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ABSTRACT: Reversing reversible deactivation radical polymerization
(RDRP) to regenerate the original monomer is an attractive prospect for
both fundamental research and industry. However, current depolymerization
strategies are often applied to highly heat-tolerant polymers with a specific
end-group and can only be performed in a specific solvent. Herein, we
depolymerize a variety of poly(methyl methacrylate) materials made by
reversible addition−fragmentation chain-transfer (RAFT) polymerization
and terminated by various end groups (dithiobenzoate, trithiocarbonate, and
pyrazole carbodithioate). The effect of the nature of the solvent on the
depolymerization conversion was also investigated, and key solvents such as
dioxane, xylene, toluene, and dimethylformamide were shown to facilitate
efficient depolymerization reactions. Notably, our approach could selectively regenerate pure heat-sensitive monomers (e.g., tert-
butyl methacrylate and glycidyl methacrylate) in the absence of previously reported side reactions. This work pushes the boundaries
of reversing RAFT polymerization and considerably expands the chemical toolbox for recovering starting materials under relatively
mild conditions.

Reversible deactivation radical polymerization (RDRP),
also sometimes referred to as controlled radical polymer-

ization, is an advanced form of radical polymerization that
enables access to extremely high control over the molecular
weight, end-group fidelity, dispersity, and architecture of the
resulting polymer.1−3 A key distinguishing feature of RDRP is
the presence of a well-defined chemical moiety at the chain
terminus, often referred to as the end-group, enabling the
synthesis of block copolymers for use in applications such as
self-assembly in bulk and solution.4−9 One of the most widely
used RDRP techniques is reversible addition−fragmentation
chain-transfer (RAFT) polymerization, which operates through
a degenerative chain-transfer process.10−13 Through an
effective regulation of the equilibrium between active and
dormant species, polymers with high livingness can be
synthesized (i.e., the overwhelming majority of chains have a
chain-transfer agent as the end group).14

Although the field of RDRP has generated a large body of
literature on controlling the polymerization of vinyl monomers,
publications on reversing the process (i.e., depolymerization)
and regenerating the monomer are scarce despite the fact that
depolymerization has been classified by IUPAC as one of the
top 10 emerging technologies in chemistry.15 As such, several
groups have initiated important lines of research toward
developing new depolymerization strategies. For instance,
Haddleton and co-workers reported an aqueous depolymeriza-
tion of bromine-terminated water-soluble polymers in the

presence of a metal catalyst and CO2.
16 In another report,

Ouchi and co-workers presented the depolymerization of Cl-
capped poly(methyl methacrylate) in toluene using a
ruthenium catalyst, yielding relatively modest depolymeriza-
tion conversions (e.g., <24%).17 More recently, Matyjaszewski
and co-workers demonstrated the depolymerization of a Cl-
terminated bott lebrush polymer (i .e . , poly(poly-
(dimethylsiloxane) methacrylate) in a trichlorobenzene/
hexadecane solvent mixture by utilizing a highly active copper
catalyst (CuCl2/tris(2-pyridylmethyl)amine) at 170 °C.18,19
The same group subsequently employed a similar catalytic
system to depolymerize poly(n-butyl methacrylate) in
trichlorobenzene, also at 170 °C.19,20 In the RAFT arena,
Gramlich and co-workers reported the depolymerization of
bulky bott lebrush polymethacrylates (poly(oligo-
(dimethylsiloxane) methacrylate) and poly(oligo(ethylene
glycol) methyl ether methacrylate)) with a trithiocarbonate
end group regenerating up to 35% of the respective
monomers.21 More recently, our group reported the
depolymerization of bulky and nonbulky polymethacrylates
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synthesized by RAFT polymerization, yielding high depolyme-
rization conversions, albeit under specific conditions (e.g., a
single RAFT end-group, largely limited to a single solvent,
thermally robust pendent groups, etc.).22 Overall, current
depolymerization strategies have been applied to a specific
polymer/solvent/end-group system and have not been utilized
to regenerate the monomer from the respective heat-sensitive
polymers (i.e., polymers with thermally unstable side chains),
thus limiting their scope and potential applications.
In this work, we first explored the compatibility of our

previously developed RAFT-based depolymerization method-
ology with various end groups. The ability to depolymerize
polymers formed through different RAFT agents is important
for expanding the scope of our approach, as a different RAFT
agent may be desirable depending on the intended application.
For example, trithiocarbonates are preferably employed over
dithiobenzoates for the synthesis of polymethacrylates in
aqueous media (and subsequently for bioapplications), as they
exhibit lower toxicity and enhanced stability toward hydrol-
ysis.23 Other end groups and mixtures thereof are also utilized
for the synthesis of polymethacrylates with tunable disper-
sities.24,25

