7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Mechanism and modelling of photo-mediated
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Here, we report the modelling of photo-mediated RAFT step-growth polymerization kinetics of male-
imide and acrylate monomers with bifunctional RAFT agents bearing tertiary carboxyalkyl stabilized frage-
mentable R groups. We demonstrate that the kinetics for both photo-iniferter and PET-RAFT step-growth
polymerizations display a three-half order dependence on monomer conversion. Modelling photo-inifer-
ter RAFT step-growth for both monomer classes discloses that acrylate monomers exhibit lower k.,
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values compared to maleimide monomers; however, modelling PET-RAFT step-growth indicates that
acrylate monomers exhibit higher k,p, values compared to maleimide monomers. Furthermore, with the
kinetics of thermally-initiated RAFT step-growth, we compare and summarize the kinetic trends based on
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Introduction

Reversible addition fragmentation chain transfer (RAFT)
polymerization is a controlled radical polymerization tech-
nique that governs uniform chain growth through a degenera-
tive chain transfer mechanism.' Despite the many advan-
tageous aspects of RAFT polymerization (such as the user
friendly nature and high functional group tolerance), the poly-
mers are predominantly limited to all carbon backbones, thus
limiting their potential applications.® On the other hand, step-
growth polymerization proceeds through the reaction of two
functional groups to generate polymers in a stepwise manner,
allowing desired functionality to be incorporated into the
backbone. However, traditionally, step-growth polymerization
requires harsh conditions to achieve high monomer conver-
sion and molecular weight polymers.*

RAFT step-growth synergistically combines the user-friendly
nature and high functional group tolerance of RAFT with the
versatility in backbone functionality from step-growth, allow-
ing for highly functional polymers to be synthesized with
ease.” ! RAFT step-growth employs bifunctional chain transfer
agents (CTA) and monomers that proceeds through a single
unit monomer insertion (SUMI) mechanism (Scheme 1).
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monomer class, solvent selection, and initiation methods.

Initial reports of RAFT step-growth employed heat and exogen-
ous radical sources (e.g., azo initiators) to generate the radicals
used in the RAFT step-growth cycle, akin to thiol-ene
polymerization.>”>''"* More recently, light as an initiation
technique both with and without a photocatalyst has emerged
as a viable alternative to initiate RAFT step-growth (Scheme 1A
and B).>'> As RAFT agents can directly absorb light to generate
radicals, they can directly initiate polymerizations without the
use of exogenous radical sources or photocatalyst
(Scheme 1A).'*2° This principle, introduced by Otsu, employs
thiocarbonylthio compounds as the initiator source, transfer
agent, and terminating source (photo-iniferter) under UV
light.'® On the other hand, photo-induced electron/energy
transfer (PET) RAFT employs a photocatalyst that, in an excited
state, either transfers an electron or triplet energy to the RAFT
agent, subsequently fragmenting the RAFT agent to generate
the radicals initiating the polymerization (Scheme 1B).*!

In previous work, we developed a kinetic model for ther-
mally initiated RAFT step-growth of maleimides and acrylate
monomers using CTAs bearing tertiary carboxyalkyl fragmenta-
ble R groups.”* In that model, we demonstrated that these
monomer classes follow first order kinetics with respect to
monomer concentration when polymerized in the presence of
exogenous radical sources, such as AIBN. Furthermore, it was
demonstrated that acrylates exhibit lower apparent rate con-
stants (kapp) compared to maleimide monomers. Additionally,
rate of polymerization for both monomer classes was shown to
have [1]"* dependence on initiator concentration.

