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Reversible addition—fragmentation chain-transfer (RAFT) depolymerization represents an attractive and
low-temperature chemical recycling methodology enabling the near-quantitative regeneration of pristine
monomer. Yet, several mechanistic aspects of the process remain elusive. Herein, we shine a light on the
RAFT depolymerization mechanism by elucidating the effect of pendant side chains on the depolymeriza-
tion kinetics. A systematic increase of the number of carbons on the side chain, or the number of ethylene
glycol units, revealed a significant rate acceleration. Notably, radical initiator addition during the depoly-
merization of poly(methyl methacrylate) and poly(hexyl methacrylate) resulted in rate equilibration, indi-
cating that chain activation is the rate-determining step in RAFT depolymerization. Moreover, incorpor-
ation of a low DP of hexyl monomer as the second block of poly(methyl methacrylate) led to comparable
rates with poly(hexyl methacrylate) homopolymer, confirming the rate determining step. Computational
investigations further corroborate this finding, revealing that chain-end fragmentation is energetically
more favorable in longer-side-chain methacrylates, which accounts for the experimentally observed rate
acceleration. These insights not only deepen our understanding of depolymerization but also pave the
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Introduction

Reversible deactivation radical polymerization (RDRP), also
known as controlled radical polymerization (CRP), allows for
the synthesis of polymers with tailored properties such as
molecular weight, dispersity, and architectures."® The funda-
mental concept responsible for this high degree of control is a
deactivation step which renders the propagating radical in a
dormant state and yields polymers with functional end
groups.”® These end groups are highly desirable as they
allow for facile chain extensions to afford block copolymers,
and modifications to yield polymers with w-end-group
functionality.”®"'! Notably, the end groups inherent in RDRP-
synthesized polymers can also be utilized to facilitate depoly-
merization, a topic which is of increasing interest due to the
need to improve the sustainability of polymeric materials.'>™**
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way for developing more efficient and customizable depolymerization systems.

Through the reactivation of the chain end, polymeric radicals
are formed, which can depropagate to yield monomer under
thermodynamically favorable conditions.’> Importantly, this
can be achieved at temperatures at which analogous polymers
synthesized by traditional radical polymerization are thermo-
dynamically stable, as high energy is required to break back-
bone bonds and generate depropagating radicals.'®

Ouchi and coworkers first reported that poly(methyl meth-
acrylate) (PMMA) with chlorine end groups synthesized by
atom transfer radical polymerization (ATRP) could undergo
depolymerization to a limited extent."” Subsequent studies
by Matyjaszewski and coworkers demonstrated high-yielding
depolymerizations by utilizing chlorine capped polymers with
both copper'®'® and iron catalysts.>® Our group later reported
a photothermal depolymerization system®' and expanded the
scope of ATRP-based depolymerization to include bromine-ter-
minated polymers.>* The first example of depolymerization of
polymers synthesized by RAFT polymerization was reported in
2018, where brush polymers of bulky methacrylates produced
monomer (~30%) when heated under dilute conditions.>® In
2022, our group reported that depolymerization of both bulky
and non-bulky polymethacrylates synthesized by RAFT pro-
ceeded to up to 92% depolymerization conversion by heating
at 120 °C in 1,4-dioxane.** Further advancements demon-
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strated that activation of thiocarbonylthio moieties by direct
photolysis®® or using photocatalysts*>*” could lower the depo-
lymerization temperature to 100 °C, and enable temporal
control.”?® More recently, a controlled depolymerization was
achieved by enhancing deactivation through high-activity
chain transfer agents, giving a linear decrease in molecular
weight over time.”® Additionally, RDRP-synthesized polymers
have also significantly lowered depolymerization temperatures
under bulk conditions, when compared to analogous polymers
synthesized by free radical polymerization.>*~*

The work described above demonstrates that the depoly-
merization of RDRP-synthesized materials is a rapidly evolving
field, with significant advancements further expanding the
scope of depolymerizable materials and enhancing control
over the process. However, as a relatively new area of research,
many aspects of these processes remain largely
unexplored.’®'* Although the thermodynamic parameters that
drive the depolymerization have been adequately investigated
and understood, detailed and thorough kinetic analysis for the
depolymerization of various polymethacrylates has not
received considerable attention. For example, a kinetic com-
parison between the depolymerization of various polymetha-
crylates with different ester side chains remains elusive.
Inspired by seminal work demonstrating an increase in the k;
with  increasing ester side chain length during
polymerization,**~3® we envisioned that studying their respect-
ive depolymerizations would also uncover interesting trends
and potentially reveal the rate determining step of a depoly-
merization reaction.

