7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Kinetic investigation of photoiniferter-RAFT
polymerization in continuous flow using inline
NMR analysis¥

3 Bo Zhang,? Tanja Junkers

{ M) Check for updates ‘

Cite this: Polym. Chem., 2024, 15,
3166

*® and Sébastien Perrier () xa.¢.d

Magdalena A. Beres,
Photo reversible deactivation radical polymerization and, in particular, photoiniferter-reversible addition—frag-
mentation chain transfer (PI-RAFT) polymerization have become popular approaches to polymer synthesis in
recent years. There is, however, a lack of fundamental investigations concerning the mechanism and kinetics
of such reactions. Herein, we apply an automated continuous flow platform featuring inline NMR analysis that
allows for rapid kinetic screening via transient timesweep experiments for detailed investigation of the PI-RAFT
of two model monomers with different propagation rates and radical stabilities—methyl acrylate (MA) and
methyl methacrylate (MMA). The effect of the structure of the RAFT agent on polymerization kinetics is
studied. For the polymerization of MA, RAFT agents with a more stabilised R group lead to an induction period
whose extent can be tuned by varying the light intensity. Faster polymerization of MA with xanthates than with
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trithiocarbonates suggests the important role of reversible termination in the PI-RAFT mechanism. The slower
apparent rate of propagation for the polymerization of acrylates compared to polymerization of methacrylates,
when mediated by trithiocarbonate RAFT agents, indicates that polymerization of MA is retarded due to the
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Introduction

Photoiniferter reversible addition-fragmentation chain trans-
fer (PI-RAFT) polymerization is one of the simplest photo-
polymerization methods available as it does not require any
exogenous initiator or catalyst. The RAFT agent itself acts as
the initiator, chain transfer agent (CTA) and terminating
agent, as in the iniferter system originally reported by Otsu
and coworkers.'™ However, in the PI-RAFT case, both chain
transfer and termination are reversible, leading to a greater
level of control. Upon activation with either UV* or visible
light,>® the RAFT agent undergoes homolytic cleavage at its C-
S bond to release a C-centred radical (derived from the RAFT
agent R group), which can act as an initiator, and a thiyl
radical which can reversibly terminate with the propagating
radical and enter chain transfer RAFT equilibrium.
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lower radical stability of the propagating radical compared to methacrylic radicals.