Here, we extend the kinetic analysis to photo-iniferter and
PET-RAFT step-growth for maleimides and acrylates with
trithiocarbonates (Scheme 1D). Identifying rate order with
respect to monomer provides valuable and necessary insight
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Scheme 1 (A) Photo-iniferter RAFT step-growth mechanism. (B)
PET-RAFT step-growth mechanism. (C) Relative radical stability of back-
bone derived radical (M") and RAFT agent derived radical (R’) (D) mono-
mers used in this study.

for optimizing reaction conditions. These systems involve two
activation pathways (Scheme 1A and B): cleavage of the end-
group RAFT agent (activation pathway I) and cleavage of the
backbone RAFT agent (activation pathway II).% The radicals gen-
erated by these activation pathways differ in stability, with the
end-group cleavage producing a tertiary stabilized radical,
whereas backbone RAFT agent yields a secondary radical of
lower stability (Scheme 1C). Consequently, activation pathway 1
is expected to be the dominant pathway.

Results and discussion

ESR spin trapping studies to elucidate initiation mechanism
for photo-iniferter and PET-RAFT step-growth

To verify this preference for activation pathway I, we performed
electron spin resonance (ESR) spectroscopy spin trapping
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experiments using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as
a spin trap to form stable radical adducts detectable by ESR.*?
We employed 3 equivalence of DMPO and 1 equivalence of
RAFT agent, and this mixture was then irradiated with light at
Amax = 405 nm for 15 minutes before recording the X-band ESR
spectra. Two series of six hyperfine lines were observed for 2-
(butylthiocarbonothioylthio)-2-methylpropanoic acid (BDMAT)
in both 1,4-dioxane and toluene, indicating that direct photo-
lysis of the end group RAFT agent (activation pathway I) occurs
(Fig. 1A and S2t). In contrast, no discernible signals were
detected for the maleimide SUMI adduct or (propanoic acid)yl
butyl trithiocarbonate (PABTC), corresponding to the RAFT
agent on the maleimide backbone and acrylate backbone,
respectively, suggesting that photolysis of the backbone RAFT
agent (activation pathway II) does not occur (Fig. 1B and C).
Additionally, control experiments were performed by separately
irradiating either DMPO or the RAFT agent with A;,,,x = 405 nm
for 15 minutes, where no obvious signals were observed
(Fig. S3-S8t). Notably, these ESR experiments were conducted
at different wavelengths compared to the RAFT step-growth
polymerizations (Amax = 458, 514, and 625 nm), so differences
in radical generation may vary slightly under the poly-
merization conditions. Nevertheless, these results strongly
suggest that activation pathway I is the predominant mecha-
nism in photo-mediated RAFT step-growth, enabling the sim-
plification of the reaction mechanism by excluding activation
pathway II.

Derivation of rate of polymerization (R) for photo-iniferter
and PET RAFT step-growth

We next investigated the mechanism and observed kinetics for
photo-iniferter RAFT step-growth further by developing a
kinetic model based on the proposed mechanism
(Scheme 1A), involving 5 species: the monomer (M), RAFT
agent (CTA), as well as three radical species generated by the
cycle (backbone derived radical (M’), RAFT agent derived
radical (R’), and chain transfer intermediate adduct radical
(CTA"). For simplicity, we did not consider thiocarbonyl
thionyl radical intermediates formed by RAFT agent photo-
lysis, nor any related termination, reversible deactivation, or
side reactions. Additionally, we excluded the reverse chain-
transfer process because the end-group CTA bears a more
stabilized fragmentable group (R’) compared to the monomer-
derived radical (M").

In our previous work on thermally initiated RAFT step-
growth, we defined a set of eqn (1)-(5) to represent each
species involved. Eqn (1) and (2) describe the consumption of
monomer via addition to the R’ radical and the consumption
of RAFT agent via addition to the M’ radical, respectively. In
the photo-iniferter context, eqn (2) also includes an additional
term to account for RAFT agent consumption through acti-
vation pathway I. Meanwhile, eqn (3)-(5) outline the concen-
tration profiles of the three intermediate radical species in the
RAFT step-growth cycle, encompassing initiation (in eqn (4)),
termination, and the overall generation and consumption of
radicals.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 X-band electron spin resonance (ESR) spectra of 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and different RAFT agents: (A) BDMAT in toluene,
(B) SUMI adduct in 1,4-dioxane, and (C) PABTC in toluene, after irradiation with light at Aax = 405 nm for 15 minutes, [DMPO]y : [RAFT agent]o = 1: 3,

[RAFT agent]p = 0.25 M.

