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Chemical recycling of polymers is one of the biggest challenges in materials science. Recently, remark-
able achievements have been made by utilizing polymers prepared by controlled radical polymerization
to trigger low-temperature depolymerization. However, in the case of atom transfer radical polymeriz-
ation (ATRP), depolymerization has nearly exclusively focused on chlorine-terminated polymers, even
though the overwhelming majority of polymeric materials synthesized with this method possess a
bromine end-group. Herein, we report an efficient depolymerization strategy for bromine-terminated
polymethacrylates which employs an inexpensive and environmentally friendly iron catalyst (FeBr,/L). The
effect of various solvents and the concentration of metal salt and ligand on the depolymerization are judi-
ciously explored and optimized, allowing for a depolymerization efficiency of up to 86% to be achieved in
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just 3 minutes. Notably, the versatility of this depolymerization is exemplified by its compatibility with
chlorinated and non-chlorinated solvents, and both Fe(i) and Fe(in) salts. This work significantly expands
the scope of ATRP materials compatible with depolymerization and creates many future opportunities in
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Introduction

Over the last century, it is undeniable that polymers have been
established as essential materials for a whole host of
applications."™ In contrast, recycling efforts have lagged far
behind, resulting in the accumulation of polymers within the
environment and the necessity that new degradation and
depolymerization methods are developed.®™® An alternative
sustainable life cycle for polymers is idealized, where starting
monomers can be directly reobtained from polymers, and then
used to synthesize a new batch of materials."*"” However,
developing these chemical recycling approaches is of consider-
able challenge, as the vast majority of polymers produced glob-
ally contain very strong all-carbon backbones and initial depo-
lymerization strategies such as pyrolysis require very high
temperatures (>400 °C) for monomer regeneration to be
triggered.'®'® The essential step of these processes was a
random repeat unit or backbone scission step within free
radical or anionic polymers, which generated a backbone
radical that was then capable of unzipping the polymer
chain.*

Laboratory of Polymeric Materials, Department of Materials, ETH Zurich, Vliadimir-
Prelog-Weg-5, 8093 Zurich, Switzerland. E-mail: athina.anastasaki@mat.ethz.ch

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d31p00279a

© 2024 The Author(s). Published by the Royal Society of Chemistry

applications where the depolymerization of bromine-terminated polymers is desired.

More recently, with the advent of controlled radical
polymerization, and in particular reversible addition-fragmen-
tation chain transfer (RAFT) polymerization®">* and atom
transfer radical polymerization (ATRP),>>"*” it has become
commonplace to prepare polymers containing labile end-
groups,”® > which can subsequently be activated at far lower
temperatures to trigger an efficient depolymerization.*** In
the area of RAFT, these end-group unzipping processes were
first demonstrated by Gramlich and co-workers, who showed
that bulky bottlebrush polymers could be deconstructed in
solution to partially recover the monomer (~20-30%) at
70 °C.*® This has inspired significant further research and
several methods have been developed, enabling high meth-
acrylate monomer regeneration at relatively low temperatures
(<120 °C). Our group has showed that near-quantitative depoly-
merization of various linear, bulky and functional polymetha-
crylates could be achieved at 120 °C.>’*° In addition, both our
laboratory and that of Sumerlin demonstrated that the com-
bined stimuli of heat and light could accelerate the depolymer-
ization, while successfully obtaining high depolymerization
yields."®™** The key to the success of these strategies is the low-
temperature activation of the RAFT end-group (typically a
dithiobenzoate or a trithiocarbonate) to enable radical gene-
ration combined with a high polymer dilution (5 mM repeat
unit concentration) which creates favorable thermodynamic
conditions for depolymerization to occur.*® Upon switching to
slightly less diluted systems (i.e. 25 mM and 100 mM), a more
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controlled depolymerization was observed whereby a gradual
decrease in molecular weight could be observed thus mirror-
ing the reverse process of controlled polymerization.?>**?
However, much lower conversions were reached on these
occasions, thus compromising the overall depolymerization
efficiency. It is highlighted that the vast majority of these
works operate exclusively at high dilutions, although bulk
depolymerization of RAFT-synthesized materials has also been
realized albeit at significantly higher temperatures (i.e. 230 °C)
by leveraging the in situ removal of the monomer during the
depolymerization.**™*¢

