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Retrieving the starting monomers from polymers synthesized by

reversible deactivation radical polymerization has recently
emerged as an efficient way to increase the recyclability of such
materials and potentially enable their industrial implementation.
To date, most methods have primarily focused on utilizing high
temperatures (typically from 120 °C to 180 °C) to trigger an
efficient depolymerization reaction. In this work, we show that, in
the presence of Eosin Y under light irradiation, a much faster depo-
lymerization of polymers made by reversible addition—fragmenta-
tion chain-transfer (RAFT) polymerization can be triggered even at
a lower temperature (i.e. 100 °C). For instance, green light, in con-
junction with ppm amounts of Eosin Y, resulted in the accelerated
depolymerization of poly(methyl methacrylate) from 16% (thermal
depolymerization at 100 °C) to 37% within 1 hour, and finally 80%
depolymerization after 8 hours, as confirmed by both *H-NMR and
SEC analyses. The enhanced depolymerization rate was attributed
to the activation of a macroCTA by Eosin Y, thus resulting in a
faster macroradical generation. Notably, this method was found to
be compatible with different wavelengths (e.g. blue, red and white
light irradiation), solvents, and RAFT agents, thus highlighting the
potential of light to significantly improve current depolymerization

approaches.

Introduction

An attractive prospect for polymers synthesized by reversible
deactivation radical polymerization (RDRP)"? is the possibility
of reversing the polymerization and regenerating the mono-
mers through a self-immolative approach.? Previously, the vast
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majority of research focused on backbone degradation, which
yields lower molecular weight products,®” and it is only
recently that depolymerization back to monomers has
attracted considerable attention and has been classified by
IUPAC as one of the top 10 emerging technologies in chem-
istry.® Regeneration of monomers can be particularly advan-
tageous from a sustainability perspective as it allows the
retrieved materials to be subsequently reused to either recon-
struct the starting polymer or to create a new material.’™"" In
order to achieve efficient unzipping of polymer chains, high
end-group fidelity has to be first ensured during the respective
polymerizations. This is shown by the fact that minimal depo-
lymerization was observed when the end-groups were
removed.'®"? As such, the vast majority of investigated depoly-
merizable polymers were synthesized by either reversible
addition-fragmentation chain-transfer (RAFT) polymerization
or atom transfer radical polymerization (ATRP),">™*° two of the
most widely used RDRP techniques.?*>*

In seminal independent works by the groups of Gramlich"®
and Raus,” they showed that the depolymerization of bottle-
brush polymers synthesized by either RAFT or ATRP was poss-
ible at relatively low temperatures (70 °C and 90 °C respect-
ively). Although the perspective of these contributions was in
favour of the polymerization of macromonomers by suppres-
sing depolymerization, they set the foundation for subsequent
depolymerization studies which primarily focused on the
depolymerization of non-bulky polymers. For example, Ouchi
and co-workers reported the depolymerization of poly(methyl
methacrylate) (PMMA), previously synthesized by ATRP, in the
presence of a ruthenium catalyst achieving up to 24% conver-
sion at 120 °C."” Matyjaszewski’s group was able to signifi-
cantly enhance the depolymerization yields (up to 67%) at
170 °C using copper catalysis."*'* In the RAFT arena, our
group recently reported the near-quantitative (up to 92%)
depolymerization of a range of non-bulky, functional and
cross-linked polymethacrylates at 120 °C.">"> Furthermore, we
were able to reuse the regenerated components either for
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resynthesizing the initial polymer or instead for creating a new
material. It is noted that the regeneration of non-bulky mono-
mers is typically triggered at increased temperatures (>120 °C)
when compared to those for the regeneration of macro-
monomers. In particular, PMMA yielded 86% of its monomer
within 8 h at 120 °C. However, when the reaction was con-
ducted at 100 °C, a much slower depolymerization rate was
observed and the final yield reduced to 64%.'> We envisaged
that we could improve not only the depolymerization rate but
also the overall depolymerization conversion by leveraging the
advantages of light catalysis, which have recently attracted
much attention.>** Recent works by the groups of Boyer and
others in the photoinduced electron/energy transfer (PET)-
RAFT polymerization offer the possibility of utilizing photo-
redox catalysts as alternatives to activate a CTA under light
irradiation.***? Homolytic cleavage of the C-S bond results in
radical generation without the addition of exogenous radical
sources,®*! which could be advantageous for the depolymeri-
zation reaction. Among the variety of photoredox catalysts
tested so far, Eosin Y is a well-known non-toxic organic metal-
free catalyst employed for a variety of organic reactions**> and
is the basis of our study. Herein, we report for the first time a
light-accelerated depolymerization catalyzed by Eosin Y of
PMMA with various solvents and CTAs under irradiation at
various wavelengths.

