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Photoiniferter reversible addition fragmentation chain transfer (PI-RAFT) polymerization has gained sig-
nificant attention; however, scalable methodologies are still lacking. Here, we investigate the use of a
RAFT agent precursor, butyltrithiocarbonate disulfide (BisTTC), as an iniferter agent for the polymerization
of two model monomers — methyl acrylate (MA) and methyl methacrylate (MMA). Different wavelengths
of light were screened to optimise polymerization conditions for both monomers. While BisTTC can
photodissociate and initiate polymerization, its activation under visible light is slow and competes with
photodegradation. As for methyl acrylate, degradation only occurs during the induction period, so
efficient initiation minimises potential side reactions, but the poly(methyl methacrylate)trithiocarbonate
end group continues to degrade during polymerization due to the increased lifetime and stability of the
propagating radical. Higher energy blue light gives poorer control than green light for the polymerization
of MMA, due to increased photodegradation, whilst methyl acrylate polymerization is retarded under

rsc.li/polymers

Introduction

Light-mediated polymerizations have gained significant atten-
tion in the past decade, particularly because they can amalga-
mate the advantages of reversible-deactivation radical polymer-
ization (RDRP) with spatiotemporal control. Harnessing light
can also bring us closer to sustainable manufacturing of
materials as photopolymerizations require significantly less
energy than typical thermal polymerizations." Since their dis-
covery, many photocontrolled RDRPs have been reported,
including reversible addition fragmentation chain transfer
(RAFT) polymerization.”® PhotoRAFT can follow three
different mechanisms: (1) photoinitiated RAFT where thermal
free-radical initiators are replaced with photoinitiators which
generate radicals upon activation with light rather than heat,”
(2) photoinduced electron/energy transfer (PET)-RAFT which
requires an exogenous catalyst which upon activation transfers
energy/electrons to a chain transfer agent (CTA),*° and (3)
photoiniferter-RAFT (PI-RAFT) where RAFT agents themselves
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green light and requires conditions that strongly favour initiation.

act as both initiators and CTAs.>”* Photoinitiated RAFT suffers
from the same types of termination reactions as those in con-
ventional thermal RAFT because in both cases, radicals are
generated throughout the reaction from the decomposition of
the initiators. Furthermore, side reactions can be introduced if
the wavelength of the light activating initiator also activates
the RAFT agent. PET-RAFT offers advantages such as higher
livingness, but it also requires an extra component that needs
to be tuned for each system and possibly has to be removed
after polymerization. PI-RAFT, on the other hand, has a
simpler setup as it does not require the presence of either an
initiator or a photoactivator.

The first examples of photoiniferter polymerizations were
conducted by Otsu and co-workers in 1950s. In this seminal
work, dithiocarbamates and their derivatives were used as
initiating, chain transfer and terminating agents.'®™> The
molecular weight of the resulting polymers increased with con-
version, but attempts to synthesise block copolymers led to sig-
nificant broadening of molecular weight distribution. The rela-
tively poor control could be attributed to a mismatch of the
iniferter Z group and monomer reactivity, which became
apparent when RAFT was reported in the late 90’s."*'* In the
PI-RAFT process, there are three distinct mechanistic steps:
fragmentation of the RAFT agent, degenerative chain transfer
and reversible termination (Scheme 1).>”'>"'7 First, photolysis
of the RAFT agent leads to a p-scission — homolytic cleavage of
a C-S bond which releases a carbon-centred radical derived
from the RAFT agent R group and a thiyl radical. R-group rad-
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Scheme 1 PI-RAFT polymerization of methyl acrylate (MA) and methyl methacrylate (MMA) mediated by C4 BisTTC.

icals are capable of initiating polymerization and hence no
exogenous initiator is needed for the PI-RAFT process. Thiyl
radicals can then act as persistent radicals and reversibly ter-
minate with the propagating radical.’”
ditions, thiyl radicals can also initiate polymerization, as

Under certain con-

shown previously by the Perrier group and expanded upon
herein.'® A macroCTA can be reactivated by light to establish
reversible termination equilibrium, as in the original iniferter
work developed by Otsu and co-workers.'®'*'° In reversible
termination, propagating chains are reversibly deactivated by a
thiyl radical such as trithiocarbonate. The exchange between
dormant and active species must be faster than propagation to
allow good control over polymerization. However, it is unlikely
that reversible termination alone could account for the level of
control that was observed in PI-RAFT polymerization. Indeed,
in PI-RAFT, the growing chain can also participate in degenera-
tive chain transfer, thus establishing a RAFT equilibrium as in
conventional RAFT polymerization. Currently, it is widely
agreed that both processes take place to different extents,
depending on the RAFT agent and monomer pair, and reaction
conditions.'®'”?° Easterling et al. utilised the photolysis of
polymer chains bearing either a xanthate or dithiocarbamate
end group to reverse the sequence of block copolymers which
would not have worked well if the reversible termination did
not take place; however, the same process using trithiocarbo-

This journal is © The Royal Society of Chemistry 2024

nates was less successful.”* Furthermore, as there is no exogen-

ous source of radicals in PI-RAFT, higher levels of livingness
can be achieved. Carmean et al. showed that unprecedented
high molecular weight polymers could be prepared by
PI-RAFT, as short initiator-derived chains are eliminated and
polymer chains are unlikely to terminate due to limited mobi-
lity in viscous media.*>***?