Instead, the depolymerization of ATRP-synthesized
materials can be realized at much higher concentrations and
as such is currently attracting significant attention.”” Raus and
co-workers initially showed that the depolymerization of ATRP
bottlebrushes was possible at 90 °C,*® while Ouchi and co-
workers first demonstrated that around 25% of the non-bulky
methyl methacrylate (MMA) monomer could be recovered in
the presence of a ruthenium catalyst.”® Impressively, the
Matyjaszewski group was able to significantly boost the depoly-
merization conversions to 70-80%, by performing reactions at
170 °C and utilizing either a copper or iron-based catalyst.”* >
On the photo-thermal front, our group recently reported that
photocatalytic ATRP depolymerization could also be successful
under blue light irradiation and iron catalysis,”® also reaching
high monomer recovery (up to 90%). It is noted that the depo-
lymerization of the aforementioned ATRP-made materials can
take place in up to 2 M concentration with the exception of a
recent report that showcases a higher temperature bulk depoly-
merization.>® However, current literature reports, including
both solution and bulk depolymerization strategies, have
focused  nearly exclusively on  chlorine-terminated
polymers,*>*°>* even though the vast majority of polymers
prepared by ATRP have a bromine end-group. Therefore, the
development of a single-step method to depolymerize
bromine-terminated polymers yielding high conversions would
significantly expand the scope of materials compatible with
chemical recycling.

Herein, we report the rapid depolymerization of bromine-
terminated polymethacrylates triggered by an iron catalyst
(Scheme 1). A comprehensive study is performed, evaluating a
range of different depolymerization conditions with the aim to
achieve high monomer regeneration. The effect of the solvent
and both metal salt and ligand concentrations are critically
evaluated before kinetic evaluation of the optimized con-
ditions is performed. Finally, the versatility of the method is
demonstrated by achieving high depolymerization conversions
under a wide-range of compatible reaction conditions.

Experimental
Materials

Benzyl methacrylate (>98.0%) and tetraethylene glycol
dimethyl ether were obtained from Tokyo Chemical Industry.
Ethyl a-bromophenyl acetate (97%) and 1,2,4-trichlorobenzene
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Scheme 1 A comparison between previous approaches and the
current method for the depolymerization of polymers obtained by ATRP.

were obtained from Acros Organics. Anhydrous iron(u)
bromide (98%) and iron(m) bromide (98%) were obtained from
Alfa Aesar. N,N-Dimethylformamide (>99%) and 1,3-dichloro-
benzene (98%) were obtained from Fluka.
Tetrabutylammonium bromide (99%) and anisole (99%) were
obtained from Sigma Aldrich and the polystyrene standard
(average M,, 180 kDa) was purchased from Supelco. All chemi-
cals were used as received, except the monomer that was
passed through a column of basic alumina prior to usage.

Instrumentation

'H NMR spectra were measured on a Bruker DPX - 300
spectrometer. The depolymerization conversions were assessed
by comparing the integrals of the monomeric vinyl protons
(5.49-5.97 ppm) to the integrals of both the monomer and
polymer  peaks  (4.81-5.06 ppm). Size  Exclusion
Chromatography (SEC) was performed using a Shimadzu
modular system consisting of a CBM-20A system controller, an
SIL-20A automatic injector, a 10.0 pm bead size guard column
(50 x 7.5 mm), followed by three KF-805L columns (300 x
8 mm, bead size: 10 um, pore size maximum: 5000 A) and an
RID-20A  differential  refractive-index  detector. = N,N-
Dimethylacetamide (HPLC grade, with 0.03% w/v LiBr) served
as the eluent and the flow rate was maintained at 1 mL min™"
using an LC-20AD pump. A calibration curve for molecular
weight was generated using commercially available narrow
molar mass distribution poly(methyl methacrylate) standards
with molecular weights spanning from 5000 to 1.5 x 10° Da.