Interestingly, with this mechanism a persistent radical effect is
established, and the dominant form of termination reforms a
macroRAFT agent rather than producing dead polymer chains.
For a detailed mechanism, the reader is directed to reviews on
the topic.”® Albeit visible light is considered a mild energy
source, it can lead to photodegradation of the RAFT agent and/
or RAFT polymer end group, particularly for RAFT agents and
monomers which give relatively stable radicals upon photodis-
sociation.” Care must be exercised not to oversaturate the
system with light and often stopping the reaction at earlier
conversions is necessary to maintain good livingness, as
increased light intensity and exposure can lead to increased
termination.’®"" Nevertheless, when appropriately tuned,
PI-RAFT exhibits unprecedent livingness, as demonstrated by
Carmean et al. in the synthesis of ultrahigh molecular weight
polymers via PI-RAFT.">"? Yet, higher light intensity leads to
increased photodissociation of the RAFT agent and increased
radical flux, improving the rate of polymerization.'*"?
However, the rate of PI-RAFT can also be regulated by chan-
ging the wavelength of light to target the = to n* or n to n* elec-
tronic transitions of the C=S bond of the CTA, with the latter
leading to faster polymerization despite a lower molar extinc-
tion coefficient.'®'” Moreover, within an electronic transition,
the wavelength of light can be further optimised and often the
most activating wavelength of light is red-shifted relative to the
absorption maximum.'®?° An alternative approach to tune the
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rate of photopolymerization is temperature control due to the
thermal nature of the propagation step, as neatly demon-
strated by Junkers and co-workers, who reported increased
monomer conversions for the PI-RAFT polymerization of iso-
prene when the reaction temperature was increased to
145 °C.*' Rubens et al. reported significant enhancement in
the rate of photopolymerization of methacrylic monomers
when polymerization was carried out at 90 °C in continuous
flow.?* The reaction was completed in an hour and due to such
a short reaction time, no notable degradation of trithiocarbo-
nate was observed. Although designing a heated batch photo-
reactor is difficult due to limited light penetration and the
necessity to keep the system under an inert atmosphere, in a
flow set-up the reactor can be simply wrapped around a light
source and submerged in an oil bath. The attractiveness of
flow chemistry for photochemistry is reflected in the plethora
of publications in the field of Reversible-Deactivation Radical
Polymerizations (RDRP)."**">® The narrow channels in flow
reactors and hence their high ratio of surface area to volume
lead to improved heat transfer, which reduces the number of
side reactions. More importantly, for photo reactions the short
optical pathway results in uniform and complete light
exposure, accelerating photoreactions sometimes by order of
magnitudes compared to classical batch chemistry.>?7°
Together these make flow photopolymerization both more
reproducible and scalable. Further, flow set-ups allow for the
easy incorporation of various online and inline analysis
instruments.*® % The entire reaction and analysis suite can be
automated, enabling self-optimizing reactor set-ups by use of
feedback loops and machine learning.>® Over the years, inline
analysis featuring benchtop NMR has been developed for reac-
tion monitoring for polymer chemistry and the specific target-
ing of monomer conversions from machine-learning
algorithms.*®*° Low-field benchtop NMR is equipped with a
permanent rather than a superconducting magnet and hence
does not require extensive cryogenic cooling, leading to lower
cost, maintenance and size than high-field NMR.*"** Although
it gives lower resolution than high-field NMR, it is perfectly
suited for monitoring monomer conversion®® and bypasses the
need for a special integrated flow tube as required for high-
field NMR.**> While batch reactors can be continuously
sampled or reaction streams looped through an NMR spectro-
meter, flow reactors are somewhat more dynamic and direct in
measurement. Usually, inline NMR is performed under steady-
state conditions. Steady-state kinetics require separate reaction
conditions for each time point (residence time) unless a probe
can be placed alongside the reactor.** This leads to enormous
waste of reagents and time. Mozharov et al. introduced a
dynamic flow experiment - transient timesweep kinetics - in
which the reaction stream can be treated as a series of mini
batch reactors (reaction plugs) with individual reaction times
and the reaction progress can be analysed at the outlet of the
reactor, a concept that Haven et al. later adopted for the online
mass  spectrometric ~ monitoring of  polymerization
reactions.*>*® In a single flow-experiment, the reactor is stabil-
ised at a given flow rate and after a stabilisation period, a step
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change in flow rate is introduced. As a consequence, different
reaction times are traversed and sampled until the reactor
stabilises at a new flow rate. An alternative approach involves a
controlled flow rate ramp which allows for fine tuning of the
rate of change in residence time; however, such a set-up is
more complicated to implement.”” Recently, Drelinkiewicz
et al. reported a new method for timesweep kinetics, specifi-
cally concerning photochemical reactions in which no flow
rate change is applied, but after stabilisation of the reactor the
light is simply turned off, thus creating a gradient of effective
reaction time (by choosing irradiation time relative to reactor
residence time), assuming no reaction takes place when the
light is turned off.*® Junkers and co-workers gave a recent over-
view of timesweep transient kinetic measurements in flow for
polymer reaction monitoring®® and used this platform to study
the PI-RAFT polymerization of various methacrylic monomers
and the effect of light intensity and trithiocarbonate RAFT
agent on polymerization kinetics."> A lower target degree of
polymerization and increased light intensity resulted in faster
rates of polymerization of methyl methacrylate due to
increased concentration and rate of photolysis of the RAFT
agent, respectively. Further, an increased reaction rate with an
oligomeric RAFT agent with two inserted methyl methacrylate
units was observed, highlighting the importance of RAFT pre-
equilibrium on polymerization kinetics.