CLUNPAS " R(R) = ko MR + 2ka[R + ks [R][CTAT  (8)
djcTa) R(CTA’) = kg [M][CTA’] + kis[R'][CTA’] + 2ki[CTA']>  (9)
S = ~huaa[CTAI M) — ki [CTA] @)

R =R(M’) + R(R") + R (CTA") (10)

% = —R(M") + k[M][R’] — kaqq[CTA][M’] (3) The rate of polymerization (R;,) can be analytically solved
t using eqn (1)—-(10). Consumption rates of monomer and RAFT
d[R'] agent can be assumed to be equal, and therefore, eqn (1) and
K — Re(R") = Ki[M][R"] + Krag [CTA’] (4)  (2) can be set equal. Furthermore, the steady state approxi-
mation can be adopted, allowing for eqn (3)-(5) to be set equal

d[CTA"] . . . to zero, giving eqn (11). A more detailed derivation of eqn (11)

= —R((CTA") — TA TA||M
dt ((CTAY) — Kiag [CTA'] + Kaaa[CTAIM'] (5) can be found in the ESL}
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k[cTA] [ — - - - —a( =2k — - - + kpi[CTA
[Tl kaaa kagaa* \/ kaaa Kaaa® © kaaa  Kaad? Kaaa® n[CTA
Rp = (11)

4 <_kt -

The initiation rate (R;) accounted for in eqn (3) is defined
by eqn (6), where kp; is the rate of photoactivation of the end
group RAFT agent, and [CTA] is the concentration of RAFT
agent. Rates of termination (R,(M"), R(R’), and R,(CTA")) or
consumption of radical intermediates by radical-radical ter-
mination are shown below in eqn (7)-(9). Notably, all termin-
ation events are assumed to be equally likely, thus (ki1 kio, ki3,
ks, kis, and ki) are all equal and can be further defined by a
general termination kinetic parameter (k). Furthermore, eqn
(7)-(9) can be summed together to give a general rate of ter-
mination (R,) (eqn (10)).

R = —kpr [CTA}

(6)

R(M") = 2k [M']* + ko [M'][R'] + ki3 [M'][CTA’] 7)

This journal is © The Royal Society of Chemistry 2025

kike kizkt)
kagd  Kada®
Eqn (11) can be simplified by assuming that monomer
addition to R’ species is the rate limiting step (kaad, ktrag > ki)-
This assumption is supported by previous studies on RAFT
step-growth of acrylate and maleimide monomers with tertiary
stabilized fragmentable carboxyalkyl RAFT agent.'®?*> Under
this assumption, eqn (11) reduces to eqn (12). Note, the
monomer and RAFT agent concentrations are set equal ([M] =

[CTA]) to each other as RAFT step-growth requires stoichio-
metric balance.

o kiv/8kpr
- avk

Eqn (12) indicates that the rate of polymerization for photo-
iniferter RAFT step-growth is proportional to monomer con-

Ry M]*? (12)
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centration raised to the three-half power (R, o« [M]*?).
Furthermore, an apparent rate constant (k,pp, pr) can be derived
from eqn (12) as shown in eqn (13) below.

kPI

Z_kt (13)

kappAPI = ki

Integrating eqn (12) gives the following time dependent

expression (eqn (14)), which is consistent with established lit-

erature for kinetic modelling of photo-mediated RAFT SUMI
processes.”*

1 _ 1 — ;
M, M,

A similar approach can be applied to model PET-RAFT step-
growth Kkinetics. In this case, eqn (S10)-(S19)7 describe the
mechanism in Scheme 1B, where kg4 is the rate of photo-dis-
sociation and [PC*] is the concentration of photocatalyst. As
with the photo-iniferter system, activation pathway II is con-
sidered negligible and is therefore omitted. These equations
can be analytically solved to give the rate of polymerization
(Rp), which can be further simplified by assuming k; as the rate
limiting step (eqn (15)). A more detailed derivation of R, is pro-
vided in the ESL{

