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ARTICLE INFO ABSTRACT

Keywords: Despite significant advancements in thermal and photothermal depolymerizations, the success of these tech-
Depolymerization niques relies on tedious deoxygenation procedures. Herein, we report the development of the depolymerization
ATRP technique efficient without prior deoxygenation, which was enabled by copper/ligand complexes and the in-
g‘:{g’;?s clusion (0.25 wt% relative to solvent) of zinc oxide (ZnO) nanocrystals activated by UV light. This approach was
Ligand complexes tested for poly(methyl methacrylate) (PMMA) prepared by atom transfer radical polymerization (ATRP); the
Catalyst effects of solvent polarity and the activity of ligands were investigated. Unexpectedly, a low-activity Cu-complex
Zine oxide with 2,2‘-bipyridine ligand, in combination with a low-polarity solvent, 1,2,4-trichlorobenzene, enabled rela-

tively high depolymerization yields in less than 1 h at 150 °C. Higher activity ATRP complexes with tris(2-
pyridylmethyl)amine (TPMA) and N,N,N‘,N“N‘“pentamethyldiethylenetriamine (PMDETA) ligands, were less
efficient, which was associated with their thermal decomposition and/or the excessive formation of radicals and
premature termination of the chain ends. The presented facile approach was designed to be used even in partially

aerated reactors, opening new avenues for efficient depolymerization.

1. Introduction

The increasing production of synthetic polymers has created envi-
ronmental challenges due to the unavailability of efficient (up/re)
cycling methods. Mechanical recycling generally yields polymers with
deteriorated properties [1] due to undesirable changes in their molec-
ular structure [2]. In comparison, chemical recycling enables theoreti-
cally infinite recyclability by generating the starting monomers and re-
production of pristine polymers [3-5].

Polymethacrylates form a remarkable class of polymers with diverse
properties that can be tailored by incorporating various functional ester
groups into the methacrylic repeat unit [6]. The polymethacrylates
exhibit versatile mechanical properties, good weather resistance,
excellent optical transparency, etc., which makes them suitable candi-
dates for numerous applications, including engineering plastics, energy
storage materials, functional coatings, and biomaterials [6,7]. The most
widely used methacrylate monomer, methyl methacrylate (MMA), is
produced at 3.9 million tons per year, encompassing a global market
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valued at USD 7,423 million in 2021, with forecasted growth at a
compound annual growth rate (CAGR) of 4.8 % over the period of
2022-2030 [8]. Despite massive production, the waste poly-
methacrylates are mostly landfilled or incinerated, and only a fraction
(10 % in the case of PMMA) of the production is recycled [7]. At the end
of their service life, polymethacrylates can be deconstructed at high
temperatures (375-500 °C) by pyrolysis, which is energetically costly
and commercially demanding [9,10]. Degradation of polymethacrylates
is possible by introducing degradable linkages into the initiators
[11,12], copolymerization with cyclic monomers via radical ring-
opening polymerization (rROP) [13-19], or by f-carbon fragmenta-
tion [20-23]. Nevertheless, these methods do not allow the generation
of reusable monomers and only disintegrate polymers into smaller
fragments.

Depolymerization is an endothermic process in which polymers un-
dergo depropagation to yield monomer units [24-26]. The recovered
monomers can be used to synthesize new polymers without deterio-
rating their properties [9]. The capability of polymers to depolymerize is
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dictated by the thermodynamics of polymerization/depolymerization
given by the Gibbs free energy (AG) [27]. Typically, depolymerization is
favored for AG>0, while a dynamic equilibrium of both processes is
achieved for AG=0, which exists at a certain temperature, termed the
ceiling temperature (T¢) [28]. Increasing the temperature above T¢ can
favor depolymerization. However, it is not the only relevant factor
affecting the successful depolymerization [24]In practice, other factors
include the ability to generate active centers needed for depolymeriza-
tion, the polymer structure, its initial concentration, the degree of
polymerization (DP), the type of solvent and catalyst used, etc.
[24,28,29].

Therefore, critical for low-temperature depolymerization is the
incorporation of easily cleavable (also under catalytic conditions) moi-
eties at the polymer chain end,[26] notably carbon-heteroatom (C(spg)—
X) bonds (i.e., C-Cl, C-Br, C-S or C-ON bonds) due to their lower energy
barrier for generating a radical than from the highly stable C(sp>)-C(sp®)
bond [26,30,31]. Such homolytically cleavable moieties can be readily
introduced to the chain ends by reversible-deactivation radical poly-
merization (RDRP) techniques, most commonly by atom transfer radical
polymerization (ATRP) [32], reversible addition-fragmentation chain
transfer (RAFT) polymerization [33], and nitroxide-mediated polymer-
ization (NMP) [34].

