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ABSTRACT: Depolymerization of vinyl polymers into monomers
is energy-intensive due to the high thermal and chemical stability
of the backbone. Depolymerizations of methacrylic polymers are
typically conducted above the ceiling temperature and thermal
degradation temperature to degrade polymers by bond scission.
This work investigates the catalyzed depolymerization of a Cl-
capped poly(poly(dimethylsiloxane) methacrylate) (P-
(PDMS11MA-Cl)) polymer mediated by an atom transfer radical
polymerization catalyst: copper(II) chloride/tris(2-pyridylmethyl)-
amine (CuCl2/TPMA) at 170 °C. The depolymerization yield,
rate, and selectivity were improved by increasing the ratio of [TPMA]/[CuCl2]. Electron transfer from the ligand contributed to the
Cu(I) activator (re)generation at high temperature (T > 130 °C), as proven by ultraviolet−visible spectroscopy. The bottlebrush
could be partially depolymerized and repolymerized over a few cycles.

■ INTRODUCTION
Over 8.3 billion metric tons of plastic was produced since the
1950s, yet only 9% has been recycled.1 Most of the recycled
plastics lose value due to issues in mechanical processing or
contamination with other chemicals during the recycling
process.2,3 This is especially problematic for high-value/high-
performance plastics, which lose most of their outstanding
qualities after recycling. These inefficiencies in waste disposal
and recycling methods prompt development of new chemical
recycling methods, which can contribute to a circular polymer
economy.
Chemical recycling involves depolymerization, isolation, and

implementation of plastic waste to make new materials with an
equal or greater value.4−8 Chemical recycling can decompose
plastic waste into feedstocks, which can be used to create value-
added polymers.2,4,9,10 Chemically degradable, “self-immola-
tive” materials are designed to mimic the material properties of
high-performance polymers but possess functionalities that can
trigger depolymerization of the polymer.6,11 Depolymerization
is also enhanced by instability between repeat units and can be
induced by bond scission.5,6 Catalysts can be used to start or
alter the product distribution of depolymerization reactions.4−7

The applicability of a depolymerization driven by depro-
pagation depends on the monomer’s thermodynamics of
polymerization. The enthalpy (ΔH) and entropy (ΔS) of
chain growth polymerizations are typically negative.12−15 The
free energy of a polymerization (ΔG) under nonstandard state
conditions would follow ΔG = ΔH − T(ΔS° + R ln([M]0/c°))
(ΔS° is standard-state entropy, c° is 1 mol dm3, and [M]0 is the
initial monomer concentration).13,15−17 Propagation is favored
at ΔG < 0, depropagation is favored at ΔG > 0, and the

equilibrium between propagation and depropagation is
established when ΔG = 0 at the ceiling temperature (Tc). The
standard Gibbs energy is related to the equilibrium constant
(Keq) at the equilibriummonomer concentration ([M]eq) by eqs
1 and 2 when ΔG = 0.15 Keq is the ratio of the rate constant of
propagation (kp) to the rate constant of depropagation (kdp).

G RT Kln eqΔ °=− (1)

K k k/ 1/ Meq p dp eq= = [ ] (2)

An ideal living polymerization will favor propagation until the
rate of propagation equals the rate of depropagation at the
[M]eq. Activation of a dormant polymer can favor depropagation
until equilibrium is reached at the [M]eq if other products are not
formed.18−21

Polymers with aliphatic backbones have high chemical and
thermal stability. Depolymerization of poly(methyl methacry-
late) (PMMA) is of high interest due to its broad industrial
applications and relatively low Tc(bulk) = 296 °C and Tc(c°) =
205 °C.22−27 Thermal depolymerization of PMMA can be
induced by bond scission of weaker bonds (head−head bonds or
unsaturated chain ends) at lower temperature or by random
bond scission and unzipping at higher temperature.26,28−32
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Inhibitors or a loss of chain-end functionalities (CEFs) due to
termination can prevent depolymerization of methacrylates by
radical mechanisms under mild conditions.33−35 Dilute
depolymerizations of PMMA were induced by bond scission
of weak links at 236 °C at 1 w/v% concentration. These
depolymerizations recovered ∼10−35% of the monomer and
stopped once the chain end was terminated by transfer to the
solvent.33,34 Thermolysis of PMMA at higher temperature could
recover a larger monomer fraction but may degrade high-value
PMMA into soot and other impurities.23,36 Advances in
pyrolysis technology enabled >97% MMA monomer recovery
at T > 350 °C.24,26 A compromise between energy efficiency and
selectivity may plausibly be reached by mediating the
depolymerization by a living process closer to the Tc.
Reversible deactivation radical polymerization (RDRP)