(14)

. ki\/ Skd [PC*] 3/2
Rp = Tk M]

Akin to photo-iniferter RAFT step-growth, PET-RAFT step-
growth displays a three-half order dependance on monomer
concentration (R, o [M]*?). Furthermore, an apparent rate con-
stant for PET-RAFT can be defined (k.pp per) in eqn (16). Again,
integrating eqn (15) gives the same time dependent relation-
ship seen with photo-iniferter RAFT step-growth (eqn (14)).>*

(15)

_:g:_

OO0,

—
= S
ZJ\SSJ\Z
A 5+ _._i':;sear Fit (t0-16.0 hr) B
4
= /
| e s
= 1] Kapp,pi = 0.27 M-2/2 hrl -
= R2=0.99
0-

10 20 30 40 50
Time (hr)

o4

View Article Online

Polymer Chemistry

ka [PC*}
Zkt

kappﬁPET =ki (16)

Kinetic analysis of photo-iniferter RAFT step-growth

Experimental photo-iniferter RAFT step-growth polymerization
data for maleimide and acrylate monomers (Scheme 1D) can
be fit using the model predictions from eqn (14) (Fig. 2). As a
result, experimental data of RAFT step-growth polymerization
of CTA, with N,N-(1,4-phenylene)dimaleimide, M,,, under
blue, green, and red light (458 nm, 514 nm, and 625 nm,
respectively) in tetrachloroethane (TCE) ([M]o:[CTA;]y =
0.5:0.5 M) was plotted with linear regressions applied from 0
to 16.0 hours (Fig. 2A, Table S1, and Fig. S97). Both blue and
green light conditions displayed kapp,pr values of 0.27 M~ h™*
with R” values above 0.98; on the other hand, the red light con-
dition resulted in a much slower rate with a kupppr value of
0.03 M™"? h™" and an R* value of 0.99. The reduced rate for
the red light condition is a result of the minimal overlap of the
n-n* symmetry forbidden transition of the RAFT agent.®”’
Interestingly, all three light conditions display a plateau in the
kinetics at increasing monomer conversion, which may result
from competing light absorption by newly formed backbone
CTA species and the progressively lower end-group CTA con-
centration (Fig. 2A, Table S1, and Fig. S9%).

Similarly, experimental data of photo-iniferter RAFT step-
growth for 1,6-hexanediol diacrylate with CTA, under blue and
green light (458 nm and 514 nm, respectively) in dimethyl for-
mamide (DMF) ([M,]o : [CTA;]o = 1.0 : 1.0 M) can be plotted and
fitted with linear regressions from 0 to 24.0 hours (Fig. 2B,
Table S2 and Fig. $107)."® Both blue and green light conditions
displayed kapp,pr values of approximately 0.2 M~"> h™" with R*
values above 0.99. The observed lower k,p, value for the

5. ——M,
=) Linear Fit (t0-24.0 hr)
= —— Linear Fit (t0-16.0 hr)
= 4
e
: " i
| | N OSSN NF
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Fig. 2 Kinetic analysis of photo-iniferter RAFT step-growth under blue light irradiation (458 nm) with CTA; and (A) M5,, a bismaleimide, and (B) Mg,

a diacrylate.
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polymerization of acrylates compared to maleimide monomers
tracks with previous results seen for these monomer classes
under thermally initiated RAFT step-growth conditions,>?
which can be attributed to slower monomer addition to the R’
species for acrylates compared to maleimides. Interestingly,
unlike monomer M,,, monomer M,z did not display a plateau
in the kinetics at high monomer conversion, which we attri-
bute to some degree of homopropagation as was reported pre-
viously for this monomer."®