As reported previously, ruthenium-catalyzed depolymerization of a
chlorine-capped poly(methyl methacrylate) (PMMA-CI) provided rela-
tively low yields, but using the iterative evaporation of monomer the
amount of regenerated MMA increased to 15 % within 40 h at 100 °C
[26]. Depolymerization of chlorine-capped poly(poly(dimethylsiloxane)
methacrylate) (P-PDMS;;MA)-Cl, poly(n-butyl methacrylate) (PBMA-
Cl), and PMMA-CIl using a copper(Il) chloride/tris(2-pyridylmethyl)
amine (CuCly/TPMA) complex resulted in a monomer recovery yield
in the range of 67-81 % (at 170 °C) [27,35]. This catalytic system also
enabled fast bulk depolymerization via short-path distillation and effi-
cient extraction of the recovered monomer (84 % monomer recovery at
230 °C) [36]. Finally, depolymerization of PBMA-Cl and PMMA-Cl
mediated with FeCly and zero-valent iron, as more environmentally
friendly transition metals, provided monomer recovery above 70 % (at
170 °C) [37].

Progress in depolymerizations was also reported for polymers syn-
thesized by the RAFT technique, including polymethacrylates with
bulky substituents [31], as well as bottlebrushes [38]. The effects of the
end-group, degree of polymerization (DP), and solvents on the depoly-
merization efficiency of various RAFT poly(meth)acrylates have been
reported [29], and remarkable yields, over 90 %, were achieved when
working under highly dilute conditions (5 mM). All the mentioned ex-
amples suffer from the degradation of chain end functionality, namely
lactonization for ATRP and Chugaev elimination for the RAFT tech-
nique [36,39,40]. To overcome the limitation given by the loss of chain-
end functionality, another approach exploited thermally labile a- and
o-chain ends, or the combination of the two, in a near-quantitative bulk
depolymerization of PMMA [41]. A phthalimide-based monomer was
employed as a comonomer in a copolymer with MMA, initiating the
depolymerization from several points along the backbone, achieving 84
% conversion at 250 °C in 2.5 h [42]. A parallel strategy was recently
reported in which low-ceiling temperature monomers were copoly-
merized with high-ceiling temperature comonomers, such as MMA. This
method induced depolymerization at the chain’s midpoint due to the
weakening of C-C bonds in the backbone [43].

In recent years, significant attention was paid to harnessing light for
mediating RDRPs due to its relative abundance, energy efficiency,
safety, programmable intensity and wavelength, and ability to spatially
and temporally control the polymerization [44,45]. In regards to photo-
depolymerization, a few attempts were made to increase the efficiency
of the depolymerization process by employing photocatalytic systems or
light itself to activate the polymer chain-ends. A metastable dimanga-
nese decacarbonyl (Mng(CO)19) was used as a radical source to depo-
lymerize the PMMA derivatives prepared by ATRP using visible light
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radiation, but a very low yield (up to 20 %) was obtained [46]. For the
RAFT polymers, depolymerization of PMMA by photolysis of its terminal
groups, such as trithiocarbonate, dithiocarbamate, and p-substituted
dithiobenzoate, was facilitated by light at different wavelengths [47].
Importantly, the external light energy mostly served as the accelerating
factor, and the contribution of thermal depolymerization was more
efficient, making temporal regulation difficult. This challenge has been
recently resolved by using iron-based catalysts in ppm amounts, which
enabled excellent temporal control of the depolymerization of poly
(benzyl methacrylate) (PBzMA) [48]. Additionally, the photoinduced
electron/energy transfer (PET)-RAFT depolymerization catalyzed by
eosin Y in various solvents has also been investigated [49] and found
efficient for temporal control depolymerizations [50].