Depolymerization of PBzZMA-Br with FeBr,/TBABr (1:1:1)

In a 15 mL glass vial, 3 mg (1.39 x 10~ mol, 1 eq.) of FeBr,
were placed. The vial was promptly sealed with a rubber
septum and then purged with nitrogen for 30 minutes. In the
same vial and under nitrogen, 440 pL of deoxygenated
TEGDME was added and incubated at 170 °C for 2 minutes
until all FeBr, was dissolved. Following this, 8.8 mL of deoxy-
genated TCB was introduced (95% v/v), resulting in a slightly
orange solution. In a separate 15 mL glass tube equipped with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a stirring bar, 9.2 mg (1.56 x 10~° mol, 1 eq.) of PBzZMA-Br,
4.6 mg (0.5 eq.) of PS-H internal standard and 0.50 mg (1.56 x
107° mol, 1 eq.) of TBABr were added. The tube was sealed
with a rubber septum and degassed with nitrogen for five
minutes. Under nitrogen, 1 mL (0.34 mg FeBr,, 1.56 x 107°%, 1
eq.) of the catalyst stock solution was introduced to the reac-
tion tube and it was stirred vigorously to dissolve all solids. A
small aliquot of the reaction was collected, under a nitrogen
blanket with nitrogen-purged needles, for '"H NMR and SEC
analysis, before the reaction tube was placed into the oil bath
at 170 °C. Additional samples were collected after 5, 15, and
60 minutes of reaction time. This procedure remained consist-
ent for all the various conditions employed. "H NMR analysis
was performed in deuterated acetone and SEC analysis was
carried out in dimethylacetamide, after samples had been
passed through a column of basic alumina and a 0.45 pm
PTFE filter.

Results and discussion

A bromine-terminated polymethacrylate was initially syn-
thesized by photo-ATRP. Benzyl methacrylate was selected as
the model monomer, ethyl a-bromophenyl acetate (EBPA) as
the initiator and iron(m) bromide/tetrabutylammonium
bromide (FeBry/TBABr) as the catalyst (Scheme S$1%).>°77
Polymerization was conducted under blue light irradiation and
after a rigorous purification, a well-defined polymer was suc-
cessfully obtained (Fig. S1 and S2t). Inspired by previous work
from our group in collaboration with the Matyjaszewski group,
where the photo-thermal depolymerization of chlorine-termi-
nated polymers had been successfully achieved using an iron-
based catalytic system, we also started our investigation here

a)
100
—®—0 eq. TBABr
—MN—4 eq. TBABr
80 4
3
c
O 60+
8
= [ ]
@ = o
£ 404
>
o
Q.
@
Q 20+ o— o °
0 B
10 20 30 40 50 60
Time (min)