Results and discussion

We first synthesized a PMMA polymer via RAFT polymerization
in toluene using 2-cyano-2-propyl dithiobenzoate as the chain
transfer agent at 70 °C, yielding a well-defined polymer with a
narrow molar mass distribution (P = 1.11, Fig. S1, 2 and
Table S1f). PMMA is a commodity polymer, and is the most
commonly studied polymethacrylate in terms of depolymeriza-
tion, thus it serves as a benchmark for comparing the depoly-
merization of other methacrylate polymers.>> The PMMA-DTB
polymer was depolymerized at 120 °C in 1,4-dioxane, with a
repeat unit concentration (RUC) of 20 mM (Fig. 1a). Aliquots
were taken at regular intervals to determine depolymerization
conversion by nuclear magnetic resonance (NMR) spec-
troscopy. In line with previous reports, depolymerization pro-
ceeded to 71% conversion after 7 hours (see Fig. S3 and
Table S27). From the detailed kinetics, an apparent depolymer-
ization rate constant of 0.41 h™' was obtained by plotting the
logarithm of the depolymerization conversion for the first
hour of the reaction (Fig. 1b, black trace), similar to the
pseudo first-order kinetic plots commonly utilized in the ana-
lysis of polymerization reactions.®”

To investigate the effect of the pendant alkyl side chain on
depolymerization rate, a series of homopolymers with variable
side chains was then synthesized consisting of ethyl (Et), butyl
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(Bu), hexyl (Hex), and lauryl (Lau) methacrylate using similar
methodology to PMMA as described above (see Fig. S4-107). In
the depolymerization of RAFT-synthesized polymers, depoly-
merizability has previously been shown to be highly dependent
on the degree of polymerization (DP), and thus a DP of 30 was
targeted for each polymer used in this study.*®*°
Polymethacrylates are known to have large zip lengths,*
meaning that once activation occurs, full depolymerization is
likely to proceed.*' Therefore, selecting this relatively low DP
ensures that the majority of chains will depolymerize comple-
tely upon activation. The purified polymers were subsequently
subjected to identical depolymerization conditions (120 °C,
20 mM RUC, in 1,4-dioxane, Fig. 1a) and the kinetic profiles in
the first hour were analyzed (Fig. 1b). As shown in Fig. 1c, the
depolymerization rate clearly increases with increasing alkyl
chain length (see Table S3t). For example, while in the case of
PMMA approximately 24% monomer was successfully regener-
ated in 40 minutes, one additional carbon on the side chain
led to 28% conversion for PEtMA within the same timeframe.
Following a similar trend, the depolymerizations of PBUMA,
PHexMA, and PLauMA resulted in 31%, 35%, and 40% regen-
erated monomer, respectively. This relationship appears to be
linear for methacrylate monomers ranging from methyl to
hexyl, but the effect diminishes beyond this point, likely
because the incremental impact of additional carbons
becomes less significant. By normalizing these rate constants
to the 0.41 h™" value obtained for PMMA, it can be seen that
PLauMA depolymerizes ~1.7 times faster than PMMA, clearly
indicating that longer alkyl chains play a significant role in
increasing depolymerization rate. Interestingly, previous
studies on polymerization kinetics have shown that the propa-
gation rate constant (k,) increases with increasing alkyl chain
length.>*® Given that polymerization and depolymerization
are equilibrium-driven, one might expect the reverse trend for
depolymerization. However, our results suggest that both pro-
cesses follow a similar trend, highlighting an unexpected
relationship between side-chain length and depolymerization
efficiency.