(d) (e)

Rl response

27 28 29 30 31
Retention time (min)

Fig. 1

Light, 100°C

View Article Online

Polymer Chemistry

Results and discussion

To initiate our study, we first repeated the thermal depolymeri-
zation of PMMA at 100 °C."? It is noteworthy that the starting
polymer was synthesized by RAFT polymerization using
2-cyano2-propyl dithiobenzoate as the chain transfer agent at
70 °C, resulting in a well-defined polymer with low dispersity
(P = 1.14, M,, = 6300) and high end-group fidelity (Fig. S1 and
$2+).*> The polymer was then rigorously purified by precipi-
tation and no vinyl protons could be observed via 'H-NMR,
thus confirming the successful removal of any remaining
monomers. The PMMA macroCTA was then subjected to our
previously reported depolymerization conditions (100 °C,
5 mM)"? and in line with the original publication, a very slow
depolymerization profile was observed with only 16%
monomer generation achieved in the first 1 h, as can be
seen in Fig. S3.f The total depolymerization conversion
under thermal conditions did not surpass 66% at 8 h, after
which no additional monomer regeneration was detected.
Inspired by the previous works by Boyer and co-workers in
PET-RAFT polymerization, we subsequently repeated the
depolymerization under green light irradiation (Amax

510 nm, Fig. S4}) in the presence of Eosin Y (Fig. 1a). To be
able to simultaneously heat at 100 °C and irradiate, we con-
structed a home-made photothermal set-up, in which a strip
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(a) Schematic illustration of reversing RAFT polymerization in the presence of Eosin Y under light irradiation. (b) Photothermal reactor set-up

at different wavelengths. (c) Kinetics of light-accelerated depolymerization catalyzed by different concentrations of Eosin Y under green light. (d)
Corresponding SEC traces of PMMA during depolymerization with 100 ppm Eosin Y. (e) *H NMR spectra of the PMMA depolymerization, vinyl peak
appearances over time confirming the monomer regeneration. Reactions were run in 1,4-dioxane at 5 mM and 100 °C in the presence of Eosin Y