RAFT photopolymerization can be carried out under both
visible and UV light, targeting n-n* or n—-n* thiocarbonyl tran-
sition, respectively. The initial work primarily utilised UV
irradiation; however, it was found that UV light could lead to
significant degradation of the thiocarbonylthio moiety,”**
which could be partially suppressed by cutting off short-wave-
length UV light.>>*® Subsequently, it was reported indepen-
dently by Qiao and coworkers and Boyer and coworkers that
PI-RAFT could also be carried out under visible light.>*
Indeed, although the =n-n* transition has a higher molar
absorption coefficient than the symmetry forbidden n-n* tran-
sition, the quantum yield of homolytic bond dissociation is
higher for the latter.”” Hughes et al. reported the excitation
dependence of photoiniferter kinetics by studying how the
reaction rate changes when the n—-n* or n-n* transition is tar-
geted.”® They found that for both trithiocarbonates and
xanthates, targeting the symmetry-forbidden transition
increased the rate of C-S bond photolysis and the rate of
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initiation. A higher quantum yield, however, does not necess-
arily directly correlate with the rate of propagation, as the gen-
erated radicals can recombine or have poor reactivity.>
Nevertheless, trithiocarbonates are usually used with visible
light (mainly blue or green), whereas xanthates, in which the
n-n* transition is blue-shifted, are used with UV light.?

The rate of photopolymerizations can be controlled by
changing the temperature or light intensity. Increasing the
light intensity leads to faster generation of radical/propagating
species and can accelerate the reaction.*® Indeed, Konkolewicz
and co-workers found that in a model PET-RAFT polymeriz-
ation, the apparent rate of polymerization scaled with the
square root of light intensity.*® However, in photoiniferter
polymerization, a higher radical flux will also increase the rate
of reversible deactivation, leading to a maximum effective
radical concentration, at which point a further increase in
light intensity has no effect on the reaction rate.*” Junkers and
co-workers reported that for the photoiniferter polymerization
of methyl methacrylate, increasing the light intensity increased
monomer conversion until light saturation was reached.*
Increased radical concentration could also lead to enhanced
bimolecular termination. Johnson and co-workers reported the
detrimental effect of increasing light intensity on the polymer-
ization control either due to the increased termination or
degradation of CTA, especially when higher degrees of
polymerization were targeted.>*>

While thiocarbonylthiyl radicals are not thought to be able
to initiate PI polymerization, our group has recently reported
successful PI polymerization using bis(trithiocarbonate) di-
sulfide.'® Usually, disulfides are used as precursors of RAFT
agents but are rarely used as chain transfer agents
themselves.*®® Disulfides can be reacted with azo initiators
to give a RAFT agent with an initiator R group and an Z group
from bis(thiocarbonyl) disulfide.*® This reaction can be also
carried out in situ’®** and is triggered by piezoelectrically
mediated reduction of alkyl bromides.*’ Recently, bisdodecyl-
trithiocarbonate was used for the polymerization of a range of
monomers using a compact fluorescent lamp, to give telechelic
polymers that could be cyclised. However, the polymerization
only proceeded in the presence of the photoredox catalyst -
bismuth oxide.** Bis(thiocarbonyl) disulfides were also used
as chain transfer agents in organo-catalysed photocontrolled
radical polymerization with sulfonyl chlorides as initiators.*®
The potential of disulfides as agents capable of both initiating
and reversibly deactivating polymer chain growth has been
recognised as early as the late 1950s by Otsu and co-workers
both in photo- and thermal-iniferter systems.'® Using our
understanding of both reversible termination and degenerative
chain transfer, we aim to study this type of system in depth.
Disulfides, which are cheaper and more widely available on a
bulk scale, are a promising alternative to conventional thiocar-
bonyl RAFT agents, whose cost and availability hinder the
widespread use of RAFT polymerization in industrial setting.*®
Here, we present a detailed study of photopolymerizations
mediated by bisbutyltrithiocarbonate in the absence of cata-
lysts and initiators to develop a more scalable and cheaper
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PI-RAFT methodology. In this approach, disulfide is used as a
RAFT agent directly as there is no azo initiator to form a
regular chain transfer agent in situ and the resulting polymers
are telechelic. The work focuses on two model monomers:
methyl acrylate (MA) - fast propagating more activated
monomer (MAM) - and methyl methacrylate (MMA) - slow
propagating MAM. While many acrylate monomers have been
polymerized successfully via photoRAFT, polymerization of
methacrylates remains challenging, with high monomer con-
version not readily available within a reasonable time scale.*
Furthermore, as methacrylic radicals are more prone to ter-
mination by disproportionation, degradation of end groups is
observed during the polymerization of MMA. Even in conven-
tional thermal RAFT, the choice of RAFT agents for successful
control over the molecular weight and its narrow distribution
is limited to dithiobenzoates or trithiocarbonates with a cyano
R group. Our previous study showed that bis(trithiocarbonate)
disulfides work well with methacrylic monomers in thermal
polymerization. Here, we investigate if the control can be
further improved in photopolymerization by a systematic study
of the impact of wavelengths of light and reactor geometry.