endows polymer chains with CEFs, which can be utilized for
chain extensions or to trigger depolymerization reactions, with
the propensity for propagation or depropagation determined by
the thermodynamics of the system. Deactivation of a polymer
chain in RDRP can be through a reversible addition−
fragmentation chain-transfer (RAFT) mechanism regulated by
a chain-transfer agent (CTA), by reversible deactivation in a
nitroxide-mediated polymerization, or by reversible halogen
atom transfer between a catalyst (often copper, ruthenium, or
organic photocatalysts) and the radical chain end in an atom
transfer radical polymerization (ATRP).37−40

In ATRP, the equilibrium between the alkyl halide initiator or
halogen-capped dormant species (Pn-X) and the reduced Mtn/L
with the chain-end radical (Pn

·) and the oxidized X-Mtn+1/L
catalyst (Mt = transition metal, L = ligand) strongly favors the
oxidized species (Scheme 1).41 Biradical termination is

diminished by the persistent radical effect.42 Thus, the CEF is
preserved, and the macroinitiator can be used for chain
extensions and post-synthetic modifications. The Mtn/L
activator catalyst can be (re)generated by employing a reducing

agent to reduce the X-Mtn+1/L deactivator in an activator
regenerated by electron transfer (ARGET) process.43 Similarly,
an external radical source could also regenerate Mtn/L.44

Regeneration of the Mtn/L activator enables control over
polymerizations at parts per million (ppm) catalyst loadings
with high retention of alkyl halide CEFs.45

High-Tc poly(acrylamides) and poly(acrylates) were depoly-
merized by an unknown mechanism in the presence of a
copper(II) bromide/tris[2-(dimethylamino)ethyl]amine
(Me6TREN) catalyst in CO2-saturated water.46 Monomer
recoveries as high as 71% were achieved at low temperature.
Partial depolymerization of PMMAmediated by ATRP with a

Ru catalyst was recently reported.18 Initial concentrations were
varied from 0.5 to 10 mM within a temperature range of 60 to
120 °C. Reiterative cycling by evaporation allowed for successive
depolymerizations of the chain end to reach an ∼15% MMA
yield after four cycles.
Methacrylic macromonomers have less favorable thermody-

namics and a lower repeat unit concentration than MMA, which
enabled depolymerization of poly(macromonomer) bottle-
brushes into macromonomers to significantly higher yields.35,47

The partial depolymerization of oligo(ethylene oxide) meth-
acrylate (OEOMA) and poly(dimethylsiloxane) methacrylate
(PDMSMA) poly(macromonomers) was initiated at 60 °C at an
initial repeat unit concentration ([P]0) of 0.1 M by thermolysis
of a RAFT CTA-capped chain end.35 The bottlebrush
depolymerized until ∼30% macromonomer was recovered at
the [M]eq of ∼30 mM. The methacrylate-functionalized
polyhedral oligomeric silsesquioxane (iBuPOSSMA) macro-
monomer was polymerized to ∼80% monomer conversion by
ATRP at 60 °C via a grafting-through approach and
depolymerized to ∼60% monomer conversion by increasing
the reaction temperature to 90 °C in one pot.47

This manuscript describes the depolymerization of a chlorine-
capped poly(poly(dimethylsiloxane) methacrylate) (P-
(PDMS11MA)-Cl) by ATRP catalyzed by a CuCl2/tris(2-
pyridylmethyl)amine (CuCl2/TPMA) catalyst at 170 °C.
P(PDMS11MA) bottlebrushes have broad applications as
supersoft elastomers with moduli on the order of 1 kPa.48−50