Herein, we apply a previously developed transient sweep
methodology to study the kinetics of photoiniferter RAFT
polymerization in greater detail.'>° The aforementioned sim-
plicity of PI-RAFT works both for its advantage and its dis-
advantage. While PI-RAFT is usually easy to implement,
optimisation is more cumbersome. It is further hindered by
the lack of consistency in reporting experimental details.
Within the published literature, various incomparable photo-
reactor setups are reported with light intensity values often
lacking. Here, we use an automated continuous flow photo-
reactor platform at elevated temperature featuring inline NMR
analysis and light intensity control to overcome some of the
common sources of error. In this system, the light intensity is
controlled with a variable power supply and quantified with a
light meter. Further, automated inline NMR analysis dramati-
cally increases the number of data points collected per experi-
ment and reduces the error associated with sample prepa-
ration and handling.>® We apply this platform to study the
effect of structure and reactivity of the RAFT agent on the
control over and kinetics of photoiniferter polymerization.
While control over RAFT polymerization is usually governed by
a reactivity match between CTA and monomer,>" here we inves-
tigate photoiniferter RAFT specific subtleties over the control
and kinetics of polymerization of two model monomers—
methyl acrylate and methyl methacrylate—which have
different radical stability of the corresponding propagating
radicals and rates of propagation. We investigate how kinetics
can be tuned by varying the stability of the CTA carbon-centred
radical via systematic variation of the RAFT agent R group
structure, which affects the rate of photolysis and reinitiation
efficiency of the CTA. Xanthate and trithiocarbonate RAFT
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agents are compared to highlight importance of both revers-
ible termination and degenerative chain transfer for the
success of photoiniferter RAFT. Furthermore, we show how the
monomer reactivity and stability affect the rate-determining
step of the photoiniferter process.

Results and discussion

We designed a library of xanthate and trithiocarbonate inifer-
ter/RAFT agents, with systematically varied R groups of
different radical stabilities and the same alkyl chain on the Z
group (Fig. 1). While xanthates are known to perform poorly
with more activated monomers (MAMs) in conventional
thermal RAFT,”"*? they provide significant advantages in
photoiniferter RAFT. Due to their lower bond dissociation
energy, the quantum yield for homolytic bond cleavage for
xanthates is higher than that of trithiocarbonates, making
them good photoinitiators.>® This was exploited by Lehnen
et al, who demonstrated that doping a trithiocarbonate
PI-RAFT process with small quantities of xanthate significantly
increases the rate of polymerization.>* The same feature leads
to high conversions for xanthate-mediated polymerization
even at higher degrees of polymerization,> while significant
rate retardation is observed for trithiocarbonates.’® Further,
fast photodissociation of xanthates increases the role of revers-
ible deactivation in the photoiniferter process and this
enabled Easterling et al. to invert the sequence of block copoly-
mers.”” This library of RAFT agents was used with two model
monomers characterised by different rates of propagation and
stability of the propagating radicals - methyl acrylate (MA) and
methyl methacrylate (MMA).

The investigation started with methyl 2-(((butylthio)carbo-
nothioyl)thio)propanoate (PMBTC) as RAFT agent for the
polymerization of methyl acrylate (MA) in dimethyl sulfoxide
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(DMSO), target degree of polymerization 50, under blue light
irradiation (460 nm) (Fig. 2) as this RAFT agent is well known
to perform well in the PI-RAFT polymerization of acrylic mono-
mers under blue light.> The carbon-centred radical derived
from PMBTC resembles a methyl acrylate propagating radical,
so we anticipated the fast establishment of RAFT equilibrium,
without an induction period. Polymerization was carried out at
elevated temperature (70 °C) to ensure fast polymerization at
lower light intensities to minimise photodegradation of the
RAFT agent. MA polymerization kinetics were followed from
4 min onwards (flow rate 0.45 mL min~") as shorter reaction
times require faster flow rates, which can lead to deviations in
NMR measurements.****>° Indeed, when a control photoreac-
tion in the absence of RAFT agent was run, significant data
scatter was observed for shorter reaction times (ESI Fig. 8F).
Interestingly, we found that the MMA signal stabilised faster
and polymerizations could be followed from 2 min onwards
(flow rate 0.225 mL min~") without observing such a deviation
which can be an effect of different relaxation times of both
monomers.®® For molecules with longer T; relaxation times,
nuclei may not have enough time to align along the z axis,
leading to an underestimated signal intensity, which will be
exacerbated at a faster flow rate as the reaction mixture spends
less time in the magnetic field.*® Light intensities from
5.3 mW cm > to 22.2 mW cm > were screened and it was
found that the apparent rate of propagation increased linearly
with light intensity, as reported previously for PI-RAFT
polymerization of methyl methacrylate,> which confirms that
the RAFT agent plays the role of an initiator (Fig. 2). This is
different from the square root relationship reported for
PET-RAFT polymerization.®" For light intensities below 10 mW
em™?, an induction period, defined as a period of no or
minimal monomer conversion without the formation of oligo-
mers, was observed, which gradually decreased until it comple-
tely disappeared at 15 mW c¢m™>. It is important to note here