Results and discussion
Choice of the wavelength of light

A range of light wavelengths (UV - 365 nm, blue - 470 nm,
cyan - 505 nm, and green - 527 nm) were screened to find the
optimal conditions for the polymerization of methyl acrylate
and methyl methacrylate (Fig. 1). Light intensity was adjusted
to match the photon flux, defined as the number of photons
emitted per second, to consider the single parameter of
photon energy. Visible and UV light excited RAFT agents to
different excited states by targeting separate electronic tran-
sitions, which will affect photodissociation and hence
different levels of control of polymerization could be expected.
Reactions were carried out using a multiwell reaction setup
which could fit up to 42 2 ml vials. Polymerization temperature
was fixed at 45 °C for all wavelengths of light. While modern
LEDs were characterised with high efficiencies, they still gener-
ated heat and oftentimes maintaining room temperature,
especially across different light wavelengths, was cumbersome.
However, the residual heat could be utilised as photopolymeri-
zations were shown to benefit from the increased reaction
temperature which resulted in an increased rate of
polymerization.*’

Our previous study has shown that upon irradiation with
UV light, PMMA loses its trithiocarbonate end group.'®
Therefore, in this study, we focused our work on using visible
light for the polymerization of MMA. Among the wavelengths
tested, green light was proved to be most successful albeit the
dispersity of PMMA was broad (P = 1.50) (Fig. 1). We hypoth-
esise that higher energy blue light is likely to lead to too fast
radical generation and loss of control. On the other hand,
lower energy cyan light does not provide enough energy for
fast fragmentation, thus leading to non-uniform growth of

This journal is © The Royal Society of Chemistry 2024
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B: Methyl acrylate

N M, sec= 14 940 g/mol
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Fig. 1 Polymerization of methyl methacrylate (A) and methyl acrylate (B), with the target degree of polymerization (DP) of 50. Comparison of
thermal and light conditions at different light wavelengths. All light reactions were carried out in the multiwell setup, at 45 °C.

chains. This is investigated further in later sections. For all
light mediated reactions, there is a clear low molecular weight
tailing present. Since this tailing is absent in the thermal
control reaction, we hypothesised that it is not due to poor
degenerative chain transfer, but rather due to side reactions
related specifically to activation with light. Attempts at poly-
merizing MA under UV light yield a broad dispersity polymer
(P > 1.5), whilst polymerization under blue light (470 nm)
leads to PMA with narrow and symmetrical molecular weight
distribution (b < 1.15).

UV light excites trithiocarbonates into a higher energy
second excited singlet state — S2, whereas visible light leads to
the first singlet or first triplet state (S1 and T1).”” As the inter-
system crossing from S1 to T1 is fast for thiocarbonyl com-
pounds, most of the photochemical reactions are related to S2
and T1 states. S2 is relatively long lived as there is a significant
energy gap between n-n* and n-n*, which retards radiationless
decay to the lower energy triplet state, therefore increasing the
chances of undesirable reactions taking place. Indeed, UV
light-driven polymerizations often suffer from increased side
reactions, including decomposition of the RAFT agent, which
leads to loss of control and poor end group fidelity, especially
at high conversions.”®* We hypothesised that the lower
quantum yield of homolytic bond dissociation for n—-n* tran-
sition compared to n-n* transition could lead to slow initiation
and hence non-uniform growth of polymer chains. As thiyl rad-
icals are known to be poor initiators, a Bis-TTC-type RAFT
agent needs conditions that strongly favour homolytic bond
cleavage. Indeed, when lower energy cyan (505 nm) light was
used, although the control was similar to that in blue light
polymerization, the reaction was significantly slower, reaching
only 45% monomer conversion in 16 h (83% in 10 h for blue
light). When cyan light reaction was carried out until similar
conversion was reached, the same molecular weight discre-
pancy was observed (Fig. S97).