In this manuscript, P(PDMSMA)-Cl is used as a model
compound for bulky methacrylate depolymerization by ATRP
at elevated temperature. Depolymerizations were conducted at
the high end of the extrapolated range of Tc for similarly sized
PDMSMA macromonomers found by RAFT and AGET ATRP
in dioxane (Tc = 147 to 181 °C, [M]0 = 0.1−480 mM).35,51

Control experiments suggest that the depolymerization
reactions were catalyzed by the atom transfer radical polymer-
ization process. Depolymerizations were accelerated with higher
catalyst concentrations and a larger excess of the TPMA ligand,

Scheme 1. General Scheme of ATRP with Catalyst
Regeneration and Propagation/Depropagation Equilibria

Table 1. Properties of the PDMS11MA Macromonomer and Bottlebrushes before/after Incubation at 170 °C under Nitrogen

samplea Mn, app
b Đb f (%)c Td, 5%

d Td, 10%
d Td, 50%

d

PDMS11MA 1108 1.21 98 183 210 287
PDMS11MA-heat 1122 1.20 97 186 212 285
P(PDMS11MA)38-Cl 16,840 1.13 <1 286 332 379
P(PDMS11MA)38-Cl-heat 16,830 1.15 <1 261 284 353
P(PDMS11MA)-RP 290,000 2.62 3 256 269 319
P(PDMS11MA)-RP-heat 300,000 2.68 4 250 280 337

aIncubated samples are denoted with the postscript “-heat”. Samples were incubated at 170 °C under nitrogen for 2 h. bMeasured by GPC relative
to linear PMMA standards in THF. cThe mole fraction of vinyl products, taken as the ratio of vinyl proton signals (δ = 5.56 and 6.12, singlets) to
O−CH2 signals (δ = 3.8−4.40, broad) by 1H NMR. dThermal decomposition temperatures in °C, given at 5, 10, and 50 wt % mass loss by TGA.
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such that ∼80% macromonomer could be recovered in 10 min.
Model reduction experiments showed that the catalyst was
reduced through electron transfer reactions with the ligands,
which can act as electron donors.

■ RESULTS AND DISCUSSION
Bottlebrush Synthesis and Thermogravimetric Anal-

ysis. A P(PDMS11MA)-Cl brush polymer was prepared by

ARGET ATRP of a poly(dimethylsiloxane) methacrylate
macromonomer (PDMS11MA) with an ethyl chlorophenyl
acetate (EClPA) initiator, a CuCl2/TPMA catalyst, and a
Sn(EH)2 reducing agent at 60 °C. The polymerization used
molar ratios [PDMS11MA]0/[EClPA]0/[CuCl2]0/[TPMA]0/
[Sn(EH)2]0 = 25/1/0.05/0.075/0.0265 at [PDMS11MA]0 =
500 mM in chlorobenzene and was stopped at 72% conversion
to preserve a high CEF.49 The residual macromonomer was
removed by fractionation to yield a purified P(PDMS11MA)38-

Cl bottlebrush with <1% macromonomer impurity. The length
of the P(PDMS11MA)38-Cl macroinitiator was determined to be
38 by integration of methylene protons in the side chain relative
to the EClPA phenyl protons by 1H NMR (Figure S1).
Thermal stability of PDMS11MA and P(PDMS11MA)38-Cl

was assessed by 1H NMR, gel permeation chromatography
(GPC), and thermogravimetric analysis (TGA) after incubation
at 170 °C for 2 h (Table 1). TGA of the incubated and pure
PDMS11MA followed a one-step mass loss beginning at ∼150
°C (Figure 1A and Figure S2A). The 1H NMR spectra showed
that the vinyl protons were intact and the macromonomer did
not polymerize after incubation (Figures S3 and S4). There was
a decrease in low-molecular-weight polymer peak intensity in
the GPC traces, resulting in a slight increase in Mn, app and a
decrease in dispersity (Đ) after incubation (Figure 1B). Thus,
PDMS11MA is stable at 170 °C.