To investigate the possibility of depolymerization from a
range of RAFT end groups, we initially polymerized methyl
methacrylate (MMA) at 70 °C with 2-cyano-2-propyl
dithiobenzoate (DTB), 2-cyano 2-propyl dodecyltrithiocar-
bonate (TTC), and 2-cyanobutan-2-yl 4-chloro-3,5-dimethyl-
1H-pyrazole-1-carbodithioate (pyrazoleCD) as the RAFT
agents (Figures S1−S6). All three PMMAs were purified by
precipitation in methanol to remove unreacted monomer,
yielding pure PMMAs with comparable degrees of polymer-
ization (DP) of 72−75 (Figures S2, S4, and S6). Deoxygenated
solutions of PMMA (5 mM with respect to MMA repeat units)
were prepared in 1,4-dioxane and subsequently heated at 120
°C. Reactions were periodically sampled and analyzed by 1H
NMR to determine the extent of the depolymerization by
monitoring the gradual appearance of the characteristic MMA
vinylidene proton signals. Within 15 min, a clear generation of
MMA accompanied by an expected decrease in the backbone
signals was observed for all cases, indicating that depolyme-
rization of polymers synthesized via different RAFT agents is
possible (Figure 1). In particular, polymers synthesized by
pyrazoleCD exhibited relatively slow depolymerization kinetics
yielding 52% of conversion at 8 h. In contrast, PMMAs
synthesized by either DTB or TTC could reach higher
depolymerization conversions regenerating 85% and 72% of

monomer respectively at 8 h. The difference in depolymeriza-
tion behavior can be attributed to multiple factors including
the varying strength of the C−S bond between the terminal
MMA unit and the CTA and the different initial dispersities of
the three macroCTAs. It is also worth noting that pyrazoleCD-
PMMA exhibited high end-group fidelity (94−97%) and thus
the difference in the depolymerization behavior can largely be
attributed to the end group itself (Figure S7). Nevertheless,
this data clearly illustrates that the depolymerization of
nonbulky polymers synthesized by a range of RAFT agents
was successful, thus expanding the scope of the depolymeriz-
able materials.
Next, we explored the possibility of the depolymerization to

commence in different solvents. Having a range of compatible
solvents is critical for the depolymerization of various polymers
as it allows dissolution of polymethacrylates of varying
solubility (e.g., poly(stearyl methacrylate) has poor solubility
in dioxane). As such, a range of solvents were tested including
dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
benzene, toluene, xylenes (mixture of isomers), 1,2-dichlor-
obenzene (DCB), methyl ethyl ketone (MEK), and 2-methyl
tetrahydrofuran (MeTHF). Importantly, all solvents were
capable of facilitating the depolymerization of DTB-PMMA,
with xylene reaching the highest depolymerization conversion
(i.e., 60%), while DMF, a commonly employed polymerization
solvent, led to 45% monomer regeneration (Figure 2a). It is
noted that xylene and DMF presented a lower extent of
depolymerization when compared with dioxane (i.e., 85%
depolymerization). The observed solvent dependence was
investigated by comparing the relative end-group fidelity
during the depolymerization in these three different solvents.
To do so, three depolymerization reactions were conducted in
xylene, DMF and dioxane and were stopped at comparable
conversions (i.e., 26−30%). The obtained polymers were then
analyzed by both RI and UV size-exclusion chromatography
(SEC); the results of which are shown in Figure 2b,c. In
dioxane, a 23% reduction in the UV signal of the polymer was
observed, very close to the 26% reduction of the RI signal, thus
suggesting minimal loss of end-group. In contrast, in xylene
and DMF, a much higher UV signal reduction was observed
(44% and 63%, respectively), clearly evidencing a significant
loss in the end-group fidelity at an early stage of the reaction.
Thus, the lower depolymerization conversions in xylene and
DMF compared with dioxane can largely be attributed to faster
decomposition of the end group and side reactions, leading to
a faster loss of end group. The same trend could be seen in

Figure 1. 1H NMR spectra of the depolymerization reaction of PMMA with various end groups: (a) dithiobenzoate, (b) trithiocarbonate, and (c)
pyrazole carbodithioate. Reactions were run in 1,4-dioxane at 5 mM and 120 °C.
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depolymerization reactions in DCB wherein a greater
reduction in the UV signal was observed (Figure S8). We
speculate that end-group loss can occur through various
mechanisms including Chugaev-like elimination of PMMA
from the dithiobenzoate,26 disproportionation between two
PMMA radicals, hydrolysis27 by trace amounts of water, and
aminolysis (in the case of DMF) by trace amounts of amine.28