No polymerization was observed under green light
(527 nm) under the otherwise same conditions. Although cyan
and green light targets the n-n* transition, the LED emission
spectra have progressively poorer overlap with the CTA absorp-
tion spectrum, which leads to a decreased activation of the

This journal is © The Royal Society of Chemistry 2024

RAFT agent. The polymerization of methyl acrylate under
green light and using a TTC-based RAFT agent with a R group
mimicking a methyl acrylate propagating radical (PMBTC)
reached nearly full conversion (>95%) within the same reaction
time, and gave well-defined PMA (D = 1.13, M, gpc = 4100 g
mol™") (see Fig. S107). As the maximum of the n-n* absorption
band of PMBTC is blue-shifted when compared to BisTTC, the
poorer overlap of emission-absorption spectra cannot be the
sole reason for the lack of polymerization of MA with BisTTC
under green light. Polymerization with C4 BisTTC could only
proceed to near full conversion and gave PMA of M, gpc =
9500 g mol™" and P = 1.20 by increasing the irradiated surface
of the sample (by placing the reaction vial above the LED
array) and performing the reaction for 64 h. The difference
between polymerizations mediated by BisTTC and PMBTC
could be due to an increased cage effect for the S-S bond clea-
vage, or the influence of the a-TTC group on the excitation of
TTC leading to the poorer activation of the RAFT agent and
lower quantum yield of bond dissociation. This again high-
lights that bis(trithiocarbonate) disulfides require conditions
strongly favouring photodissociation.

Finally, in all polymerizations of MA, including that ther-
mally controlled with AIBN, significant deviation from targeted
molecular weights was observed, with experimental molecular
weight even as high as 4 times the target. This is in sharp con-
trast with narrow and symmetrical molecular weight distri-
bution which suggests good control over polymerization.

MMA polymerization kinetics

For MMA DP 50 polymerization with BisTTC under 527 nm,
505 nm, 470 nm and 445 nm light irradiation, kinetic analysis
showed varied rates of polymerization (Fig. 2). Indigo light
(445 nm) which overlaps most closely with the absorption
maximum of C4 BisTTC (symmetry forbidden n-n* transition)
led to slower polymerization than blue light (470 nm), which
in turn was faster than green and cyan (527 nm and 505 nm)
light. This is similar to the findings of Nardi et al, who
showed that the action spectrum of the photoactive species
(copper(u) catalyst) was red shifted in relation to its absorption
spectrum.”® This rate enhancement, however, has a negative

Polym. Chem., 2024, 15, 522-533 | 525
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Fig. 2 Analysis of photoiniferter DP50 MMA polymerization at different light wavelengths. (A) Pseudo-first order kinetic plot and UV-vis absorption
for symmetry forbidden transition of C4 BisTTC annotated with the emission of LEDs used. (B) THF SEC traces of 527 nm, 102 mW cm™? polymeriz-
ation. (C) Plot of M,,sec and D against monomer conversion for 527 nm polymerization. (D) Plot of M,,sec and D against monomer conversion for

470 nm polymerization.

effect on the control over polymerization of MMA. While the
molecular weight evolution for green light polymerization is
almost linear and in line with the theoretical molecular
weight, a large discrepancy between theoretical and experi-
mental molecular weight is observed in the early stages of
polymerization mediated by blue light. In both polymeriz-
ations, dispersity increases over time. Broad dispersity for
methacrylate is in sharp contrast with narrow values obtained
for acrylate polymerization. Similar observations were per-
formed for conventional trithiocarbonate (TTC) photoiniferter
systems. Carmean et al. observed loss of control for methacry-
lates but not acrylates or acrylamides, and hypothesised that
the TTC radical could abstract hydrogen from a propagating
chain end.® As methacrylic radicals are more prone to termin-
ation by disproportionation, degradation of end groups is
observed during the polymerization of MMA but not MA. In
the BisTTC case, it is the low molecular weight tailing which
contributes significantly to the broadness of molecular weight
distribution. This tailing is present from the early stages of the
reaction and shifts to higher molecular weight with increasing
conversion. Hence, we hypothesise that this tailing arises from

526 | Polym. Chem., 2024, 15, 522-533

the non-uniform initiation of polymer chains at the beginning
of the polymerization.

MA polymerization kinetics

While narrow dispersity PMA was obtained under blue light
irradiation, significant deviation from theoretical molecular
weight was observed. To elucidate the origin of molecular
weight discrepancy, the polymerizations were analyzed by
NMR, SEC and HPLC. It was hypothesised that higher mole-
cular weights for acrylates could arise from the partial con-
sumption of the RAFT agent during photopolymerization.
Monitoring reaction progress with HPLC showed that BisTTC
is fully consumed by the time polymerization reaches 7%
monomer conversion, as confirmed by the disappearance of
BisTTC at the 1 hour polymerization time point (Fig. 3). At the
beginning of the reaction, there is an initialisation period of
about 2 hours during which BisTTC is converted into a single
monomer unit insertion product (SMUI), retarding the
polymerization, as reported in our previous study on bistrithio-
carbonates.'® As more monomer units add to the SMUI,
several oligomeric species appear on the chromatogram until

This journal is © The Royal Society of Chemistry 2024
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kinetics analysis of methyl acrylate polymerization — monitoring RAFT agent consumption.