Despite significant progress in the depolymerization of polymers
obtained by RDRP techniques, some relevant factors, such as oxygen
sensitivity, have not yet been investigated in depth. Triplet oxygen is a
strong quencher of organic radicals and inhibits radical (de)polymeri-
zation. In addition, in classical Cu-catalyzed ATRP, oxygen inhibits
polymerization by oxidizing the Cu'/L activator to its inactive form, the
Cu'/L complex. This has spurred efforts to develop oxygen-tolerant
ATRP systems in recent years [51]. Similarly, in depolymerization, ox-
ygen molecules can oxidize the Cul/L activator and quench the propa-
gating radicals, thus inhibiting depolymerization [24]. Although the
solubility of oxygen in (meth)acrylates and other organic compounds
decreases with temperature, the residual oxygen molecules have a high
reactivity towards radical species, quenching their activity [52]. For this
reason, depolymerizations are very often performed after thorough
deoxygenation, usually achieved by freeze-pump-thaw (FPT) cycles
[27] or nitrogen purging [49]. Due to the high oxygen sensitivity, the
depolymerization methods are laborious and relatively far from indus-
trial adoption. Recent trials to depolymerize PMMA without deoxy-
genation using zinc tetraphenylporphyrin (ZnTPP) as external
photocatalyst yielded low monomer recovery (below 31 %), which was
attributed to the degradation of the RAFT end-group [53].

In a very recent report, the effect of low-boiling point cosolvents on
the depolymerization of PBzMA at 170 °C was investigated. This
approach benefited from the boiling cosolvents during the reaction that
removed dissolved oxygen through the bubbles generated by boiling a
solvent, allowing open-air depolymerization with high depolymeriza-
tion yields (of 76-87 %, depending on the monomer repeat unit con-
centration) [54]. The oxygen removal was, however, a short-lived event,
since after a few minutes, the oxygen started to re-diffuse into the so-
lution. Therefore, such an open-air methodology is feasible for relatively
rapid depolymerizations [54].

In this paper, we sought to develop a new depolymerization method
that does not require prior deoxygenation and is applicable for longer
depolymerization times at relatively low depolymerization tempera-
tures (150 °C), which are factors relevant for the larger scale synthesis.
We used a solvent with a high boiling point that previously yielded
negligible (>5%) conversion [54]. The dissolved oxygen was efficiently
removed by the irradiated zinc oxide (ZnO) nanocrystals, making
depolymerization possible in a partly aerated closed reactor, facilitating
workflow, and preventing accidental splashes of boiling cosolvents.

Ligands play a major role in controlling ATRP by solubilizing Cu
salts, adjusting their redox potentials, and facilitating activation and
deactivation via dynamic halogen exchange [55-59]. However, the ef-
fects of amine-based ligands on depolymerization have remained
underexplored [24]. We postulated that ligands contribute to depoly-
merization at high temperatures by controlling the extent of radical
generation and acting as electron donors to both the photo-excited and
ground states of the Cu/ligand complexes. Therefore, the stability of Cu/
ligand complexes at higher temperatures dictates the availability of
catalysts for polymer end-chain activation.

Recently, we reported that the UV-irradiated ZnO nanocrystals
dispersed in dimethyl sulfoxide (DMSO) (boiling point, b.p., of 189 °C)
can trigger a cascade of photocatalytic reactions, enabling rapid removal
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of dissolved oxygen while generating dimethyl sulfone (DMSO>) [60].
Inspired by this finding, we tested this protocol for the photo-assisted
depolymerization of PMMA-Cl prepared by ATRP (Scheme 1) and
extended its applicability to other high-boiling point solvents, such as
1,2,4-trichlorobenzene (TCB) (b.p. of 213 °C).

2. Results and discussion

2.1. Depolymerization of PMMA in the presence of different Cu
complexes in DMSO and TCB

The selection of an appropriate halogen chain-end of PMMA is
important for efficient depolymerization. As recently reported [35,46],
the depolymerization of PMMA with a bromine chain-end (PMMA-Br)
led to termination reactions such as lactonization since Br is a good
leaving group. Although depolymerization of Br-terminated polymers,
such as PBZMA, has recently been optimized toward high efficiencies
[61], in the case of PMMA, the chlorine chain end (PMMA-CI) was re-
ported to provide higher yields because of the stronger C-Cl bond. For
this reason, PMMA-CI (My,, gpc=5100, D = 1.24, DP=54) synthesized via
the initiators for continuous activator regeneration (ICAR) ATRP was

A) Photo-depolymerization of Cl- and Br-capped PMMA prepared by ATRP
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selected as a model polymer. The chain-end functionality of PMMA-Cl
was estimated to be 85 %, determined by chain-extension experi-
ments [37].