View Article Online

Paper

using iron as a catalyst.>>> In particular, iron has the benefits
of being lower in cost and toxicity, and greater in abundance
in comparison to more widely used copper catalysts. Rather
than selecting iron(u) chloride as the metal salt, instead iron(u)
bromide (4 equiv.) was chosen while keeping triethylene glycol
methyl diether (TEGDME) as both the solvent and ligand.>**®
Depolymerization reactions were performed at 170 °C, utilizing
a 50 mM repeat unit concentration of polymer and a ratio of
polymer to FeBr, of 1:4. Under these conditions, approxi-
mately 20% of depolymerization was achieved in just
5 minutes, as evidenced by the appearance of vinyl peaks in
the "H Nuclear Magnetic Resonance (NMR) spectrum (Fig. 1,
pink & S3, S4 and Table S1,} entries 1-4). Prior to proceeding
with further experiments, it was important to understand what
the maximum threshold of depolymerization achievable could
be. To investigate this, it was necessary to quantify the end-
group fidelity of the starting polymer. Clearly, it would only be
possible to depolymerize those chains that contained the
bromine end-group, so a chain extension experiment was con-
ducted and detailed calculations were performed to assess the
livingness.>>* Pleasingly, a clear shift in the molar mass dis-
tribution to higher molecular weights was observed,
suggesting that the polymer had high end-group fidelity, but
there was also a slight increase in it’s dispersity value (b = 1.31
and M, = 24100, Fig. S51) indicating partial loss of the end-
group. The livingness was calculated based on the deconvolu-
tion of the SEC traces and the chain-end functionality was
determined to be 85% (Fig. S6t). As such, 20% of depolymeri-
zation suggests an overall efficiency of 23% which although
still relatively low, demonstrates that it was possible for this
catalytic system to successfully activate the carbon-bromine
chain-end and trigger a low-temperature depolymerization, but
this very limited conversion could not be exceeded even after a
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Fig. 1 The effect of TBABr on the depolymerization of bromine-terminated polymers synthesized by ATRP. In (a) kinetics illustrate the depolymeri-
zation conversion obtained from *H NMR and in (b) SEC traces under the various conditions are illustrated after 60 minutes of depolymerization.
Both reactions were performed with a 50 mM repeat unit concentration of polymer at 170 °C in TEGDME.
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longer reaction time (e.g. 1 hour). The low conversion was
attributed to the relatively inactive catalyst employed resulting
in insufficient chain-end activation. It was thus hypothesized
that the employment of a higher-activity catalyst would
improve our depolymerization results, as faster activation of
the C-Br would potentially minimize any effect from the
instability of the C-Br bond towards termination events like
lactonization.®® TBABr was subsequently selected as an
alternative ligand source (i.e. to supply additional coordinating
bromide), as this has previously been shown to be very
effective for controlling polymerization.®® Depolymerization
was performed with 4 equivalents of TBABr with respect to
polymer and all other reaction conditions were kept consistent
with the previous experiment ([P-Br]:[FeBr,]:[TBABr] =
1:4:4). Pleasingly, after 5 minutes of depolymerization, as
much as 49% monomer regeneration was achieved (or 57% of
depolymerization efficiency) as evidenced by 'H NMR (Fig. 1a,
blue & S7 and Table S1,} entries 5-8). This conclusion was vali-
dated by size exclusion chromatography (SEC), as a significant
reduction in the intensity of the polymer peak (50% by area)
was observed in comparison to a PS-H internal standard
(Fig. 1b, blue & S8%). This reduction was uniform and no low
molecular weight polymer formation occurred, suggesting that
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after the C-Br bond was activated forming the chain-end
radical, the polymer chains fully unzipped to monomer. On
closer analysis of the SEC traces, the formation of high mole-
cular weight polymer chains could also be observed, indicating
that significant termination via combination had occurred.
This suggested that too high a concentration of radicals had
formed during the reaction and termination events (both com-
bination and disproportionation) were competing with the
depolymerization, potentially limiting the extent of monomer
generation (Fig. 1b & S87). Encouraged by this data, we sought
to further optimize the reaction conditions, so the amount of
monomer regeneration could be further increased.

To start, the importance of the choice of solvent for the
depolymerization was investigated (Fig. 2a). Our group pre-
viously demonstrated that the solvent greatly impacted the
extent of depolymerization for RAFT polymers, and the effect
on ATRP depolymerization could feasibly be more significant,
given the variance of catalyst activity and solubility in different
solvents.?>*>%® The two main criteria that it was necessary to
consider were the boiling point of the solvent and its
propensity to dissolve all the reaction components.
Dimethylformamide (DMF), anisole, 1,2-dichlorobenzene
(DCB) and 1,2,4-trichlorobenzene (TCB) were selected as these
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Fig. 2 The effect of solvent on the depolymerization. In (a) a scheme of the depolymerization is shown, in (b) a bar graph shows the relative depoly-
merization conversions in the various solvents after 60 minutes and in (c) the SEC traces for the depolymerization in the optimal solvent, TCB, are

shown at various timepoints.

278 | RSC Appl. Polym., 2024, 2, 275-283

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lp00279a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 26 January 2024. Downloaded on 4/5/2026 6:08:51 AM.