HPLC can no longer separate higher molecular weight poly-
mers, and only one broad peak is present at the later stages of
polymerization (4 h, 44% monomer conversion). Unlike in the
previously reported MMA polymerization with C12 BisTTC, the
induction period is over once the SMUI is fully formed. The
single monomer insertion can significantly affect the reactivity
of the RAFT agent*”***" and we hypothesise that the MA SMUI
has a higher chain transfer constant than the MMA SMUI
Dispersity remains low throughout polymerization and mole-
cular weight increases linearly with conversion. Furthermore,
the discrepancy between theoretical and experimental mole-
cular weights is observed from the early stages of the reaction.
The polymerization was notably slow as the polymerization
required more than 8 hours to reach a conversion above 80%.
We were interested to assess how increasing light exposure
and light intensity, both of which increase the radical flux,
would affect polymerization kinetics. We modified our reaction
setup from the multiwell setup, where the vial is irradiated
from the bottom, thus leading to poor light penetration, to a
vertical setup, where the vial is irradiated from its side, result-
ing in larger irradiated areas. In this setup, polymerization
time to achieve >85% conversion was reduced from 10 h (mul-
tiwell setup) to 5 h (Fig. 4), without detrimental effects on the

This journal is © The Royal Society of Chemistry 2024

control. The initialisation period was reduced from 2 h to 1 h.
As in the multiwell setup polymerization, BisTTC is first con-
verted into SMUI with the simultaneous formation of oligo-
meric species, but in this case, the SMUI is consumed faster
and it disappears by the time polymerization reaches 4%
(Fig. 4D). A further increase in the radical flux by increasing
light intensity from 120 to 170 mW cm >
polymerization rate and decreased the initialisation period

increased the

without negative effects on polymerization control. In both
cases, the evolution of molecular weight with monomer con-
version is linear albeit it is does not follow the theoretical
molecular weight. In addition, good temporal control could be
achieved by periodically switching light on and off (Fig. 4E):
no polymerization is observed in the dark, indicating that the
polymerization is both initiated and controlled with light, and
that a continuous source of photons is necessary to sustain the
reaction. Furthermore, this experiment demonstrates the liv-
ingness of the polymerization since chains are efficiently re-
initiated upon switching the light on again.

This new scaled-up setup did not work for the polymeriz-
ation of MMA and this reaction resulted in a large increase in
dispersity, from P values around 1.5 to P = 2.31 (Fig. S117).
Increased photodissociation has a detrimental effect on

Polym. Chem., 2024,15, 522-533 | 527
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plot for polymerization at two different light intensities. (C) Evolution of the molecular weight over the course of polymerization. (D) HPLC kinetics
analysis of methyl acrylate polymerization — monitoring RAFT agent consumption. (E) Demonstration of temporal control.

control over polymerization of a slowly polymerizing MMA
monomer. If polymer chains are spending more time in the
active form rather than the dormant form, the polymer growth
will be uncontrolled. Furthermore, when the polymeric chain
is not in its dormant state, TTC radicals can possibly degrade,
further affecting polymerization livingness. As PMMA gives a
tertiary radical upon cleavage of TTC as compared to a second-
ary radical from PMA, this effect is exacerbated for PMMA due
to the resulting tertiary radical stability and lifetime.

To test if reducing the radical flux could improve control
over MMA polymerization, the reaction was studied again in
the multivial setup, but with a lower light intensity at the same
temperature (82 mWw em™> compared to previous 102 mW
m~>). Reducing the light intensity did not improve reaction
control and resulted in an induction period of about 2 h, after
which the polymerization proceeded at a similar rate to that of
the higher light intensity polymerization (Fig. S12%). The
induction period is in agreement with our hypothesis that
BisTTC requires conditions which strongly favour its photodis-
sociation due to either the poor quantum yield of bond scis-
sion or the significant radical cage effect.>® Similar rates of

528 | Polym. Chem., 2024, 15, 522-533

polymerization for both 82 and 102 mW cm™ suggest that
once RAFT equilibrium is established, the rate-determining
step for the BisTTC-mediated polymerization of MMA is propa-
gation and increasing the reaction temperature rather than the
light intensity should increase the rate of polymerization
without detrimental effects on control. While the light intensi-
ties employed in this study are higher those typically reported,
including that in our previous work on a BisTTC-type system,
we found that such a setup leads to improved kinetics (faster
rate of polymerization and reduced induction time) without
detrimental effects on the control over polymerization.
Furthermore, as in the multivial reactor, only the bottom of
the reaction vial is irradiated with light, the light intensity per
volume of the reaction vessel is significantly lower.