The experimental setup consisted of an aerated reaction vessel with
20 % of the headspace partially immersed in an oil bath and exposed to
UV irradiation (380 nm, 28.5 mW/cmz) (technical details; ESI, Sec-
tion 1.4). The effect of three common ATRP ligands, such as TPMA [62],
N,N,N’,N",N"-pentamethyldiethylenetriamine (PMDETA) [62,63], and
2,2-bipyridine (BPY) [64], on depolymerization was investigated under
equimolar conditions of [PMMA-Cl]/[CuCly]/[ligand] = 1/1/1 at
150 °C. At this temperature, the equilibrium monomer concentration of
methyl methacrylate, [MMA].q, was calculated to be 0.158 M following
the scaling function [36,65], and using the thermodynamic parameters;
AHp, of -56 kJ/mol and ASy° of -117 J/mol-K [25]. The depolymer-
ization progress was monitored by gel permeation chromatography
(GPCQ) and proton nuclear magnetic spectroscopy (*HNMR) (ESI, Sec-
tion 1.7., Figure S1, S2). The conversion determined by GPC was
generally higher than that calculated by 'H NMR, but was considered
less accurate since we could not use polystyrene (PS) and poly(ethylene
glycol) (PEG) as the conventional internal standards due to their
degradation under UV light at high temperatures (ESI, Section 2.2.). The
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discrepancy between the 'H NMR and GPC data could be attributed to
the formation of oligomers that were not detectable by the GPC; hence,
they decreased the PMMA peak area, or less likely, a loss of MMA during
depolymerization at relatively high temperatures before 'H NMR anal-
ysis. For these reasons, the GPC data served as a less precise estimate for
the depolymerization, while conversion in terms of the recoverable
MMA was calculated from 'HNMR spectra (Figure S2). A broader
comparison is included in the ESI (Section 2.2. and 2.3.).

Screening of the kinetics for ZnO-mediated UV-assisted depolymer-
ization with different ligands was performed (Figure S3). In all cases,
the depolymerization yield increased rapidly within 30 min and then
plateaued without further progression after 60 min, which was the
representative time for our depolymerization experiments (Fig. 1A). The
depolymerization yield values depended on the Cu complexes’ activity
with various ligands. For the TPMA, a NMR conv. of 19 % was achieved,
while the less active ligand, PMDETA, yielded a NMR conv. of 24 %
within 60 min. The use of BPY increased the NMR conv. up to 28 %
under identical conditions. The representative GPC traces, taken after
60 min, are displayed in Fig. S3A.

To expand the scope of solvents, we used TCB as a solvent for the
ZnO-mediated UV-assisted depolymerization. In this case, the depoly-
merization yield increased significantly compared to those for DMSO
regardless of the ligand type (Fig. 1B and S3B), which was associated
with the lower polarity of this solvent, a lower concentration of radicals
and suppressed lactonization in less polar media. The effect of the ligand
on depolymerization followed a similar trend as for the DMSO-based
systems; however, in this case, the highest NMR conv. reached 46 %
for BPY in 60 min. The minimal change in the shape and positions of the
GPC traces suggests that uncontrolled unzipping was a predominant
mechanism. Overall, the highly active ligands generated excess radicals
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that underwent more termination, thus ceasing the depolymerization
[29].

2.2. Comparison of depolymerization under thermal and photothermal
conditions

Then, we explored the effect of UV light on depolymerization effi-
ciency by performing exclusively thermal depolymerizations. When
using TPMA and PMDETA as ligands (Fig. 1C), the depolymerizations
proceeded even in the absence of UV light with relatively moderate NMR
conv. values of 36 % and 42 %, respectively. Interestingly, the thermal
depolymerization with TPMA showed a slightly higher efficiency when
compared to its photothermally activated conditions (Fig. 1C vs. 1B).
Plausibly, a highly active TPMA complex in combination with UV-
irradiated ZnO promoted the excessive production of radicals and pre-
mature termination of the chain ends (Vide infra, UV-VIS). This phe-
nomenon was reduced by removing the light activation, thus prolonging
the fidelity of the chain ends.