1H NMR of P(PDMS11MA)38-Cl and incubated P-
(PDMS11MA)38-Cl-heat confirmed that P(PDMS11MA)38-Cl
did not depolymerize in the absence of a catalyst after incubation
at 170 °C (Figure S5). This was supported by nearly identical
GPC traces before and after incubation (Figure 1B). However,
there were significant differences in thermal stability between
the incubated and pristine P(PDMS11MA)38-Cl bottlebrushes
(Figure 1A and Figure S2B). TGA of P(PDMS11MA)38-Cl
followed a two-stepmass loss. The first step was within the range
of 200−300 °C followed by decomposition of the rest of the
sample between 300 and 430 °C. Incubated P(PDMS11MA)38-
Cl degraded in one broad transition between 200 and 430 °C.
We hypothesize that the decrease in stability after incubation is
from an uncatalyzed loss of alkyl halide CEF in a fraction of
P(PDMS11MA)38-Cl.
P(PDMS11MA) was synthesized by free-radical polymer-

ization (RP) (P(PDMS11MA)-RP) to assess the thermal
stability of a bottlebrush lacking alkyl halide CEFs. 1H NMR
analysis showed that the mole fraction of vinyl products ( f)
increased from 3 to 4 mol % after incubation at 170 °C (Figures
S6 and S7 and Table 1). The apparent molecular weight and
dispersity of P(PDMS11MA)-RP increased after incubation, and
the macromonomer was also visible in the GPC trace. The
partial depolymerization of P(PDMS11MA)-RP at 170 °C may
be attributed to bond scission of weak linkages (head−head or
unsaturated chain ends) followed by depropagation, similar to
poly(methyl methacrylate).28 TGA analysis showed that the
majority of P(PDMS11MA)-RP degraded between 200 and 350
°C, and the remaining mass loss occurred between 350 and 450
°C. The incubated P(PDMS11MA)-RP-heat degraded in one
broad transition from 200 to 430 °C, similar to P-
(PDMS11MA)38-Cl-heat.
In summary, the PDMS11MA macromonomer was stable at

170 °C, and the P(PDMS11MA)-Cl bottlebrush did not
depolymerize after incubation without a catalyst. TGA indicated
a decrease in P(PDMS11MA)-Cl thermal stability after
incubation. P(PDMS11MA)38-Cl-heat had a comparable trend
in mass loss to P(PDMS11MA)-RP-heat, which suggests
uncatalyzed degradation of the alkyl halide during incubation
at 170 °C. The P(PDMS11MA)-RP bottlebrush lacking alkyl
halide CEFs partially depolymerized during incubation. The
depolymerization of P(PDMS11MA)-RP was likely triggered by
bond scission of weak linkages during incubation, which should
be less numerous in a P(PDMS11MA)38-Cl brush prepared by
ATRP.
It should be noted that volatiles were not measured during

TGA measurements and mass loss may be attributed to

Figure 1. (A) TGA of PDMS11MA and P(PDMS11MA) samples before
and after incubation at 170 °C under a nitrogen atmosphere. Incubated
samples are denoted with the postscript “-heat”. TGA experiments were
conducted under nitrogen at a heating rate of 10 °C/min. (B) GPC
traces of purified and incubated polymer samples. Molecular weight is
given relative to linear PMMA standards in THF. The peak atMp = 227
is a diphenyl ether internal standard used for GPC calibration.
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decomposition of the end groups, the methacrylate backbone, or
the PDMS side chain; however, it is more likely that mass loss at
low temperature closely follows decomposition of the chain end
due to the high thermal stability of PDMS.52,53 Thermal
degradation of P(PDMS11MA)-Cl could be compared to

previous studies on halogen-capped polymethacrylates. Less
mass loss was observed in TGA of bromine-capped PMMA-Br
between 160 and 250 °C, relative to PMMA prepared by
RP.54,55 However, elimination and lactonization of the chain end
were observed after isothermal incubation of PMMA-Br and