While low to medium molecular weight PMA polymeriz-
ations (2000 to 14 000 g mol™") were controlled in both photo-
reactors, higher molecular weight PMA polymerization was
only controlled in the multiwell setup, not in the scaled up
setup, giving PMA D = 1.23, My, sgc = 60700 g mol ™" and D =
1.91, My, spc = 59 900 g mol ™" respectively (Fig. S131). The loss
of control at higher degrees of polymerization can arise from

This journal is © The Royal Society of Chemistry 2024
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the photodegradation of the RAFT agent, which is more preva-
lent for lower concentrations of the RAFT agent. Wang et al.
reported that a high concentration of 2-(dodecylthiocarbo-
nothioylthio)-2-methylpropionic acid as the RAFT agent was
necessary to achieve controlled radical polymerization as the
RAFT agent decomposed irreversibly at a low concentration
while at high concentrations the photolysis process was
reversible.>”

When higher DP is targeted, photoiniferter polymerization is
slower as there is a less amount of the RAFT agent per
monomer, so effectively there is a less amount of the initiator
available and its decomposition will have a detrimental effect
on the control over polymerization. We hypothesise that with
increased exposure to light in the scaled up setup, there is more
degradation of the RAFT agent than that in the multiwell setup.

Chain end group fidelity

Polymers resulting from iniferter polymerization mediated by
a bis(trithiocarbonate) disulfide-type RAFT agent are expected
to have trithiocarbonate on both o and o ends. Detailed
polymer characterisation is discussed in our previously pub-
lished work."® A PMA macroCTA (P = 1.13, My ggc = 12220 g
mol™") synthesised via the vertical setup was purified and the
chain extended with another aliquot of methyl acrylate (MA).
Although there is a clear shift to a higher molecular weight, a
significant low molecular weight shoulder corresponding to
unreacted first block is still presented (see Fig. 5). This
suggests partial loss of the end group, due to termination reac-
tions and/or end group degradation. To ascertain if the
unreacted first block is due to the loss of the end group from
termination reactions, a new macroCTA was synthesised by tar-
geting higher DP and stopping the polymerization at lower
conversions (<50%), leading to a similar final molecular

Y
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weight (D = 1.10, My, sgc = 12 200 g mol ™). By keeping conver-
sions low, the livingness (ratio of number of living chains/total
number of chains) was maintained high in a reversible termin-
ation process. This macroCTA was then chain extended and
led to a well-defined polymer (D = 1.18, M, sgc = 19630 g
mol ™). Therefore, it is likely that the loss of the end group is
due to termination reactions occurring throughout the
polymerization.

A further study of the PMA end group was undertaken
using MALDI-TOF spectroscopy. Three distributions were iso-
lated for the PMA sample with b = 1.11and M, sgc = 2180 g
mol ™, all with MA as the repeating unit (m/z = 86) (Fig. S147),
including thioether-capped chains, which suggests photode-
gradation of the thiocarbonyl group. Indeed, photodegradation
of the trithiocarbonate from the RAFT agent or the end group
typically led to thiol radicals and the release of carbon di-
sulfide; we believe the thiol radical either reinitiated polymer-
ization, or end capped a propagating polymeric chain, leading
to the thioether end group.’*>® The end group for the third
PMA distribution could not be assigned.

As the photoiniferter polymerization of MMA under green
light was not well controlled, photoiniferter chain extension
would not give a good block copolymer and the termination/
loss of control would be a combined result from the polymeriz-
ation of the first block and chain extension. Hence, we per-
formed the thermal chain extension of the purified PMMA
sample prepared under green light (b = 1.17, M, sgc = 6770 g
mol ™). After the purification of PMMA by precipitation, the
low molecular weight tail was removed; however, this did not
affect chain extension and chain extension of a crude PMMA
sample gave similar results (Fig. S15%). In both cases, there
was a clear shift to the higher molecular weight upon chain
extension with an aliquot of MMA, there was also significant
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Fig. 5 SEC chromatograms for pseudo block copolymers. (A) Blue light chain extension of PMA prepared by photoiniferter polymerization. (B) Blue
light chain extension of PMA prepared by photoiniferter polymerization taken to 43% conversion. (C) Thermal chain extension of PMMA prepared

using a green light photoiniferter.
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leftover of the first block. The same result from purified and
crude PMMA confirmed our hypothesis that the low molecular
weight tailing was not formed of dead chains formed during
the reaction but rather living chains that were initiated later
during polymerization.