Depolymerization with BPY occurred only when both UV light and
heat were applied simultaneously (photothermal activation) (Fig. 1C vs.
1B). These results demonstrate that depolymerization in the presence of
CuCly/BPY proceeded only via electron transfer from ZnO to the CuCly/
BPY complex because pyridine nitrogens are poor electron donors [66].
Conversely, free TPMA and PMDETA can serve, upon heating, as elec-
tron donors, reducing the excited Cu(Il) deactivators to Cu(I) activators
via the classical photoATRP mechanism and reductive quenching of
excited Cu(Il)/ligand. In addition, TPMA and PMDETA can reduce
ground-state Cu(Il)/L species (in dark) at elevated temperatures via the
ARGET mechanism.

A series of control experiments was performed with the most relevant
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Fig. 1. Comparison of (photo)thermally activated (heterogeneous) depolymerizations of PMMA-CI (DP of 56) with different ligands in DMSO (A) and TCB (B, C, and
D) without prior deoxygenation (A, B, and C) and under deoxygenated (D) conditions in terms of the conversion (determined by H NMR). Reaction conditions:
[PMMA-Cl]o/[CuCl,]o/[ligand]p = equimolar, reaction time of 60 min at 150 °C, UV irradiation (380 nm, 28.5 mW/cm?), ZnO loading of 0.25 wt% relative to

solvent, reaction volume of 3.84 mL (20 vol% aerated headspace).
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oxygen-tolerant recipe (Fig. 1B, BPY as a ligand) to gain a deeper insight
into the role of the individual ATRP components. In the separate ex-
periments, depolymerizations in the absence of ZnO, ligand (BPY), and
CuCl, yielded a negligible conversion (<3%, calculated by 'H NMR) in
all the cases (Table S1, Entries 1-4). This suggests that the ZnO catalyst,
as well as the CuCly/BPY complex, are necessary for successful depoly-
merization [36]. Also, it should be noted that the Cu complexes typically
exist in their stable CuI(BPY)§r form [67], which implies that only half
could be catalytically active when using the equimolar CuCl,/BPY=1/1
concentration. The other half formed much less active anionic CuCly
species [55,68]. For this reason, we examined the effect of the Cu/BPY
ratio on the efficiency of photothermal depolymerizations with ZnO
(Table S1, Entries 5-7). In the case of CuCl,/BPY=1/2, the NMR conv.
decreased, most likely due to the increased solubility of copper salt and
the higher electron-donating effect, which promoted the termination
reactions. Upon decreasing the CuCly/BPY concentration to 1/0.5, the
depolymerization yield changed rather minimally; however, more
detailed optimizations are necessary to identify the optimal Cu/L
loading.

2.3. The effect of oxygen on depolymerization

The tolerance to oxygen in ZnO/CuCly/L catalytic systems is ach-
ieved via two mechanisms: (i) the classical photo-ATRP mechanism via
the reaction of oxygen with Cu(l) or the radicals in PMMA chain ends;
(ii) ZnO-induced electron transfer to Oy and the formation of a super-
oxide radical anion (O3), which can further react with the solvent (i.e.,
DMSO), or Cu(I) species [69-71]. To investigate the effect of oxygen,
depolymerizations in TCB were performed after conventional deoxy-
genation via nitrogen purging [48]. As seen in Fig. 1D, the depolymer-
ization yield increased under inert conditions, when either PMDETA or
BPY were used, reaching NMR conv. values of 45 % and 65 %,
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respectively. On the contrary, depolymerization under deoxygenated
conditions using TPMA as a ligand yielded lower efficiency compared to
the standard conditions without deoxygenation (Fig. 1D vs. 1B). This
suggests that the presence of oxygen reduced the radical concentration,
possibly via the formation of transient peroxy species, and suppressed
termination induced by the high activity of TPMA.

We can also attribute such phenomena to different timescales of
depolymerization/deoxygenation processes. As shown in Figure S3,
depolymerizations employing CuCly/PMDETA and CuCly/TPMA com-
plexes proceed almost immediately upon immersing the reaction vial
into the heated bath; however, a longer time was needed for complete
oxygen removal via the UV-irradiation with ZnO (ESI, Section 2.4.,
Figure S5). Therefore, the onset of the depolymerization process most
likely happens before the complete elimination of oxygen. The residual
oxygen might cause undesirable termination of the PMMA chain ends,
and therefore, nitrogen purging enhanced the efficiency of the ZnO co-
catalyzed (photo)depolymerizations.