Systematic studies of propagation rate constants for n-alkyl
methacrylates have suggested that interaction or ‘pre-organiz-
ation’ between the side-chains of adjacent monomer units*?
could play a role in altering rate constants by bringing
methacrylic groups into closer proximity and facilitating faster
propagation.’® To investigate whether a similar effect influ-
ences depolymerization rates, we expanded our study beyond
n-alkyl methacrylates to include polymethacrylates with ethyl-
ene glycol (EG) units in the side chain. Since the hydrophilic
EG units are less likely to undergo pre-organization, this
allowed us to test whether the previously observed trend in
depolymerization rates was due to side-chain interactions or
an inherent effect of chain length. Poly(ethylene glycol methyl
ether methacrylate) (PEGMA), poly(triethylene glycol methyl
ether methacrylate) (PTEGMA), and poly(polyethylene glycol
methyl ether methacrylate) (PPEGMA), bearing 1, 3, or 8 EG
units per side-chain were therefore synthesized (see
Fig. S11-167%) and subjected to the previously optimized depo-
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Fig. 1 (a) Reaction scheme of depolymerization reaction showing the different side chains used. (b) Pseudo-first order plot for the depolymeriza-

tion kinetics and (c) extracted of kinetic parameters of polymethacrylates characterized by different alkyl chain lengths. (d) Comparison between
depolymerization rate constants normalized to PMMA. (e) Pseudo-first order plot for the depolymerization kinetics and (f) extracted of kinetic para-
meters of polymethacrylates characterized by different numbers of ethylene glycol units. (g) Comparison between depolymerization rate constants

normalized to PEGMA.

lymerization conditions (Fig. 1a and e). Comparing the rates of
depolymerization, as shown in Fig. le and f, longer side-
chains increase the rate of depolymerization, with PPEGMA
depolymerizing 1.34 times faster than PEGMA (Fig. 1g).
Specifically, the apparent depolymerization rate constants for
PEGMA, PTEGMA, and PPEGMA, were found to be 0.56, 0.64,
and 0.74 h™" respectively, indicating a similar trend to the
n-alkyl methacrylate series (see Table S4t). These results
suggest that side-chain interactions are not a necessary factor
in determining depolymerization rates, and instead, the
increase in rate is likely an intrinsic effect of side-chain length,
irrespective of specific side-chain interactions.

To better understand why longer side chains lead to faster
depolymerization, we next examined the underlying mecha-
nisms governing this process. In conventional radical polymer-
ization, under steady-state conditions, the rate of polymeriz-
ation is often expressed as a product of the propagation con-
stant (kp), the monomer concentration, and the radical con-
centration (determined by the initiator decomposition and ter-
mination rates).”” Therefore, if the polymerization rates of two

1824 | Polym. Chem., 2025, 16, 1822-1828

different monomers are compared experimentally using the
same conditions (i.e. same temperature, initiator, and concen-
trations), any difference observed is likely to highly depend on
the difference in the respective propagation constants, as the
radical concentration will be the same. However, in the depoly-
merization of RAFT-synthesized polymers, the rate-determin-
ing step has not yet been fully clarified. Depolymerization is a
complex process, but can be summarized in two main steps:
the activation of the polymer chain (i.e. the C-S bond cleavage
to form a radical at the chain end) and the subsequent depro-
pagation (i.e. the removal of monomer units from the polymer
chain). A recent study from our group indicated that activation
is driven by solvent-derived (i.e. 1,4-dioxane) radical species
which react at the chain end, undergoing fragmentation to
yield a depropagating polymeric radical and a solvent-derived
thiocarbonylthio compound.*® Given that depropagation has
been reported to be a fast process'® (albeit at higher tempera-
tures than 120 °C), we hypothesized that the difference in rate
of depolymerization that we observe could potentially originate
from differences in the rate of the activation step alone.**