Kinetic analysis of PET-RAFT step-growth

Next, we fit experimental PET-RAFT step-growth polymeriz-
ation data for maleimide and acrylate monomers (Scheme 1D)
using the model predictions from eqn (14) (Fig. 3).
Experimental data for PET-RAFT step-growth polymerization of
M, with CTA, and zinc tetraphenyl porphyrin (ZnTPP) as the
photocatalyst under blue, green, and red light (458 nm,
514 nm, and 625 nm, respectively) in TCE
(M3]o : [CTA,]o : [ZnTPP], = 0.5:0.5:0.005 M) can be plotted
with linear regressions applied from 0 to 48.0 hours (Fig. 3A,
Table S3 and Fig. S117).® All three light conditions displayed
kapp,per values of approximately 0.1 M~"> h™" with R” values of
0.99. Interestingly, PET-RAFT step-growth of maleimides
results in reduced polymerization rate compared to photo-ini-
ferter RAFT step-growth, which contrasts the observed kinetics
for chain-growth, where PET-RAFT is faster than RAFT-inifer-
ter.”® In literature, computational data has shown that ZnTPP
forms a precomplex with trithiocarbonate RAFT agents for the
electron transfer process.”” Thus, we reason that maleimide
monomers may interfere with or disrupt this precomplex,
thereby reducing the polymerization rate.

Additionally, experimental polymerization data for CTA,
with M, (a diacrylate) and ZnTPP under red light (625 nm) in
1,4-dioxane ([M,], : [CTA,]o : [ZNTPP], = 1.0: 1.0 : 0.0025 M) was
fitted with a linear regression applied from 0 to 8.0 hours,

View Article Online
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giving a kapp,per value of 0.69 M~> h™ and R* value of 0.99
(Fig. 3B and Table S47). Opposite to the case with maleimides,
PET-RAFT step-growth with acrylates results in a faster
polymerization rate compared to RAFT-iniferter step-growth.
Furthermore, polymerization data for polyethylene glycol dia-
crylate (M,c) with CTA, and ZnTPP in 1,4-dioxane under red
light was also fitted, and a linear regression was applied from
0 to 16.0 hours, resulting in a kapp per value of 0.34 M~ > h™
and R* value of 0.99 (Fig. 3C).

We further plotted and applied linear regressions to
PET-RAFT step-growth polymerization data for CTA, with M,p
and M, under red light in DMF (Fig. S12 and Table S57).
Interestingly, rate of polymerization in DMF was much faster
compared to 1,4-dioxane with kapp per values of 1.10 M~"> h™*
and 0.58 M~"> h™ for monomers M, and M,¢, respectively.
This solvent dependency trend for PET-RAFT step-growth with
ZnTPP follows that seen with chain-growth PET-RAFT.>!

Comparison of photo-mediated and thermally-initiated RAFT-
step growth kinetics

We have summarized key results in Table 1, comparing the
kinetics of photo-mediated RAFT step-growth polymerization
to that of thermally-initiated RAFT step-growth polymerization
for various monomers with CTA,.”> Both photo-iniferter and
PET-RAFT step-growth polymerizations display a three-half
order dependence with respect to monomer concentration
(Table 1). This reaction order is a result of the initiation of the
polymerization, which involves the direct photocleavage of the
RAFT agent in the case of photo-iniferter and photocatalyst
assisted cleavage of the RAFT agent in the case of the PET
mechanism. In contrast, the kinetics of thermal-initiated RAFT
step-growth displays first order dependence with respect to
monomer concentration (Table 1),>* since the radicals are gen-
erated by thermal decomposition of an exogenous initiator
(such as azo-initiators), resulting in lower reaction order with

-, 67 _a e
o 6 Linear Fit (t0-48.0 hr) % B T.Elam / c =) E:ear Fit
= & —
-|E g : -E ~
4 : =
| ’ |
) KOO L e
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Fig. 3 Kinetic analysis of PET-RAFT step-growth under red light irradiation (625 nm) with ZnTPP, CTA; and (A) M4, a bismaleimide, (B) Mg, a diacry-

late, and (C) M,c, another diacrylate.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Comparison of rate order and rate constants for different monomer classes and initiation methods of RAFT step-growth polymerization