Scheme 2. Depolymerization of a P(PDMS11MA)38-Cl Polymacromonomer in the Presence of CuCl2/TPMA Yields
Macromonomer (MM), Oligomeric (Olig), and Bottlebrush (BB) Products

Table 2. Depolymerizations of P(PDMS11MA)38-Cl
a

trial [P(PDMS11MA)38-Cl]0/[CuCl2]0/[TPMA]0 [P]0 (mM) time (min) f (%)b φMM (%)c φOlig (%)
c φBB (%)

c

T1 1/-/- 275 120 1 100
T2 1/0.22/- 275 120 1 100
T3 1/-/0.33 275 120 24 25 7 68
T4 1/0.22/0.22 275 15 8 8 3 89

275 60 74 76 4 20
275 75 55 71 8 21
275 120 79 78 11 11

T5 1/0.22/0.33 275 5 1 100
275 8 2 100
275 15 37 30 4 66
275 60 74 64 6 30
275 120 75 77 8 15

T6 1/0.22/1.3 275 2 1 100
275 5 68 41 5 54
275d 10d 78d 76d 6d 18d

275 15 77 86 8 6
275 30 76 83 12 5
275 60 76 85 10 5

T7 1/0.022/0.13 275 10 60 59 7 34
275 15 40 35 7 58
275 60 74 70 10 20

T8 1/0.0038/0.0228 275 60 10 100
275 120 31 28 4 68
275 360 42 39 5 56

T9 1/0.22/1.3 138 5 1 100
138 8 33 30 5 65
138 15 74 75 5 20
138 30 66 62 5 33
138 60 77 79 7 14

T10 1/0.22/1.3 413 1.5 1 100
413 3 1 100
413 6.5 1 100
413 17 1 100
413 40 31 27 4 69
413 120 16 15 6 79

aSolvent = 1,2,4-trichlorobenzene and 11.7 vol % hexadecane. Total reaction volume = 0.7 mL per entry. Reactions were quenched by injecting
∼0.1 mL of a 10 mg/mL SnatchCat stock solution in 1,2,4-trichlorobenzene immediately followed by a blanket of air over the open flask. bThe
mole fraction of vinyl-terminated products determined by 1H NMR of the crude reaction mixture. cThe weight fraction of the polymeric fraction
determined by peak fitting of GPC traces using Origin software. Peak fits are provided in the Supporting Information. dVolume = 2 mL.
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PMMA-Cl at 150 °C by NMR and MALDI-TOF in several
publications.56−58 Incubation increased the thermal stability of
bromine-capped poly(methyl methacrylate), poly(ethyl meth-
acrylate), poly(n-butyl methacrylate), and poly(n-hexyl meth-
acrylate) prepared by ATRP using a 2,2,2-tribromoethanol
initiator.56 Uncatalyzed degradation of the chain end will affect
the thermal stability of polymers prepared by ATRP and needs
to be understood in the context of depolymerizations and
applications. We are currently investigating this topic in greater
detail.
Catalyzed Depolymerizations. Catalyzed depolymeriza-

tions were conducted with a typical CuCl2/TPMA ATRP
catalyst in a 1,2,4-trichlorobenzene/hexadecane cosolvent
system (Scheme 2). The CuCl2/TPMA catalyst is sparingly
soluble in 1,2,4-trichlorobenzene, but nonpolar P-
(PDMS11MA)38-Cl is insoluble in polar 1,2,4-trichlorobenzene.
Hexadecane (11.7 vol %) was added to dissolve the bottlebrush.
The concentration of P(PDMS11MA)38-Cl is given as [P]0 and is
analogous to [M]0, so [P]0 = 275 mM corresponds to a 275 mM
concentration of PDMS11MA repeat units and an alkyl halide
concentration of 7.2 mM. For every set of conditions in Table 2,
depolymerizations were repeated and stopped at different times,
corresponding to each reported time point. Results are in the
format Trial-Time (i.e., T4-60 is a depolymerization with
conditions T4 conducted for 60 min). Experiments were
conducted in 10 mL Schlenk flasks with total reaction volumes