This journal is © The Royal Society of Chemistry 2025
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To test whether activation of the polymer chain is the rate
determining step, we designed and performed depolymeriza-
tions of PMMA and PHexMA in the presence of a radical
initiator, 1,1’-azobis(cyclohexanecarbonitrile) (ABCN, 2 eq.
with respect to chain end). Our hypothesis here is that when a
sufficient number of radicals is provided, any potential kinetic
barrier caused by fragmentation differences at the chain end
will be overcome and the corresponding depolymerization
rates should become comparable. Fig. 2a shows kinetic plots
of these reactions in comparison to depolymerizations in the
absence of initiator (see Table S5t for detailed information).
Notably, ABCN significantly accelerates the depolymerization,
with 64% conversion being attained in just 10 minutes for
PMMA, compared to only 6% that was previously obtained in
the absence of radical initiator. Adding initiator also effectively
eliminated the rate difference between PMMA and PHexMA,
making their depolymerization rates nearly identical. At
120 °C, ABCN will decompose quickly, providing an abundant
source of radicals to add to the chain ends and fragment to
form a depropagating polymer chain, in a much more efficient
manner than chain activation by the solvent-derived species.
The highly similar rates of depolymerization in the presence of
ABCN indicate that depropagation is a fast process at 120 °C,
and chain activation is governed by the decomposition of the
radical initiator. The rate-determining step of depolymeriza-
tion of RAFT-synthesized polymers is therefore likely to be acti-
vation of the chain end, rather than the depropagation step
itself. Importantly, these experiments also highlight that a con-
ventional radical initiator can significantly improve the depoly-
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merization of RAFT-synthesized polymers for a range of
different polymethacrylates.

To further explore whether chain end activation is indeed
the rate-determining step, we hypothesized that the very last
monomer unit, would play a significant role in the activation
of the C-S bond. Comparing the steric hindrance of the side
chains, a hexyl moiety is much bulkier than a methyl side-
chain, and could potentially modify the energy of the C-S
bond. It is widely known that sterically hindered bonds are
generally characterized by lower bond energy, owing to the less
effective orbital overlap, increased repulsion, and torsional
strain.*>*® Since end-group modification in polymethacrylates
is rather challenging, we envisioned that the incorporation of a
small amount of hexyl monomer as the second block of PMMA
would potentially alter the depolymerization kinetics. To
realize this, we synthesized a block copolymer of PMMA-(b)-
PHexMA by chain extending the PMMA-DTB species with
HexMA in the presence of AIBN (see Fig. S17 and 18%). The
target DP of the HexMA block was selected to be 12, and the
polymerization was stopped at 68% conversion, thus corres-
ponding to a DP of ~8. This value was chosen according to the
guidelines set out by Harrisson and coworkers who calculated
the minimum block lengths required to ensure that the vast
majority of chains will contain at least one PHexMA unit (see
Table S81)."” Moreover, this low DP minimizes molecular
weight variations between the homopolymer and block copoly-
mer. Interestingly, depolymerization of this block copolymer
resulted in an apparent rate constant of 0.66 h™', which is
exactly the same value as the PHexMA homopolymer (Fig. 2b).
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i 1 '
; Rap,pmma < Rap, pHexma ¥ Rdp, PHexma-b-puma Rap, pmma 5
: I - I
1 O ! —~———_0 = O .
I " !
. I I 1
1 — o1 !
; Rap, pMma +init. = Rudp, PHexMA + init. : i Rap, PMMA-b-PHexMA Ryp, pHexma !
. . 1
. -1 .
o S PR E
a b c
1.0 = PMMA 08 0.8
e PHexMA .
4 PMMA +ABCN *i? Y
0.84 v PHeXMA + ABCN 0.6 1 o ~ Ao 0.6
Flex fex
] )
« 0.41 < 0.4
£ kdp,app:o'ae_ =
' - kdp,app=
0.2+ 0.2 .
0.04 = 2.7 »(I" ° 3‘; 03/:?
00 - O & Happy™034L TR TR 0.0] & Kapapp=041 |7 ke e
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
Time (h) Time (h) Time (h)

Fig. 2

(a) Pseudo-first order plot of depolymerization kinetics of PMMA and PHexMA, compared with the analogues in the presence of 2 eq. of

ABCN. (b and c) First order plot of depolymerization kinetics of block-co-polymers PHexMA-(b)-PMMA (b) and PMMA-(b)-PHexMA (c) compared to

the homopolymers PHexMA and PMMA, respectively.
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theory using SMD to model the 1,4-dioxane solvent environment.