Monomer Initiation Solvent [My]o : [CTA]o : [I/PC]o (M)* Time (h) Reaction order Rate constant (k)*°
o o Thermal TCE 0.5:0.5:0.05 4 1 2.27
& ﬁ Photoiniferter ~ TCE 0.5:0.5:0 48 3/2 0.27
o d PET-RAFT TCE 0.5:0.5:0.005 48 3/2 0.13
Maleimide
i Thermal Dioxane 1.0:1.0:0.05 4 1 0.98
é\nzf’\/\/\/\oJ\& .. .
) Photoiniferter Dioxane 1.0:1.0:0 24 3/2 0.20
Acrylate PET-RAFT Dioxane 1.0:1.0:0.0025 8 3/2 0.69
PET-RAFT DMF 1.0:1.0:0.0025 8 3/2 1.10
e PET-RAFT Dioxane 1.0:1.0:0.0025 16 3/2 0.34
/\g(“/}mo)l\% PET-RAFT DMF 1.0:1.0:0.0025 16 3/2 0.58
Acrylate

@ AIBN was used as an initiator for thermal initiation at 70 °C, while ZnTPP was used as the photocatalyst for PET-RAFT. ? Rate constant (k) units
for first order reaction = h™*. “ Rate constant (k) units for three half order reaction = M~"> h™",

respect to monomer concentration.>”**%?? However, as

radical generation is dependent on the decomposition of
thermal initiators, we previously demonstrated a [I]** depen-
dence of R, for thermally-initiated RAFT step-growth, where [I]
is initiator concentration.*?

Furthermore, under photo-iniferter RAFT step-growth con-
ditions, acrylate monomers exhibited slightly lower &, values
compared to maleimide monomers (kqpp = 0.20 M~"> h™" and
0.27 M2 h™", respectively) (Table 1). Similarly, under ther-
mally initiated RAFT step-growth conditions, acrylate mono-
mers display lower k,p, values compared to maleimide mono-
mers (kupp = 0.98 h™" and 2.27 h™" for acrylate and maleimide
monomers, respectively) (Table 1).>> Conversely, for PET-RAFT
step-growth, we found that acrylate monomers exhibit higher
kapp values compared to maleimide monomers (kapp = 0.69
M2 h" and 0.13 M~"? h™, respectively) (Table 1), subject to
a plausible impact from the solvent used (i.e., TCE vs. 1,4-
dioxane). Furthermore, in the case of PET-RAFT step-growth
polymerization of acrylate monomers, we observed solvent
dependency on the rate of the polymerization, where polymer-
izations conducted in DMF resulted in higher k,p;, values com-
pared to 1,4-dioxane. This solvent dependency with ZnTPP
follows previously reported trends for PET-RAFT chain-growth
with ZnTPP.>' Overall, thermally-initiated RAFT step-growth
polymerization for both monomer classes demonstrated
higher k,p, values compared to photo-mediated RAFT step-
growth polymerization.

Conclusions

In summary, we successfully modelled the photo-mediated
RAFT step-growth polymerization kinetics of maleimide and
acrylate monomers with bifunctional RAFT agents with tertiary
carboxyalkyl stabilized fragmentations. By analytically solving
the governing equations for these polymerizations, we deter-
mined that the kinetics follow a three-half order dependence
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with respect to monomer concentration. This is attributed to
the initiation of the polymerization, where the radicals are gen-
erated via the direct photocleavage of the RAFT agent in the
case of photo-iniferter and photocatalyst assisted cleavage of
the RAFT agent in the case of PET mechanism. Furthermore,
after modelling photo-iniferter RAFT step-growth for male-
imide and acrylate monomers, we found that acrylate mono-
mers exhibit lower k,p, values compared to maleimide mono-
mers. On the other hand, in the case of PET-RAFT step-growth,
we found that acrylate monomers exhibit higher k., values
compared to maleimide monomers, which we attribute to
maleimide monomers interacting with the photocatalyst-
trithiocarbonate precomplex. Together with the kinetics data
of the thermal-initiated RAFT step-growth polymerization, we
summarized the trend and observations based on monomer
class, solvent, and initiation methods, offering insightful gui-
dance when choosing appropriate RAFT step-growth
polymerizations.
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