(cc)

RSC Applied Polymers

all had boiling points higher than 150 °C and with 5% v/v
TEGDME they gave high solubility of both polymer and cata-
lyst. When depolymerization was performed in either DCB,
DMEF or anisole, around 40% of the monomer was regenerated,
a similar percentage to the results obtained in TEGDME
(Fig. 2b & S9-S11 and Table S2,} entries 1-12). In all cases, the
depolymerization was complete after just 5 minutes, but simi-
larly to when TEGDME had been used, in both DCB and
anisole, alongside the monomer production, high molecular
weight polymer chain formation was also evidenced by SEC,
suggesting that termination was again competing with the
depolymerization. When TCB was selected as the solvent, it
was possible to significantly improve the depolymerization,
achieving a conversion as high as 61% in 5 minutes and a
depolymerization efficiency of 71% (Fig. 2b & S9-S11 and
Table S2,T entries 13-16). In a similar vein to when the other
solvents were utilized, no further depolymerization was
observed after either 15 or 60 minutes and all the SEC traces
overlapped, illustrating that the reaction had already reached
its maximum possible value. The high molecular weight
polymer formation was much less pronounced in TCB,
suggesting that less termination had occurred during the
depolymerization, most likely due to a slower rate of radical
activation in this solvent (Fig. 2c). This suppressed termin-
ation and allowed a larger number of the chain-end radicals to
gradually form and unzip, yielding a greater final amount of
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monomer. TCB was therefore selected for all subsequent
experiments, alongside a 5-minute reaction time.

Next, we wanted to systematically investigate the effect of
both the concentration of the metal salt and TBABr, with the
aim of promoting further depolymerization. First, the effect of
the metal salt concentration was investigated, while keeping
the amount of polymer and TBABr constant
([P-Br]:[FeBr,]: [TBABr] = 1:X:4, Fig. 3a). We hypothesized
that by lowering the metal salt concentration, the rate at which
chain-end radical generation was occurring would be lowered,
resulting in a consistently lower radical concentration through-
out the depolymerization and as a result an even lower extent
of termination. On decreasing the FeBr, concentration from 4
equivalents to 1 equivalent, the depolymerization reached
72%, the highest thus far and no high molecular weight
chains could be evidenced in the SEC, implying that termin-
ation events had been significantly suppressed (Fig. 3a, d &
S12 and Table S3,} entries 2 and 3). This gave a remarkable
depolymerization efficiency of 84%, demonstrating that it was
possible to depolymerize almost every chain that had orig-
inally contained a bromine end-group. By further lowering the
concentration of FeBr, concentration to 0.25, 0.10 and 0.05
equivalents, a gradual decrease in the amount of regenerated
monomer was observed with 72%, 53% and 41% of depoly-
merization obtained respectively (Fig. 3a, d & S12 and
Table S3,T entries 4-7). This suggests that at lower catalyst con-
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Fig. 3 The effect of the metal salt and TBABr concentration on the depolymerization. In (a) a bar graph shows the relative depolymerization conver-
sions with various metal salt concentrations. In (b) a bar graph shows the relative depolymerization conversions with various FeBr,/TBABr concen-
trations (X : 4X). In (c) a bar graph shows the relative depolymerization conversions with various TBABr concentrations. (d—f) Show the SEC traces for
the corresponding reactions for (a—c). All reactions were performed with a 50 mM repeat unit concentration of polymer, FeBr,/TBABr as the catalyst

in TCB at 170 °C. Samples were taken after 5 minutes.
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centrations there was either not sufficient catalyst available to
activate all of the polymer chains or that the rate of activation
was so low that other side reactions, for example lactonization,
were more pronounced potentially eliminating the C-Br end-
group.’®*>%* Altogether, our data highlight that a fine balance
is required to minimize the various termination and side reac-
tions so as to maximize the depolymerization, and to achieve
this, a 1:1:4 ratio between polymer, FeBr, and TBABr was
found to be the optimal.