pvBTC ©
S
CN o

1
1
1
1
1
1
1
i
H S
1
1
1
1
1
1

BCN-TTC MA
0,
Ae~s AN O o
BDMMT ©
e S
MMA
/\/\O/U\S ONQ
o Monomers
PMB-Xan
RAFT agents

Fig. 1 Left: the photo-flow reactor set-up consisting of syringe pump, flow reactor, blue light source (460 nm) with controller, benchtop NMR for
inline analysis and computer. Right: structures of RAFT agents and monomers studied.
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Fig. 2

(A) Reaction scheme for DP50 methyl acrylate polymerization under blue light (460 nm) in DMSO ([MA] = 3 M, [MA]/[CTA] = 50) at 70 °C. (B)

Pseudo-first-order kinetics plot. (C) Relation of light intensity and apparent rate of propagation (K app)-

that a small deviation in monomer conversion was observed—
while no monomer conversion was detected in the first several
minutes of polymerization, as confirmed with offline high-
field NMR measurements, some monomer conversion (~5%)
was observed for online sweep experiment. This, however, does
not affect the analysis of the length of the inhibition period or
rate of polymerization, as the slope of the kinetic curve
remains unaffected. Such deviations are inherent to continu-
ous inline NMR monitoring and were also observed in control
experiments with no RAFT agent (ESI, Fig. 8t). This can be
further exacerbated by incorrect baseline correction and noisy
signal integration."” Increasing light intensity is analogous to
increasing temperature in conventional radical polymerization
to induce faster decomposition of a thermal initiator. RDRP
techniques rely on the fast and uniform initiation of polymer-
ization and hence the temperature of the reaction and the
initiator concentration need to be carefully selected. In
PI-RAFT a higher concentration of CTA indeed leads to a faster
reaction,” but it also affects the degree of polymerization. As
too high light intensity can lead to photodegradation, we
decided to use 15 mW cm™? for the rest of our screenings.
With established standard photopolymerization conditions,
we then examined the influence of the structure of the RAFT
agent on the PI-RAFT polymerization of MA. Two most com-
monly used families of RAFT agents were studied: xanthates
and trithiocarbonates, as these have dramatically different UV-
vis absorption profiles. As both the stability and the reactivity
of the R group (a carbon-centred radical) and the stabilising
effect of the Z-group affect RAFT equilibrium, we kept the Z
group alkyl chain the same to look only at the effect of the R
group, which was systematically varied (2-propanoate, 2-2-
methylpropanoate, 2-cyanopropan-2-yl, Fig. 1) within each
family. From the UV-vis spectra of the RAFT agents (ESI,
Fig. 91), it is clear that the n-n* transition of xanthates is sig-
nificantly blue-shifted, compared to trithiocarbonates and