2.4. Stability of Cu/L complexes at high temperatures

To understand the mechanism of Cu-based depolymerization in the
presence of Oo, the stability of the CuCly/ligand complexes was peri-
odically monitored via Vis-NIR spectroscopy upon exposure to a tem-
perature of 150 °C (Fig. 2). The spectra for CuCly/BPY and CuCly/TPMA
complexes exhibited a 30 % and 20 % reduction in the Ap.x absorbance
within 60 min, respectively, implying their decomplexation and for-
mation of bare ligands and CuCl, species. At such a state, the bare li-
gands can act as either electron donors to the remaining CuCly/ligand
complexes or activate PMMA-CI via supplemental activation [35,72,73].
After returning the solutions to ambient temperature, the optical prop-
erties of the CuCly/BPY and CuCly/TPMA complexes significantly
recovered. The regeneration of the complex of tetradentate TPMA was,

12 100 [
" om
——_— cl-cu"+BPY 10 150 °C Amblent || o (I
| 3 1
08 l Ze
Ambient temp. goe H
o g g Ambient
60m 75m 90m S 40 o
: 5. H 150 °C fomp.
‘ ] 2
20
| 02
Lkl
il 0.0
— J 400 600 800 1000 1200 1400 T s 45 s 15 %o
Wavelength (nm) Time (min)
— 20 L L
o o 100 ]
SN, ] o
(;N(c;“w X - cl-cu" + TPMA 16 150 °C Ambient g ® " a g :
|\// N M P }
& 12 z 60
CuCl, TPMA 150 °C Ambient temp. 8
c
T=0 15m 30m 45m 60m 75m 90m 08 g w0 150 °C Ambient
= - s . 5 = .E temp.
F 0.4 < 2
|
i REE SR N . »
4 400 600 800 1000 1200 1400 0 15 30 _45 60 75 90
Wavelength (nm) Time (min)
CI\ /CI T2 2 " 100{ m
AR - Cl-Cu" + PMDETA
| g 80
SN A\ : ]
2
CuCl,-PMDETA 150 °C Ambient temp. ] 5 o Ambient
1= H g temp.
=0 15m 30m 45m 60m 75m 90m 2 § 40 150 °C
a2
; - - H .
| 2 20 - ]
= & & & Jf o
0 15 30 _45 60 75 90
Time (min)

Fig. 2. The evolution of the color (left), the corresponding Vis-NIR spectra at different times (middle), and the peak absorption (Ayay) plotted as a function of time
(right) for BPY (A), TPMA (B), and PMDETA (C) of CuCly/ligand solutions (12.4 mM) upon heating to 150 °C (60 min) and subsequent exposure to ambient
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however, faster and more pronounced (recovery to 99.5 % of Amax)
compared to that of bidentate BPY (recovery to 82 % of Amax).

The CuCly/PMDETA complexes showed the most significant and
fastest drop in absorption values (95 % reduction of Apax within 15
min), accompanied by intense color changes (Fig. 2). Such a phenome-
non likely indicates the formation of both naked CuCly; and PMDETA, as
well as a reduction to CuCl by PMDETA. Unlike TPMA and BPY, the
recovery of PMDETA complexes was slow and incomplete upon keeping
the solutions at ambient temperature. Furthermore, the blue shift in Apax
from 705 to 657 nm in the CuCly/PMDETA spectrum, along with the
irreversible color change from blue to dark green, suggested the
decomposition of PMDETA and the formation of new species.

Next, the stability of all three ligands and the possibility of side re-
actions at 150 °C were investigated using 'H NMR spectroscopy in
DMSO-dg. The 'HNMR spectrum for BPY remained nearly invariant
after 60 min of thermal incubation (Figure S6), whereas the H NMR
spectrum for PMDETA showed new peaks (6.5-7.5 ppm and 1.2-1.3
ppm), suggesting the generation of side products (Figure S7). In the case
of TPMA, the formation of 2-pyridinecarboxaldehyde (10.0 ppm) and
other minor products (1.2-1.4 ppm and 2.7-2.9 ppm) was detected,
suggesting its thermal instability in the presence of air (Figure S8). It is
also noteworthy that such chemical transformation may be promoted or
suppressed in the presence of Cu or light, which has a significant impact
on the depolymerization process (Fig. 1).