Figure 2.Characterization of GPC traces after depolymerization in trial
T3 by peak fitting to the bottlebrush (BB), oligomer (Olig),
macromonomer (MM), and solvent (solv) in units of elution volume
vs normalized refractive index detector response. The peak areas of the
bottlebrush (ABB), oligomers (AOlig), macromonomer (AMM), and
solvent (Asolv) were obtained by multiple peak fitting to the respective
peaks in the crude GPC trace. The weight fractions of the bottlebrush
(φBB), oligomers (φOlig), and macromonomer (φMM) are given by the
ratio of the peak area to the sum of all polymeric peak areas times 100.
Conditions: [P(PDMSMA)38-Cl]0/[CuCl2]0/[TPMA]0 = 1/-/0.33,
[P]0 = 275 mM, T = 170 °C, and solvent = 11.7 vol % hexadecane and
1,2,4-trichlorobenzene.

Figure 3. Yield of P(PDMS11MA)38-Cl depolymerizations at
[TPMA]0/[CuCl2]0 = 1, 1.5, and 6 (T4−T6 in Table 2). (A) Mole
fraction of recovered vinyl products ( f) for trials T4−T6. The weight
fractions of polymer species separated by φMM, φOlig, and φBB are given
for trials (B) T4, (C) T5, and (D) T6. Conditions: [P(PDMSMA)38-
Cl]0/[CuCl2]0/[TPMA]0 = 1/0.22/X with X = 0.22, 0.33, and 1.3.
Temperature = 170 °C. [P]0 = 275 mM in 1,2,4-trichlorobenzene and
11.7 vol % hexadecane.
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of 0.7 mL. They were stopped by opening the flask and then
adding ∼0.1 mL of a 10 mg/mL 1,4-bis(3-isocyanopropyl)-

piperazine (SnatchCat) stock solution in 1,2,4-trichlorobenzene
to quench the active CuCl/TPMA catalyst followed by a blanket
of air over the hot open flask. The SnatchCat ligand quenches
ATRP by strongly and irreversibly binding to Cu(I).59 Air
oxidizes the residual CuCl/TPMA activator and acts as an
inhibitor for radical polymerization.60

Figure 4. Yield of P(PDMS11MA)38-Cl depolymerizations with
[TPMA]0/[CuCl2]0 = 6 at 5170 ppm (T6), 517 ppm (T7), and 100
ppm (T8) conducted for different amounts of time (Table 2). (A)Mole
fraction of recovered vinyl products ( f). The weight fractions of
polymer species separated by φMM, φOlig, and φBB for recipe are given in
(B) T7 and (C) T8. Conditions: [P(PDMSMA)38-Cl]0/[CuCl2]0/
[TPMA]0 = 1/X/6X with X = 0.22, 0.022, and 0.0038. Temperature =
170 °C. [P]0 = 275 mM in 1,2,4-trichlorobenzene and 11.7 vol %
hexadecane.

Figure 5. Yield of P(PDMS11MA)38-Cl depolymerizations at different
[P]0 with the same [P(PDMSMA)38-Cl]0/[CuCl2]0/[TPMA]0 = 1/
0.22/1.3 (A) Mole fraction of recovered vinyl products ( f) in
depolymerizations of P(PDMS11MA)38-Cl. [P]0 = 138, 275, and 413
mM in T9, T6, and T10, respectively. The weight fractions of polymer
species separated by φMM, φOlig, and φBB are given in (B) T9 and (C)
T10. Temperature = 170 °C. The volume fraction of hexadecane was
kept constant at 11.7 vol %, and the volume fraction of 1,2,4-
trichlorobenzene was scaled with repeat unit concentration.
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The weight fractions of the bottlebrush (φBB), oligomers
(φOlig), and macromonomer (φMM) were determined by
multiple peak fitting of the refractive index signal relative to
the elution volume in the crude THF GPC traces with Origin
software (Figure 2).61 Peak fitting was generally conducted by
fitting to the bottlebrush, oligomer, macromonomer, and solvent
peaks. This procedure is discussed in detail in the Supporting
Information. The peak areas of the bottlebrush (ABB), oligomers
(AOlig), macromonomer (AMM), and solvent (Asolv) were
obtained once the multiple peak fit closely matched the crude
GPC trace with an R2 > 0.97 (Figure 2). φMM, φOlig, and φBB are

defined as the ratio of their respective peak area to the sum of all
polymer peak areas (Figure 2).
No depolymerization was observed when P(PDMS11MA)38-