under green light.
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of green LEDs was carefully positioned to circle around an
oil bath, as illustrated in Fig. 1b. In the initial experiment,
12.5 ppm of Eosin Y with respect to the MMA repeating unit
was employed, and there was significant acceleration of the
depolymerization rate in the system. Within 1 h, a conver-
sion of 26% was reached, a meaningful increase compared
to the 16% reached with heat alone. However, the reaction
conversion reached a plateau at 3 h (45% conversion) after
which the conversion did not significantly increase. Although
the final depolymerization conversion was similar compared
to that of the thermal experiment, the presence of light and
Eosin Y (12.5 ppm) considerably enhanced the depolymeriza-
tion rate. Encouraged by these preliminary data, we then
increased the Eosin Y concentration to 50 ppm. This resulted
in not only a further increase in the depolymerization rate
(37% conversion in 1 h), but also an increase in the final
depolymerization conversion from 45% to 61% (Fig. 1c). In a
similar way, when 100 ppm photocatalyst was employed, an
even faster depolymerization rate was evident in the kinetics,
accompanied by a final depolymerization conversion of 80%
(Fig. 1e). Increasing the Eosin Y concentration to 150 ppm
did not lead to further enhancement of the final depolymeri-
zation yield, although the rate of the reaction continued
increasing (Fig. 1c). As the final depolymerization conversion
was not improved at a higher Eosin Y loading, all sub-
sequent experiments were conducted utilizing 100 ppm. It is
worth mentioning that this is an uncontrolled depolymeriza-
tion in which the polymer chains rapidly unzip back to the
monomers, as can be seen in our SEC analysis (Fig. 1d), in a
similar fashion to that in previous reports.'>'>>?!
Nevertheless, the rate of the depolymerization can be
efficiently regulated by altering the photocatalyst concen-
tration. Taken together, our current data unambiguously
show that under irradiation of green light in the presence of
Eosin Y, the depolymerization temperature can be lowered
from 120 °C to 100 °C without compromising the final depo-
lymerization conversion. Moreover, the photothermal system
allowed significant acceleration of the depolymerization
when compared with the purely thermal system (from 16%
to 37% depolymerization within 1 h). For all the depolymeri-
zations, we used a light intensity of 2.31 mW cm >
(Table S1t), while when lower intensities were employed (i.e.
0.18 mW cm™?), slower depolymerization was observed, thus
further highlighting the importance of light to accelerate the
depolymerization. However, both experiments in the presence
of light led to a significant acceleration of the rate when
compared to the control experiment in the dark (Fig. S77).
PMMA with a higher degree of polymerization (DP) was also
synthesized (DP = 260) and was subsequently subjected to
our depolymerization conditions, reaching 62% conversion
within 8 h (Fig. S8%). It is noteworthy that this is an improve-
ment in the final depolymerization conversion when com-
pared to our previously reported thermal approach.'?
Moreover, under our optimized conditions, we depolymerized
different polymers including poly benzyl methacrylate
(PBzMA), poly dimethylaminoethyl methacrylate (PDMAEMA)
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and poly oligo (ethylene glycol) methyl ether methacrylate
(POEGMA), resulting in very high conversions in all the cases
(68-80%) (Fig. S9+1).

To expand the scope of this depolymerization study, we
screened a number of different solvents under green light
irradiation in the presence of 100 ppm Eosin Y. Reactions were
conducted in dimethyl sulfoxide (DMSO), dimethyl formamide
(DMF), toluene, and xylene (Fig. 2a, Fig. S11%). Xylene and
toluene showed higher final depolymerization conversions (i.e.
52% and 50% respectively) when compared with DMF (i.e.
35%), in line with our previous report on thermal depolymeri-
zation.'® Interestingly, DMSO showed a final conversion of
82% within the same time frame, which is a very remarkable
increase from the 35% conversion obtained by thermal depoly-
merization at 120 °C. This experiment suggests a much more
efficient radical formation at the chain-end which is perhaps
unsurprising considering that DMSO is the best solvent to
conduct a PET-RAFT polymerization.**™*° In addition, DMSO
facilitates proton extraction in the neutral form of Eosin Y to
give the more catalytically active monoanionic and dianionic
forms, increasing the photoredox performance.’” The possi-
bility of conducting depolymerizations in different solvents
with very high conversions expands the scope and applicability
of the current approach.
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Fig. 2 Depolymerization conversion after 8 hours of PMMA-DTB with
100 ppm Eosin Y at 5 mM and 100 °C using (a) different solvents under
green irradiation, and (b) different wavelength irradiation in 1,4-dioxane.
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One of the particularly advantageous characteristics of
PET-RAFT polymerization is its ability to be conducted under
irradiation at a range of wavelengths.*® As such, we were inter-
ested in exploring the possibility of triggering an efficient
depolymerization reaction by irradiating at different wave-
lengths. In particular, green light was compared with blue, red
and white lights (Fig. S4 and S571). As a control experiment, we
performed the depolymerization in the dark under otherwise
identical conditions. Fig. 2b shows that in the presence of
100 ppm Eosin Y under completely dark conditions at 100 °C,
a maximum of 52% conversion could be reached within an 8 h
timeframe. Pleasingly, all the different wavelengths employed
resulted in a significantly high depolymerization conversion
(Fig. S10%). For example, under blue light irradiation, a total
conversion of 78% was detected after 8 h while white light
resulted in slightly lower depolymerization conversions reach-
ing 75%. Interestingly, the depolymerization proceeded in an
efficient fashion even under red light irradiation, resulting in
82% conversion. This is rather surprising considering that the
absorption of Eosin Y at this wavelength is incredibly low
(Fig. S671). In fact, usually other photocatalysts rather than
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Eosin Y are used under red light irradiation.’®*° However, it
has been found that even though the best excitation wave-
length is selected through the UV-visible spectrum, some cata-
lysts might display effective photocatalysis at different wave-
lengths depending on the pathways available for intersystem
crossing for their excited states (S1).>' Hence, it can be
assumed that even this small absorption of red light
irradiation appears adequate to excite Eosin Y to the singlet
state which undergoes intersystem crossing, thus activating
the C-S bond of the macroCTA and accelerating the depoly-
merization rates and yields. From these experiments, it can be
concluded that regardless of the selected wavelength, any type
of visible light irradiation investigated led to improved depoly-
merization conversions. These results significantly expand the
application pool as different wavelengths can be used depend-
ing on the application. Since the RAFT chain-end was pre-
viously shown to wundergo degradation under UV
irradiation,”®>* the depolymerization experiments were only
performed in the visible regime.