This journal is © The Royal Society of Chemistry 2024

increased stability of the R group leads to a small red-shift of
the maxima, both for xanthates (355 nm < 360 nm for
PMB-Xan and BCN-Xan, respectively) and for trithiocarbonates
(433 nm < 441 nm < 446 nm for PMBTC, BDMMT and
BCN-TTC, respectively). Yet, despite possessing no significant
absorbance in the blue light region, xanthates led to signifi-
cantly faster MA polymerization compared to trithiocarbonates
(Fig. 3A). The apparent polymerization rate coefficient (k; app)
for PMB-Xan was 1.2 x 10~ s™' while polymerization with
PMB-TTC was 2.4 times slower, with kp app 5.0 X 107* s7%.
While successful blue light polymerization with xanthates
has been reported previously,”® this rate difference was still
surprising. In fact, electron spin resonance spin-trapping
experiments reported by Li et al. showed that, while a wave-
length of light (1) above 390 nm was more effective in the
photolysis of ethyl 2-((ethoxycarbonothioyl)thio)propanoate
xanthate than A > 440 nm, even for the latter wavelength
xanthate generated more radicals than trithiocarbonates.®?
This highlights that a higher molar absorption coefficient at a
given wavelength does not necessarily correspond to a higher
quantum yield for homolytic bond dissociation and often the
most activating wavelength for a photochemical process is
actually red-shifted compared to the absorption spectrum.'®%?
Within xanthates and trithiocarbonates, the R group has a
significant effect on the kinetics of MA polymerization. For
both families, more stable R groups (2-2-methylpropanoate
and 2-cyanopropan-2-yl) led to induction periods, during
which minimal or no monomer conversion was observed. This
could be either an effect of the difference in photodissociation
rates of the RAFT agents, or the time needed to establish RAFT
equilibrium. A more stable R group should lead to increased
rates of photolysis.” While the molar absorption coefficients
(¢) for the maxima of the n—r* transition follow a reverse trend
to R group stability (¢ = 46.7 > 41.8 > 344 M™" cm™*
for PMBTC, 433 nm; BDMMT)4a1nm and BCN-TTC, 146 nmy

Polym. Chem., 2024,15, 3166-3175 | 3169


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4py00409d

Open Access Article. Published on 26 June 2024. Downloaded on 4/3/2026 12:01:35 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Polymer Chemistry
B JSL j 460 nm, 15 mW/cm?, 70°C_ XS
SSTXTNN gPo  DMSO, [MA]=3 M R(’I}soh/ N N
1 S
X=Sor0 o (I)
A 2.2 B1.o——80oMMT

2.0 ® PMB-Xan 3 BCN-Xan

1.8 BCN-Xan “".-- ° —— PMBTC
—~16] © BDMMT g [——BCN-TTC
©14] e PMBTC £ |=——PMB-Xan
g 1.2 ® BCN-TTC g
S 1.04 f £
208 /
=
" 0.6 1

0] N

0.2 1 0.0-

0.0 r r T T T T . T

0 5 10 15 20 25 30 1000 10000
Time [min] MW [g/mol]
i i i H CN
/\/\OJ\S/H(O\ /\/\S)J\s><r(0\ /\/\SJ\SJ\’(O\ /\/\S)Lsk
0 0
PMB-Xan ° BDMMT PMBTC BCN-TTC
Fig. 3 (A) Pseudo-first-order plot for MA PI-RAFT polymerization with different RAFT agents in DMSO ([MA] = 3 M, [MA]/[CTA] = 50) under blue

light (460 nm, 15 mW cm™3) at 70 °C, with residence time from 4 to 30 min. (B) THF size exclusion chromatograms for corresponding photoiniferter

RAFT polymerizations.

respectively (ESI, Fig. 107)), at the wavelength of interest,
460 nm, PMBTC has the lowest coefficient (22.4 M~ cm™).
Further, if the action plot for bond cleavage is red-shifted, as is
often the case for wavelength-dependent processes,'®*° the
photodissociation of PMBTC would be even further dimin-
ished compared to BCN-TTC and DDMAT. Yet, PMBTC is the
only trithiocarbonate which did not result in an induction
period, and photodissociation alone cannot explain this. This
contrasts with previously results from McKenzie et al., who
reported that only trithiocarbonates with secondary (but not
tertiary) R groups resulted in an induction period in the
polymerization of methyl acrylate under blue light (Amax =
460 nm, 1.5 mW cm?) due to the slower rate of photolysis.’
This may be a result of the higher light intensity used in our
study as well as an elevated temperature, which favours propa-
gation and decreases the barrier in bond dissociation energy.
As in conventional thermal RAFT polymerization, the R
group needs to fragment efficiently to avoid induction periods
(transition from pre to main equilibrium),*®> so in PI-RAFT,
the RAFT agent needs to undergo fast photolysis, followed by
the equally fast addition of monomer to the R group radical.
While the RAFT agents giving the most stable C-centred rad-
icals fragment fastest, they are also the least reactive, precisely
due to increased radical stability. As the R group becomes
more electron withdrawing and/or stable, the addition rates
decrease and fragmentation rates increase.®* If addition of R
radicals to monomer is sufficiently low, it can cause an induc-
tion period, as observed for a tertiary cyanoalkyl group, which
exhibits a very slow rate of addition to methyl acrylate.®* If on
top of this, the R group fragments significantly faster than the
propagating radical, an initialisation period can be observed