Photodegradation

To determine if the RAFT agent or thiocarbonyl polymer end
group is most likely to photodegrade, the photostabilities of
the CTA and polymers were tested independently. A purified
PMA (P = 1.15, M, sgc = 9990 g mol ") sample was redissolved
in 1,4-dioxane, degassed and irradiated with blue light in the
test tube setup for 4 h. GPC analysis of 5 mg ml™" sample
before and after light irradiation showed no difference in the
shape or intensity of UV and RI signals, thus confirming the
stability of the polymeric chain (from RI) and the polymeric
end group (used as the UV chromophore in the UV detector),
Fig. 6. Similarly, the photostability of the PMMA sample (D =
1.14, My spc = 7310 g mol ") was tested under green light. Over
time, the polymer’s 310 nm UV signal decreases and a low
molecular weight signal associated with TTC related species
appears simultaneously, confirming end group removal by
green light. After a sharp decrease in the UV signal at the 8 h
time point, only a small further decrease is observed after 24 h
of light irradiation, suggesting that most end groups are

View Article Online
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cleaved by this point. The UV signal does not disappear com-
pletely due to the absorbance of the stable a-end TTC group.
From the RI signal, it becomes apparent that some chains ter-
minate by combination rather than only disproportionation as
shown in our previous study with UV light,'® as evidenced by
the appearance of the high molecular weight shoulder. While
the end group cleavage kinetics are different in the presence of
the monomer, the cleavage will inevitably happen during the
polymerization of MMA, leading to accumulation of termi-
nated chains. The released TTC end groups can either partici-
pate in chain transfer with the remaining living chains or
potentially initiate new chains which would contribute to the
low molecular weight tailing. Importantly, this side reaction
can take place with conventional RAFT agents, especially when
polymerization is taken to high conversion, or the reaction is
left under light after all the monomer has been consumed.
The difference in the photostability of PMMA and PMA arises
from the difference in their radical stability, just like the stabi-
lity of the RAFT agent is affected by the R group.”® The tertiary
methacrylic radical is relatively long lived compared to the sec-
ondary acrylic radical and this increased lifetime increases
chances of side reactions, alongside with the well-known ten-
dency of methacrylates to terminate by disproportionation.>*
The end group cleavage is significantly faster under blue light
- in just 2 hours of light irradiation; the polymer UV signal
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(A) UV-vis spectra before and after blue light treatment of C4 BisTTC and suggested degradation products. (B) Size exclusion chromatograms

before and after blue light treatment of the PMA sample. (C) Size exclusion chromatograms before and after green light treatment of the PMMA

sample.
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decreases sharply and does not decrease further over 24 h
suggesting the complete removal of »-TTC in 2 h (Fig. S167).
This increased rate of end group cleavage for blue light can
explain poorer control over MMA polymerization under blue
light than green light.

Similarly, the photostability of C4 BisTTC alone was tested
under conditions mimicking MA polymerization (monomer
volume was replaced with an additional solvent to maintain
the same molar concentration of CTA, [CTA] = 0.08 M).
Degradation of the RAFT agent leads to an increased molecular
weight of the resulting polymers due to an increased [CTA]/
[monomer] ratio, as well as an increased concentration of pro-
pagating radicals and hence the amplified likelihood of ter-
mination. Photodegradation was evaluated by UV-Vis spec-
trometry and the extent of degradation was quantified by
measuring the decrease of 310 nm maxima corresponding to
the n-n* band of the C=S bond, as reported previously.>® For
BisTTC, two substituents with markedly different electronic
properties (alkyl chain and another trithiocarbonate) on the
cross-conjugated thiocarbonyl group gave rise to two absorp-
tion maxima for the n-n* band.”® After irradiation for 1 h, a
larger decrease in the 260 nm band (22%) compared to the
310 nm band (16%) was observed (Fig. 6); this was even more
apparent when higher percentage degradation was observed
(Fig. S171). We postulate that if degradation products are
derivatives of trithiocarbonate, they should also possess a
maximum absorption at 310 nm, thus artificially increase the
absorption at 310 nm and mask the extend of BisTTC degra-
dation. Hence, we assessed the degradation of BisTTC by fol-
lowing the decrease of the 260 nm band.

The characterisation of the impurities proved to be very
challenging due to the structural similarities between the side
products and BisTTC itself, which made isolation of impurities
difficult. From the "H-NMR analysis of a sample taken from a
blue light degradation study (Fig. S61), it became apparent
that BisTTC degrades to multiple compounds. Preparative
HPLC enabled us to isolate two of the impurities which were
identified as dibutyl trithiocarbonate (based on '"H NMR) and
S-butyl-S-butylsulfane trithiocarbonate (based on literature
spectra), details are given in the ESL} Although not isolated
due to small quantities released during degradation and vola-
tility of the product, butyl sulfide and dibutyl disulfide were
identified as possible degradation products by comparing the
shift of the characteristic triplet signal of the CH, group
attached to sulphur to literature data. This is in line with the
expected trithiocarbonate degradation pathway, which results
in the release of a thiol radical and carbon disulfide.’>* The
thiol radicals can typically abstract a hydrogen to from a free
thiol, or more typically combine and form a disulfide. Here,
we hypothesise that the thiol radicals can also terminate a pro-
pagating thiyl radical and/or take part in the thiol-ene reac-
tion. This was supported by the aforementioned MALDI ana-
lysis which showed the PMA chain with a thioester end group
(Fig. S14%). Dibutyl trithiocarbonate is expected to be inert
during polymerization while thiol and S-butyl-S-butylsulfane
trithiocarbonate prematurely terminate propagating radicals.

