultsonch.2007.01.009
https://doi.org/10.1016/j.ultsonch.2007.01.009
https://doi.org/10.1515/epoly.2005.5.1.273
https://doi.org/10.1515/epoly.2005.5.1.273
https://doi.org/10.1515/epoly.2005.5.1.273
https://doi.org/10.1016/j.cej.2007.05.015
https://doi.org/10.1016/j.cej.2007.05.015
https://doi.org/10.1016/j.cej.2007.05.015
https://doi.org/10.1016/j.cep.2014.08.007
https://doi.org/10.1016/j.cep.2014.08.007
https://doi.org/10.1126/science.150.3701.1288
https://doi.org/10.1126/science.150.3701.1288
https://doi.org/10.1021/acs.macromol.8b01845?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01845?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d2py00982j
https://doi.org/10.1039/d2py00982j
https://doi.org/10.1021/ja01514a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01514a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1289/ehp.8564233
https://doi.org/10.1289/ehp.8564233
https://doi.org/10.1016/s1350-4177(00)00068-7
https://doi.org/10.1016/s1350-4177(00)00068-7
https://doi.org/10.1016/s1350-4177(00)00068-7
https://doi.org/10.1002/app.1993.070480314
https://doi.org/10.1002/app.1993.070480314
https://doi.org/10.1016/s0014-3057(02)00056-3
https://doi.org/10.1016/s0014-3057(02)00056-3
https://doi.org/10.1016/s0014-3057(02)00056-3
https://doi.org/10.1016/j.ultsonch.2017.08.011
https://doi.org/10.1016/j.ultsonch.2017.08.011
https://doi.org/10.1016/j.ultsonch.2018.08.022
https://doi.org/10.1016/j.ultsonch.2018.08.022
https://doi.org/10.1016/j.ultsonch.2018.08.022
https://doi.org/10.1002/chem.201803771
https://doi.org/10.1002/chem.201803771
https://doi.org/10.1039/d1na00120e
https://doi.org/10.1039/d1na00120e
https://doi.org/10.1039/d1na00120e
https://doi.org/10.1038/nrd1417
https://doi.org/10.1038/nrd1417
https://doi.org/10.1016/j.jhazmat.2013.05.023
https://doi.org/10.1016/j.jhazmat.2013.05.023
https://doi.org/10.1021/acsmacrolett.9b00576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.9b00576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1051/dst/2009044
https://doi.org/10.1051/dst/2009044
https://doi.org/10.1016/j.pmatsci.2023.101113
https://doi.org/10.1016/j.pmatsci.2023.101113
https://doi.org/10.1039/d2py00982j
https://doi.org/10.1039/d2py00982j
https://doi.org/10.1016/j.progpolymsci.2020.101256
https://doi.org/10.1021/acsmacrolett.9b00933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.9b00933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.9b00933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op1003314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op1003314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c08181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c08181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c08181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c00816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(73) Taylor, N. G.; Reis, M. H.; Varner, T. P.; Rapp, J. L.; Sarabia,
A.; Leibfarth, F. A. A dual initiator approach for oxygen tolerant
RAFT polymerization. Polym. Chem. 2022, 13, 4798−4808.
(74) Reis, M. H.; Varner, T. P.; Leibfarth, F. A. The influence of
residence time distribution on continuous-flow polymerization.
Macromolecules 2019, 52, 3551−3557.
(75) Rubens, M.; Vrijsen, J. H.; Laun, J.; Junkers, T. Precise polymer
synthesis by autonomous self-optimizing flow reactors. Angew. Chem.
2019, 131, 3215−3219.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.3c00816
Macromolecules 2023, 56, 6920−6927

6927

https://doi.org/10.1039/d2py00603k
https://doi.org/10.1039/d2py00603k
https://doi.org/10.1021/acs.macromol.9b00454?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b00454?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ange.201810384
https://doi.org/10.1002/ange.201810384
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c00816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