2.5. Effect of oxygen and light on reduction of CuCly/L complex

Then, the effects of UV irradiation and deoxygenation on the Vis-NIR
spectra of CuCl, complexes were investigated. As shown in Fig. 3,
deoxygenation (nitrogen purge) resulted in the highest reduction in the
absorption peaks of all three complexes. This can be attributed to an
increase in the formation of Cu(I) activators, which are typically
oxidized to Cu(Il) in the presence of O,. In addition, UV light also pro-
moted the reduction of CuCly/BPY and CuCly/TPMA complexes, sug-
gesting that detached ligands may act as electron donors in the
photoreduction of excited Cu(I)/L species [74,75]. In the case of CuCly/
BPY, it was assumed that decomplexed BPY reduced the remaining
complexes (Fig. 3), but its limited electron-donating ability was insuf-
ficient to activate PMMA-Cl via supplemental activation (Fig. 1C).
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Interestingly, CuCl,/PMDETA complexes displayed higher absorbance
values under photothermal conditions compared to exclusively thermal
conditions. Overall, these results suggest that PMDETA is rather a poor
ligand for high-temperature depolymerizations due to its insufficient
thermal stability, whereas BPY and TPMA are relatively stable at higher
temperatures necessary to carry out depolymerization.

2.6. Bulk depolymerization

The versatility and robustness of the depolymerization system were
examined by carrying out solvent-free (bulk) depolymerization of
PMMA-C] using the selected catalytic system, CuCly/BPY/ZnO, that
provided the highest yield in depolymerization (Fig. 1D, BPY). The bulk
depolymerization was carried out using 500 mg of PMMA, i.e., 10x
higher than in the experiments performed in the previous sections.
PMMA-CI prepared by ICAR ATRP was reversed to monomers upon 30
min of UV light irradiation at 200C, while the monomer was separated
from the depolymerization reactor by vacuum distillation to prevent its
(re)polymerization (Fig. 4). The depolymerization yield, calculated
based on the loss of PMMA weight in the distillation flask, reached 62 %.
This amount corresponded to 90 % MMA recovery, i.e., the weight
fraction of the obtained monomer based on the weight loss of the
polymer, [36] as confirmed by 'H NMR (Fig. 4E). The MMA isolated by
this method was used to copolymerize with n-butyl methacrylate using
PET-RAFT polymerization, demonstrating the possibility to convert
MMA into (co)polymers by another RDRP technique [76,77]. The con-
trol experiment without ZnO yielded only an 11 % yield of MMA (91 %
monomer recovery), confirming the key role of ZnO in reducing CuCly
and driving depolymerization. In addition, another control experiment
performed without CuCly/BPY (only with ZnO) did not show significant
changes in the polymer’s mass, underscoring the importance of the dual
catalysis of CuCly/BPY for depolymerization.

2.7. Mechanism of depolymerization with ZnO

The activation mechanism of the polymeric chain-ends of PMMA-Cl
is summarized in Scheme 2. Accordingly, three possible pathways for
the reduction of Cu(II)/L to Cu(I)/L species are possible: (1) exclusively
thermal (in the dark) reduction of the ground state Cu(II)/L; (2) photo-
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reduction of the excited state [Cu(II)/L]* by de-complexed (free) li-
gands; and (3) photo-reduction of the ground and excited state Cu(II)/L
complex with electrons generated from excited [ZnO]*. In the absence of
UV light, free ligands released from Cu(II)/L at higher temperatures
reduce the remaining Cu(II)/L complex, generating Cu(I)/L complex as
well as amine radical cations (L®*, Scheme 2A). Such free ligands
reduce excited [Cu(II)/L]* more readily, because it has a much more
positive oxidation potential (e.g., +2.07 V vs. —0.23 V for [Br-Cu'/
TPMA)*1* and [Br-Cu'l/TPMA)*1) (Scheme 2B) [78].

The amine radical cations decompose to iminium ions that remain
innocent in polymerization/depolymerization [79]. As described earlier
(Fig. 1C), BPY could not induce depolymerization without ZnO since the
aromatic amines in BPY are not good electron donors to reduce Cu(Il)/L,
unlike PMDETA and TPMA, which reduced both the ground and excited
states of Cu(II)/L. Therefore, Cu(II)/BPY is mainly reduced by electrons

(e") generated from the photoexcitation of ZnO, which also forms elec-
tron holes (h™) upon excitation (Scheme 2C) [35,36,80].