This journal is © The Royal Society of Chemistry 2024
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S-Butyl-S"-butylsulfane trithiocarbonate can also further
degrade to a thiol radical and carbon disulfide.

To assess the presence of the products of BisTTC degra-
dation in the polymer product, a PMA sample, synthesised
under blue light, was purified by precipitation in hexane, in
order to separate the polymer form small molecule side pro-
ducts. The supernatant was analysed and revealed the pres-
ence of hexane-soluble PMA oligomers, as well as dibutyl
trithiocarbonate and dibutyldisulfide. Thiol trithiocarbonate
disulfide was not detected, presumably because it further
degraded into the abovementioned impurities or reacted with
the propagating polymeric chains.

Qiao and coworkers have shown that a tertiary amine cata-
lyst can prevent the degradation of trithiocarbonates. In this
suggested mechanism, the amine acts as a single-electron
reductant, leading to the formation of an amine radical cation
and a TTC radical anion pair, and avoiding unstable TTC rad-
icals.’® Similar improvements in control over molecular
weights and dispersities were reported by several groups.®”>®
Unfortunately, no such improvements were observed in our
system; in fact, the addition of triethylamine resulted in lower
conversions and broader dispersities (Fig. S187).

Significant differences in the rate of degradation of BisTTC
at different wavelengths of light were observed, with blue light
degrading 65% of BisTTC in 24 h, followed by cyan light (45%)
and green light (29%) (Fig. S17}). The increased degradation
of the RAFT agent correlates with the loss of control over
polymerization when higher energy is used for the polymeriz-
ation of MMA. This prompted us to test lower energy light for
the polymerization of MMA. Usually, to enable polymerization
under longer light wavelengths, catalysts such as zinc(u) por-
phyrin are necessary to activate the RAFT agent indirectly in
the PET-RAFT process.>”® In the case of BisTTC, we found
that it can be activated directly with red light (630 nm).
Despite being slow, the polymerization was controlled and
gave narrow dispersity PMMA (P = 1.31, Mygpc = 5410 g
mol™"), Fig. 7. We hypothesise that the improved control is a

A=527nm,8h

M, sec=5 400 g/mol
M, theo= 5 290 g/mol
P = 1.50, Conv.: 99%

A=630nm, 56 h

M, sec=5 410g/mol

M, theo=5 290 g/mol

b =1.31, Conv.: 99%

14 15 16 17 18
Retention time [min]

Fig. 7 SEC chromatograms of MMA DP50 photoiniferter polymeriz-
ation — comparison of green (527 nm) and red light (630 nm).
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result of the lower radical flux and the slower degradation of
BisTTC and the PMMA TTC end group. The long reaction time
(56 h) could be potentially shortened by increasing the temp-
erature, which should increase the rate of propagation.

Conclusions

A bis(trithiocarbonate) disulfide RAFT agent can mediate the
photoiniferter-RAFT polymerization of more activated mono-
mers, albeit with various levels of control. While BisTTC can
photodissociate and initiate polymerization, its activation
under visible light is slow but degradation is fast.
Polymerization of methyl acrylate is retarded under green light
as the addition of a monomer unit to the RAFT agent signifi-
cantly reduces the stability of the R group, further reducing
the activity of the RAFT agent which is already lower than the
conventional equivalent. Under blue light, molecular weight
evolution for PMA polymerization is linear but there is a big
discrepancy from theoretical molecular weight. This is caused
by the photodegradation of the RAFT agent during the induc-
tion period and interference of the degradation products with
polymerization. While in thermal polymerization with BisTTC
polymerization of methyl acrylate is less controlled than
methyl methacrylate, in the case of photopolymerization this
monomer compatibility is reversed. The level of control and
kinetics of MMA polymerization are highly dependent on the
wavelength of light. Lower energy green light gives the best
results, as photodegradation of BisTTC and the polymeric end
group is slower than that under blue light. Blue light leads to
faster polymerization but worse control. Due to the increased
radical stability and lifetime, the PMMA TTC end group can
degrade readily even under visible light, leading to the termin-
ation of growing chains and initiation of new chains from
released TTC radicals. Lowering the light intensity leads to the
induction period but no decrease in the apparent rate of
propagation, indicating that propagation is the rate-determin-
ing step. Too fast photodissociation leads to uncontrolled
growth of polymers and degradation of end groups. These side
reactions can be suppressed by using an even lower-energy
wavelength of light such as red light. While polymerization
under red light is slow, optimizing the reaction setup and uti-
lising continuous flow and higher temperatures to aid propa-
gation could significantly reduce the reaction time.
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