This demonstrates that the terminal monomer unit of a
polymer chain dictates the overall rate of depolymerization. In
a similar vein, chain extending PHexMA with a short block of
PMMA (Fig. S19 and 207) lowers the overall rate of depolymeri-
zation from 0.66 to 0.34 h™", thus nearly matching the rate of a
PMMA homopolymer (Fig. 2c). Taken altogether, this work
shows that the length of the side-chain significantly affects the
depolymerization rate with longer side chains being respon-
sible for faster reactions. Importantly, a wide range of poly-
methacrylates can be rigorously depolymerized in the presence
of a radical initiator irrespective of the length of the side
chain.

To support our experimental findings, we conducted com-
putational investigations to evaluate the Gibbs free energies
and reaction energies associated with the activation and depro-
pagation steps of depolymerization. Specifically, we examined
PMMA and PHexMA, which experimentally exhibited a 1.6-fold
acceleration in depolymerization rate in favor of PHexMA. The
initiation process involves the addition of a dioxane radical to
the RAFT agent, followed by fragmentation to generate a
depropagating carbon-centered radical.**> Our calculations
revealed that while dioxane radical addition is similarly exergo-
nic for both PMMA and PHexMA (Fig. S217), fragmentation of
the resulting intermediate occurs at a significantly slower rate,
highlighting this step as the primary contributor to the
initiation kinetics. To examine depolymerization as a whole,
we compared the free energy barriers for fragmentation and
depropagation in both systems (Fig. 3), and found that depro-
pagation proceeds with nearly identical energetics for both
methyl and hexyl chains, with differences falling within the
error of the calculations. In contrast, fragmentation of
PHexMA was found to have a considerably lower Gibbs free
energy barrier (7.1 k] mol™" lower) and a more exergonic reac-
tion energy (5.8 k] mol™" lower) than PMMA. Further insights
from non-covalent interaction (NCI) analyses of the model
RAFT adduct radicals (Fig. S2271) revealed a hydrogen-bonding

1826 | Polym. Chem., 2025, 16, 1822-1828

°C) as calculated at the wB97X-D/aug-cc-pVTZ//M062X/6-31G(d) level of

interaction that stabilizes the PMMA-derived adduct radical
but is significantly weakened in PHexMA due to steric crowd-
ing. These findings rationalize the experimentally observed
acceleration in depolymerization of polymethacrylates with
longer pendant groups, identify sterics as a key factor, and
reinforce our conclusion that chain activation, rather than
depropagation, plays a more significant role in dictating the
rates of depolymerizations. While our study focuses on ther-
mally induced RAFT depolymerization, alternative activation
pathways, such as photoiniferter or photoinduced electron/
energy transfer (PET) RAFT mechanisms,*® could alter the
relationship between side-chain length and depolymerization
rate. Under photolytic conditions, chain activation would not
involve a fragmentation step but rather homolytic cleavage of
the C-S bond, shifting the dependence on side-chain effects to
the stability of the resultant polymeric radicals rather than
fragmentation energetics.*®>° Further exploration of photoche-
mical RAFT depolymerization will be the subject of future
work.

Conclusions

In conclusion, we have demonstrated that the rate-determining
step in the depolymerization of RAFT-synthesized polymers is
the initial fragmentation of chain ends forming propagating
radicals. Crucially, we present both experimental and compu-
tational evidence to support this finding and confirm that
varying depolymerization rate is not due to differences in the
depropagation step itself. As a direct consequence of this,
radical initiators which rapidly decompose at elevated temp-
eratures are able to significantly enhance the rate of depoly-
merization as they provide an abundant and efficient source of
activating radicals. Chain-extension experiments further sup-
ported our findings by showing that the depolymerization rate
of a block copolymer is determined by the rate of the block

This journal is © The Royal Society of Chemistry 2025
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which is directly attached to the thiocarbonylthio moiety. NCI
analyses reveal that steric factors during the fragmentation
step could be highly influential in rate determination. This
work significantly enhances our understanding of the depoly-
merization of RAFT-synthesized polymers, and will inform
the further development and optimization of depolymerization
systems by tuning rates through initiator addition or chain-
end modifications.
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