3170 | Polym. Chem., 2024, 15, 3166-3175

during which the original RAFT agent is fully consumed
before propagation and hence formation of oligomeric species
occurs.®® Hence, both the xanthate and trithiocarbonate with a
2-propanoate R group that mimics an acrylic propagating
radical perform best, while 2-2-methylpropanoate and 2-cyano-
propan-2-yl groups lead to induction periods of about 8 and
10 min for the corresponding trithiocarbonates. Besides, no
retardation is observed, and the rates of polymerization are the
same within trithiocarbonate and xanthate families. The
differences in the final monomer conversion (30 min residence
time) as can be observed in Table 1 entries 1, 3, 4 and entries
2, 5 are the result of an induction period and an effectively
delayed start of the polymerization. As a macroRAFT agent is
generated, the effect of the a-end group diminishes and the
reaction should follow the same kinetics after reaching RAFT
equilibrium. Unsurprisingly, the dispersities for xanthate-
mediated polymerization are broader as xanthates exhibit
moderate activity for acrylates which are MAMs (More
Activated Monomers).>"¢”

Different trends were observed for the polymerization of
MMA. MMA is notoriously difficult to polymerize using photo-
polymerization, especially with PI-RAFT, and reactions rarely
achieve full conversion and yield polymers with broad
dispersities.*'*?*> The poorer control for methacrylates than
acrylates or acrylamides can arise from increased photodegra-
dation of the polymeric end group due to the increased stabi-
lity of the propagating radicals, like in the case of the photo-
lytic stability of RAFT agents.” Sumerlin and co-workers
hypothesised that thiyl radicals can terminate polymer chains
by abstracting o-hydrogens from propagating methacrylic
radicals.”> Common practices to improve control over the

This journal is © The Royal Society of Chemistry 2024
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Table 1 Polymers prepared through photoiniferter RAFT polymerization?

Entry Monomer RAFT agent Conversion” [%)] My src € [g mol™] Mi theo. [g mol "] p3)

1 MA BDMMT 62% 3450 2940 1.11
2 MA BCN-Xan 74% 4610 3400 1.53
3 MA PMBTC 57% 3230 2710 1.16
4 MA BCN-TTC 47% 2520 2260 1.13
5 MA PMB-Xan 87% 5260 3980 1.63
7 MMA BDMMT 52% 6460 2870 1.74
8 MMA BCN-Xan 38% 20900 2120 1.74
9 MMA PMBTC 19% 71000 1200 1.71
10 MMA BCN-TTC 60% 4570 3240 1.48
11 MMA PMB-Xan 26% 54400 1540 1.62

@ Polymerizations were conducted with [monomer] = 3 M in DMSO, target degree of polymerization 50, blue light (460 nm, 15 mW c¢m™?)
irradiation at 70 °C for 30 min. ® Monomer conversion was determined with "H NMR spectroscopy. ¢ Number-average molecular weights (M skc)

were determined by THF SEC.

polymerization of MMA include the addition of a tertiary
amine catalyst which acts as single-electron reductant that
will reduce the thiyl radical to an anion to improve its
photostability.®® Indeed, the levels of control we observed
for methyl methacrylate polymerization in DMSO were sig-
nificantly lower than for methyl acrylate, even for butyl(2-
cyano-2-propyl)trithiocarbonate (Table 1, entries 1 and 10).
None of the methyl methacrylate polymerizations exhibit a
long induction period, as PMMA macroRAFT radicals have
higher or similar stability to RAFT agent R groups.
However, significant rate retardation for less stable R
groups is observed (Fig. 4). This is likely due to slower
fragmentation for RAFT agents with less stable R groups.
Another potential reason for rate retardation is consumption