Last but not least, we studied the effect of the RAFT chain-
end groups on the depolymerization rates and final depoly-
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Fig. 3 Kinetic study comparing green light-accelerated depolymerization of PMMA catalysed by Eosin Y at 100 °C versus thermal depolymerization
at 100 °C using (a) TTC and (b) pyrazoleCD chain transfer agents, respectively. SEC traces at different depolymerization times (c) and (d).
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merization conversions. To do so, two more PMMAs were syn-
thesized by RAFT polymerization by employing 2-cyano
2-propyl dodecyltrithiocarbonate (TTC) and 2-cyanobutan-2-yl
4-chloro-3,5-dimethyl-1H-pyrazole-1-carbodithioate  (pyrazole-
CD) as the RAFT agents (Fig. S12-S151). Considering that com-
parable data were obtained for all the investigated wavelengths
and that green light is the most commonly utilized light
source for Eosin Y,"> we performed the subsequent experi-
ments under green light irradiation. The TTC-macroCTA was
first subjected to our previously optimized depolymerization
conditions (i.e. 100 °C, green light, 100 ppm Eosin Y, 5 mM
repeating unit concentration). Impressively, 50% monomer
generation was detected in 1 h, which is a remarkable rate
acceleration over the identical experiment performed exclu-
sively under heat, which led to only 13% conversion (Fig. 3a).
In addition, the thermal depolymerization led to a final con-
version of 42% while the presence of green light/Eosin Y sig-
nificantly enhanced the depolymerization conversion to 68%.
Similar behaviour was also observed during the depolymeriza-
tion of the pyrazoleCD-macroCTA (Fig. 3b). When only heat
was applied, 14% depolymerization was detected in 1 h while
this percentage doubled (31%) in the presence of green light/
Eosin Y. Furthermore, while the thermal depolymerization
resulted in a final conversion of 47%, the presence of green
light/Eosin Y resulted in total depolymerization of 58% under
comparable conditions. Our data highlight that the light/cata-
lytic-depolymerization methodology can also be applied to
various macroCTAs, thus expanding the potential of the
current approach.

Conclusions

To summarize, in this work we report the first example of
light-accelerated depolymerization in the presence of a photo-
catalyst. We show that under light irradiation and ppm con-
centrations of Eosin Y, faster depolymerization rates and
higher overall depolymerization conversions can be achieved
when compared to exclusively thermal depolymerization.
Notably, our approach is applicable to different solvents with
DMSO showing much higher depolymerization conversions
(up to 82%) than those of current reports on thermal depoly-
merization at 120 °C, thus highlighting the potential of light
to provide superior data over thermal depolymerizations.
Notably, our approach operates at different wavelengths,
ranging from blue, green, red, to white light irradiation, and
can also be applied to different macroCTAs, further demon-
strating the importance of light in efficient depolymerization
strategies.
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