Our next aim was to understand the importance of this 1:4
FeBr, to TBABT ratio (Fig. 3b). Several depolymerization experi-
ments were performed where we scaled up and down the con-
centration of the FeBr, and the TBABr, while maintaining this
1:4 ratio. Similarly, to the previous results, when the concen-
tration of catalyst was decreased the amount of depolymeriza-
tion also decreased (Fig. 3b, e & S13 and Table S4,} entries
3-6). For example, using a ratio of [P-Br]:[FeBr,]:[TBABr] of
1:0.25:1 resulted in 66% of depolymerization compared to
the 72% with a ratio of 1:1:4 (Table S4,T entries 3 and 4).
This trend was further demonstrated with 39% and 26% depo-
lymerization obtained when ratios of [P-Br]: [FeBr,]: [TBABr]
equal to 1:0.10:0.40 and 1:0.05: 0.20 were used, respectively
(Table S4,} entries 5 and 6). As such, it was concluded that at
least 1 equivalent of FeBr,/TBABr was necessary to maximize
the depolymerization. Instead, at higher concentrations of
metal salt and TBABr ([P-Br]:[FeBr,]:[TBABr] = 1:4:16 and
1:10:40), the depolymerization yield was maintained con-
stant, with 74 and 75% achieved, respectively (Fig. 3b, e & S13
and Table S4,f entries 1 and 2). This contrasted the results
when a [P-Br]: [FeBr,]: [TBABr] of 1:10:4 was utilized, where
much lower depolymerization occurred and just 52% of the
starting monomer was obtained (Fig. 3a and Table S3,} entry
1). Together this suggests that so long as the TBABr is in
excess to the metal salt, radical termination reactions can be
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suppressed, even at high catalyst loadings. A polymer-to-metal
salt ratio ([P-Br]:[FeBr,] of 1:1) is though preferred to mini-
mize the amount of catalyst required.

Given the importance of the TBABr concentration in con-
trolling the extent of termination, it’s optimal concentration
for depolymerization was also explored (Fig. 3c).®> We there-
fore performed depolymerization reactions with various
amounts of TBABr while keeping the amount of metal salt con-
stant ([P-Br]:[FeBr,]:[TBABr] 1:1:X). These experimental
results clearly fell into 2 categories; (i) when the amount of
TBABr was equal or greater to the amount of metal salt (X = 1,
4, 6, 12), there was a reproducibly high depolymerization con-
version (69-75%, Fig. 3c, f & S14 and Table S5,7 entries 1-4),
whereas (ii) when TBABr was not in excess (i.e. X = 0.25) a
much lower extent of depolymerization was observed (52%,
Fig. 3c, f & S14 and Table S5, entries 5 and 6). A
[P-Br]: [FeBr,]: [TBABr] ratio of 1:1:1 was therefore selected
as the optimal condition as this maximized the extent of depo-
lymerization, while minimized the amount of TBABr required.

Considering that the depolymerization conditions had been
judiciously optimized, kinetic analysis was performed to
further understand the rate of reaction (Fig. 4). It was quite
remarkable that in all the previous experiments the maximum
depolymerization conversion had been obtained within just
5 minutes, so a depolymerization was performed with the opti-
mized conditions ([P-Br]:[FeBr,]:[TBABr] of 1:1:1) and the
reaction was frequently sampled (Fig. 4 & S15 and Table S67).
In the early stages, only a small amount of depolymerization
was observed, with 6% of monomer obtained in the first 40
seconds (Table S6,f entries 1-3). This was attributed to the
time required for the reaction solution to reach 170 °C and for
the catalyst to trigger radical activation of the bromine end-
groups. There was subsequently, a rapid and linear increase in
depolymerization, reaching 62% in just 90 seconds (Table S6,T

b)
7000 2.4
60004 mmm L 2.2
]
5000 = - N Y
o m =
4000 4 L 1.8
s Q
3000 + L 1.6
2000 = L 1.4
A A
1000 A A A F12
AAs A
0 T T T T T T T T 1.0

0 10 20 30 40 50 60 70 80
Depolymerization (%)