of the intermediate radicals in reversible or irreversible side
reactions,”® which will also be affected by the stability of the
intermediate and so of the R group. PMBTC exhibits remarkably
slow polymerization due to mismatch of reactivity with the
more stabilised methacrylate monomer. As the 2-propanoate R
group is a poorer leaving group than the monomer, methyl
methacrylate fragments preferentially and high molecular
weight polymers are produced.”® Indeed, at only 19% monomer
conversion the number average molecular weight of PMMA
chain is 71000 g mol™" (M, theo. = 1200 g mol™", Table 1, entry
9). Surprisingly, xanthates that led to fastest polymerization of
MA led to slower polymerization of MMA than trithiocarbo-
nates. Given the low chain transfer constant for xanthate, we
anticipated that PI-RAFT of MMA mediated with xanthates will
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predominantly undergo reversible termination, which should be
fast for xanthates, rather than degenerative chain transfer.
However, slow kinetics and poor control suggest that RAFT equi-
librium plays an important role and reduced fragmentation
leads to the formation of high molecular weight polymers,
similar to the PMBTC case. This equates to fewer carbonylthio
moieties per propagating chain and hence slower photolysis
and an overall reduced rate of polymerization. Indeed, this rate
reduction is specific to PI-RAFT as in conventional thermal
RAFT experiments, and the apparent rate of propagation was
very similar for BCN-Xan and BCN-TTC (9.97 x 107> s™' and
8.83 x 107" s, respectively, ESI Fig. 117).

A comparison of MA and MMA polymerization kinetics
clearly shows that a difference in reaction rate is apparent (Fig. 5),
in addition to the absence of an induction period for MMA.
MMA polymerization with tertiary R group RAFT agents exhibits
similar polymerization rates to MA, while polymerization with
xanthates is faster for MA. For further comparison, we focused on
a tertiary alkyl cyano group RAFT agent as it does not cause sig-
nificant retardation of MA or MMA polymerization in control
thermal experiments (ESI Fig. 11t). For PI-RAFT with BCN-TTC,
the apparent propagation rate coefficients for MA and MMA are
583 x 107" s7' and 5.32 x 107" s7', respectively (Fig. 5),
suggesting retardation of MA polymerization in the PI-RAFT
process, as at 70 °C the rate coefficient for free radical polymeriz-
ation of MA is about 31 times faster than that of MMA (32 798 L
mol™" s7' vs. 1055 L mol™* s7').”%”> In the case of PI-RAFT
BCN-Xan polymerization, the apparent rate coefficient of MA
polymerization is about 7 times faster than that of MMA (1.83 x
107 s7" and 2.72 x 10~ s7"). We hypothesise that this difference
arises from a photodissociation/reversible termination process —
the formation of a secondary propagating radical (MA) is less
favourable than for a tertiary radical (MMA); hence the rate of
polymerization of MA but not MMA is retarded. While xanthate
undergoes photodissociation faster than trithiocarbonate due to
lower bond dissociation energy,> trithiocarbonate fragments less
efficiently and photodissociation becomes the rate-determining
step for the PI-RAFT polymerization of MA.

3172 | Polym. Chem., 2024, 15, 3166-3175

Conclusions

We have studied the effects of the structure and reactivity of the
RAFT agent on the photoiniferter RAFT kinetics of two model
monomers with different propagation rates and radical stabilities
- methyl acrylate and methyl methacrylate. Significant induction
periods, which can be eliminated by increasing light intensity,
were observed for MA but not for MMA. Despite more efficient
photodissociation, RAFT agents with more stable R groups lead
to increased induction periods for the polymerization of MA,
highlighting the importance of RAFT pre-equilibrium on
polymerization kinetics. Further, photodissociation influences
the rate of polymerization. Fast photodissociating xanthates,
despite their poor absorption overlap with blue light, give rise to
faster polymerization of MA while trithiocarbonates, which are
characterised by a poorer quantum yield of photo bond cleavage,
lead to retardation. Despite photodissociation and reversible ter-
mination playing important roles in the PI-RAFT mechanism,
xanthates and trithiocarbonate with a secondary R group lead to
the slow and uncontrolled polymerization of MMA. This study
highlights that, besides the required activity matching between
RAFT and monomer, other factors such as radical stability and
photo flux significantly affect the kinetics of PI-RAFT. The auto-
mated transient kinetics flow polymerization platform gives
increased resolution due to high data density, which allows us to
look at small differences in induction periods, which may not be
easily accessible otherwise, and a variable power supply allows for
a reproducible study of polymerization kinetics.
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