We confirmed that the remaining polymer did not exhibit a UV
signal after the cessation of the depolymerization (Figure S9).
Other solvents also resulted in appreciable depolymerization
conversions including toluene (48% of depolymerization),
DMSO (32%), MEK (30%), MeTHF (30%), and benzene
(26%) while the lowest conversion was observed for DCB
(10%). For pyrazoleCD-PMMA, the same solvent trend was
observed, and the extent of depolymerization increased in the

order DCB < DMSO < xylenes < dioxane (Figure S10). We
thus concluded that the best solvents to conduct depolyme-
rization of polymers synthesized by RAFT polymerization are
dioxane and xylene.
We were also interested in exploring the effect of the

molecular weight on the depolymerization reaction. To
investigate this, we synthesized a range of DTB-PMMAs
with DPs of 29, 75, 92, 152, and 260 and subjected them to
our optimized depolymerization conditions. For DP = 29 and
DP = 75, comparable final depolymerization conversions were
obtained (85−87%). However, for higher DPs, a gradual
decrease in conversion was observed, with DP = 260
regenerating only 52% of monomer (Figure 3). It is noted

that for all these experiments the repeat unit concentration was
kept constant at 5 mM, meaning that the higher DPs contain a
lower CTA concentration. The decrease in conversion for the
higher DPs was attributed to the faster loss of the end group
(Figure S11), as in the case of the various solvents.
Finally, we took advantage of the relatively low temperature

of our reactions (compared with pyrolytic temperatures above
400 °C) to depolymerize polymethacrylates with heat-sensitive
functional groups. Poly(tert-butyl methacrylate) (PtBMA) is a
prime example of a polymer with heat-sensitive groups as the
six β-hydrogens in the methacrylic ester makes the tert-butyl
group highly susceptible to thermolytic de-esterification via
elimination at temperatures around 200 °C.29−32 Thus, it is
not possible to meaningfully regenerate pure tBMA monomer
via pyrolysis due to simultaneous side reactions yielding
methacrylic acid and methacrylic anhydride (after dehydration
of two methacrylic acid units). We hypothesized that our mild
reaction conditions would be optimal to both trigger
depolymerization and selectively regenerate tBMA as we
operate at sufficiently high temperatures for efficient
depolymerization but well below the temperature for de-
esterification. In order to test this theory, we synthesized and
purified PtBMA-DTB (Mn = 7900; Đ = 1.13, Figures S12 and
S13) and subsequently subjected it to 5 mM and 120 °C
conditions in dioxane. 1H NMR analysis of the crude reaction
mixture showed the appearance of characteristic vinylidene
protons corresponding to tBMA and the absence of any
methacrylic acid and methacrylic anhydride, with a total
depolymerization conversion of 85% (Figure 4a; separate 1H
NMR for tBMA, methacrylic acid, and methacrylic anhydride

Figure 2. (a) Final depolymerization conversion of PMMA-DTB in
various solvents after 8 h when subjected to 5 mM and 120 °C.
Reactions were run at least three times in each solvent, and the error
bars indicate the full range of values. (b) RI and (c) UV SEC traces of
PMMA before and after depolymerization in dioxane, xylene, and
dimethylformamide.

Figure 3. Depolymerization kinetics of PMMA with various degrees
of polymerization. Reactions were run in dioxane at 5 mM and 120
°C.
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are also shown for comparison). To the best of our knowledge,
this is the first demonstration of the selective regeneration of
tBMA via thermal depolymerization. To investigate other heat-
sensitive polymers, we also explored the depolymerization of
poly(glycidyl methacrylate) (PGMA)-DTB (Mn = 13600; Đ =
1.20, Figures S14 and S15). PGMA is a widely used functional
polymethacrylate, as the pendent ring-strained oxirane group
makes it an easy target for “click” reactions with a nucleophile.
Although PGMA is quite stable under ambient conditions,
elevated temperatures can cause ring-opening and even cross-
linking in the absence of a strong nucleophile.33−35 To
examine whether it is possible to regenerate GMA without
triggering ring-opening reactions in parallel, PGMA-DTB was
subjected to 5 mM/120 °C conditions in dioxane and analyzed
with 1H NMR. Similar to the depolymerization of PtBMA-
DTB, no side products (i.e., ring-opened version of the
monomer) were identified, and the product consisted entirely
of GMA (Figure 4b; separate 1H NMR for GMA and the ring-
opened counterpart are shown for comparison) with a
depolymerization conversion of 84%, confirming that our
low-temperature methodology is suitable, if not necessary, for
the regeneration of heat-sensitive monomers.
In summary, we have reported the catalyst-free depolyme-

rization of RAFT polymethacrylates consisting of various end
groups such as trithiocarbonate and pyrazole carbodithioate.
Our method also proved to be compatible with a range of
solvents, with dioxane, xylene, toluene, and DMF giving the
highest depolymerization conversions. In addition, the
depolymerization of polymers consisting of different molecular
weights was presented, and the observed differences in the final
conversions were attributed to the loss of end-group fidelity.
Last but not least, we demonstrated that this low-temperature
methodology has a key advantage over pyrolysis in that heat-
sensitive polymers (e.g., poly(tert-butyl methacrylate)) can also
be depolymerized back into their original monomers in the
absence of any side reactions.
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