Fig. 4 Depolymerization kinetics with the optimized conditions ([P-Br] : [FeBr,] : [TBABr] of 1:1:1). In (a) the evolution of depolymerization conver-
sion with time is shown and in (b) the evolution of molecular weight and dispersity with depolymerization is presented.
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entries 4-8). After this, the rate of depolymerization slowed
down and the kinetic profile plateaued to a maximum depoly-
merization conversion of 73% (Table S6,T entry 9). In terms of
molecular weight and dispersity evolution, there was a sharp
drop in the polymer signal of the SEC profiles as the depoly-
merization proceeded, demonstrating that most of the
polymer chains fully unzipped on activation (Fig. 4b & S151). A
slight decrease in the M, from ~6000 to ~5000 and a small
amount of low molecular weight tailing could be evidenced in
SEC alongside a small increase in dispersity (P = 1.14-1.20).
This suggests there was a small amount of termination occur-
ring during the depolymerization and this is likely also
demonstrated through the depolymerization efficiency of 85%.
In addition, it was also feasible that a small amount of lactoni-
zation might be contributing to this loss of depolymerization
efficiency over the timeframe of our experiments (Scheme S27).
To investigate this, we performed a depolymerization without
any catalyst and after 5 minutes, the formation of benzyl
bromide could clearly be observed in the 'H NMR (Fig. 516,
S17 and Table S7,} entries 1 and 2). To confirm the loss of
bromine chain-ends, we subsequently added the optimal
amount of FeBr,/TBABr catalyst to the reaction and after a
further 10 minutes only 25% of monomer regeneration had
been achieved (Fig. S18, S19 and Table S7,} entries 3 and 4).
Together this demonstrates that lactonization is a key competi-
tor to depolymerization and the key to successful depolymeri-
zation is to use conditions that provide fast enough depolymer-
ization to out-compete the lactonization, while not being so
fast that the too high radical concentration triggers significant
termination events. With the optimized depolymerization con-
ditions these criteria are fulfilled, which allows the vast
majority of the bromine-terminated polymers to be fully
unzipped. This work significantly expands the scope of depoly-
merizable materials from ATRP, and also has the significant
advantage of being much faster than many of the previously
reported depolymerization methods.?*-%43:20:34

Our final aim was to further expand the scope of this depo-
lymerization by investigating its compatibility with (i) a non-
chlorinated solvent, and (ii) FeBr; as an alternative metal salt
rather than FeBr,. One potential disadvantage of the optimized
conditions demonstrated thus far is that high depolymeriza-
tion conversions were only obtainable when chlorinated sol-
vents were used (Table S8,} entries 1-4). Anisole was therefore
selected and pleasingly, under our optimized ratio of polymer
to catalyst ([P-Br]: [FeBr,]: [TBABr] of 1:1:1), as much as 64%
of the starting monomer could be regenerated (Fig. S20, S21
and Table S8,} entries 5-8). This amounted to a depolymeriza-
tion efficiency of 80%, which was comparable to the extent of
depolymerization obtained with TCB (86%). Next, we per-
formed depolymerization with FeBr;/TBABr instead of FeBr,/
TBABr as the catalyst. This had no noticeable negative impact
on the depolymerization, with a similarly high depolymeriza-
tion achieved in both cases (73% vs. 70%, Fig. S22, S23 and
Table S9%). Interestingly, the depolymerization with FeBrs/
TBABr could be performed in the dark (aluminum foil-
wrapped) and an identical depolymerization conversion was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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achieved as when the reaction had been performed in fume
hood light (Fig. S22, S24 and Table S10%). This suggests that
light was not playing a role in reducing the Fe(u) to active Fe
() and instead, most likely, a thermally induced reduction was
occurring. This mechanism likely has significant complexity
and will be the subject of a future publication. Altogether,
these results demonstrate that excellent depolymerization of
bromine-terminated polymers can be achieved under a versa-
tile range of reaction conditions.

Conclusions

To summarize, we have demonstrated that bromine-termi-
nated polymers obtained from ATRP can be successfully depo-
lymerized with very high efficiencies (~86%). This was
achieved through careful optimization of the solvent and both
the metal salt and TBABr concentrations. Key to the success
was minimizing competing termination and lactonization,
allowing efficient bromine chain-end activation and depoly-
merization. The versatility of the reaction conditions was
expanded to include a range of catalyst concentrations, both
chlorinated and non-chlorinated solvents, FeBr, and FeBr;
salts, and both light and dark conditions. This significantly
widens the scope of materials compatible with depolymeriza-
tion and will create many future opportunities as chemical re-
cycling methods develop.
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