Consequently, most chains of PMMA-CI are activated by the Cu(I)/L
complex. However, some direct activation of chains by amine ligands via
the formation of a halogen-bonding complex is also possible (dashed
arrows) [35], which is facilitated at high temperatures and in the pres-
ence of light [81]. Ligand may also induce the elimination reaction of
the PMMA-CI end-group while forming an unsaturated vinyl end-chain
(macromonomers), which may undergo depolymerization even more
readily [40]. The model reactions of alkyl halide and ligands proved the
formation of vinyl peaks at 5.7 and 6.1 ppm in 'HNMR spectra
(Figure S9). The extent of elimination increases in the order of PMDE-
TA>TPMA>BPY, which correlates with the basicity and number of alkyl
amines in the ligands. Considering the high temperatures and relatively
low monomer concentration used in these experiments, the
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thermodynamic conditions favor depolymerization over polymeriza-
tion, and the unzipping of the polymer chains results in the formation of
monomers.

Finally, despite the poor solubility of oxygen in solvents at high
temperatures, the traces of oxygen in the depolymerization solution
acted as either an inhibitor (i.e., BPY) or a promotor of the depoly-
merization. The oxygen tolerance is rendered to this system mostly by
Cu(l)/L, which reacts with oxygen (O3), (re)generating Cu(II)/L and
H20,. Moreover, free electrons (e”) generated from the photoexcitation
of ZnO could form superoxide anions (0®"). Oxygen Oy is also scavenged
by reacting with PMMA end group radicals, forming peroxide end
groups [69]. Due to the instability of peroxy species at high tempera-
tures, they decompose to H,O and O; or undergo a Cu-catalyzed Fenton-
like reaction and form hydroxyl radicals (OH®). The formed reactive
oxygen species (ROS) (superoxide anion and hydroxyl radicals) may
further react with DMSO or a ligand. Importantly, no side products from
the reaction of MMA with oxygen at a higher temperature were detected
in 'H NMR. This is contrary to some other vinyl monomers (e.g., sty-
rene) that form oxidized products (e.g., benzaldehyde or benzoic acid) at
high temperatures during aerobic depolymerization [82,83].

2.8. A broader perspective

Previously, high depolymerization yields were reported for poly
(meth)acrylates prepared by RDRPs under specific conditions. For
example, depropagation was favored by using diluted solutions (5 mM)
[31] or relatively high temperatures (190-250 °C) [37,41]. Such a
dilution, however, is challenging because of the limited amount of
monomer that can be recovered (approx. 5 g of polymer at 5 mM
repeating unit requires 10 L of solvent) [40]. We, therefore, aimed to
depolymerize polymethacrylate solutions at concentrations close to the
equilibrium monomer concentration, which translates into 30-fold
higher values (at 158 mM repeating units, i.e., 2.93 mmol PMMA of
DP 54) at 150 °C, potentially enabling to depolymerize up to 164 g of
PMMA per 10 L of TCB as solvent. The depolymerization yield was
correlated with the concentration of repeating monomer units and other
relevant parameters (cf. Fig. 5). To address the temperature effects, by
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comparing our data (Fig. 1B, BPY as a ligand) with the depolymerization
yield of PMMA-CI catalyzed by Fe® at 150 °C [37], a similar performance
was observed. This indicates the comparable efficiency of the presented
method, which also benefits from a significantly improved workflow by
avoiding deoxygenation.

3. Conclusions

In summary, the depolymerization technique utilizing a high-boiling
point solvent and UV-activated ZnO nanocrystals as oxygen scavengers
was developed. The depolymerizations were performed without prior
deoxygenation in aerated reaction vessels (20 vol% headspace) at rela-
tively concentrated (0.158 M of repeating monomer units at 150 °C)
solutions of PMMA-CI prepared by ATRP. The feasibility was investi-
gated in DMSO and TCB solvents, while TPMA, PMDETA, and BPY were
tested as ligands forming ATRP catalysts with different activities. TPMA
and PMDETA ligands generated higher concentrations of radicals, pro-
moting a faster loss of chain-end fidelity and thereby inhibiting depo-
lymerization. The copper complexes with PMDETA were thermally
unstable, rendering them inefficient for depolymerization. The highest
yields were achieved using BPY as a stable and less active ligand,
especially in TCB. Unlike TPMA and PMDETA, the BPY allowed efficient
photothermal depolymerization. Furthermore, our system was adopted
for bulk depolymerization, demonstrating its versatility and large-scale
potential. The recovered MMA was copolymerized with BMA using the
PET-RAFT technique. Overall, the presented strategy allows for fast
depolymerizations with a facile workflow that provides reasonable
yields without laborious deoxygenations or the need for expensive or
specialized equipment, paving avenues for potential adoption on a
larger scale.
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