Cl was diluted to [P]0 = 275mMat 170 °C (Table 2,T1), as well
as upon addition of CuCl2, because bare CuCl2 acts as an
inhibitor for radical polymerization (Table 2, T2).62 Addition of
0.3 equiv of TPMA relative to the alkyl halide, in the absence of
CuCl2, gave f = 24% (Table 2, T3). Initiation could occur by
charge transfer between TPMA and alkyl halide CEFs to yield
the chain-end radical, TPMA radical cation, and Cl−. This
reaction was reported to have a small contribution to activator
regeneration in photoATRP at ambient temperature but could
be more significant at higher temperatures.63

Addition of both CuCl2 and TPMA at [P(PDMS11MA)38-
Cl]0/[CuCl2]0/[TPMA]0 = 1/0.22/0.22 recovered [f, φMM] =
[79%, 78%]. (T4-120, Table 2). The higher yield is attributed to
activation and delayed termination by an ATRP process
regulated by the CuCl2/TPMA catalyst. Activation leads to
depolymerization because the reaction temperature was at
elevated temperature in the absence of the PDMS11MA
macromonomer. Depolymerizations were accelerated by
increasing [TPMA]0/[CuCl2]0 from 1 to 1.5 and 6 in trials T5
andT6, respectively (Table 2).T4-15 recovered [f,φMM] = [8%,
8%]. Meanwhile, T5-15 reached [f, φMM] = [37%, 30%], and
T6-15 recovered [f, φMM] = [77%, 86%]. The increase in
depolymerization rate with equivalents of TPMA was attributed

Table 3. Observed Rate Constants of CuCl2/L Reduction
(kred,obs) with L = TPMA or TPMA*3 from 130 to 170 °C

[L]0/[CuCl2]0 L temperature (°C) kred,obs × 104 (s−1)a

1 TPMA 170 3.02 ± 0.10
1.5 TPMA 170 3.35 ± 0.17
6 TPMA 170 17.7 ± 0.94
6 TPMA 150 2.45 ± 0.12
6 TPMA 130
6 TPMA*3 170 6.68 ± 0.56

aTaken as the slope of the first-order kinetic plots in Figure 6. The
margin of error is given as the 95% confidence interval after linear
fitting of experimental data with a set y-intercept = 0. [CuCl2]0 = 1.24
mM, and [L]0 is scaled to [CuCl2]0. Solvent = 18/82 v/v% DMF/
1,2,4-trichlorobenzene.

Figure 6. First-order kinetic plot of [CuCl2]/[L] reduction with [L]/
[CuCl2] = 1 to 6, T = 130−170 °C, and L = TPMA or TPMA*3.
Conditions: [CuCl2]0 = 1.24 mM, and [L]0 is scaled to [CuCl2]0.
Solvent = 18/82 v/v% DMF/1,2,4-trichlorobenzene. Reduction
experiments were collected by UV/Vis using a Schlenk-modified
cuvette. Absorbance was recorded after 1 min of cooling to avoid
melting the equipment.

Figure 7. CVs of 1.2 mM CuCl2/TPMA in DMF + 0.1 M Et4NBF4 (a)
and zoomed-in image of the same CVs (b), recorded at increasing
temperature, on a GC working electrode at v = 0.2 V s−1, using a silver
wire as a quasi-reference electrode and converted to SCE by adding
ferrocene as an internal standard.
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to reduction of CuCl2/TPMA by electron transfer from the
excess ligand, similar to previously reported ARGET polymer-
izations of methacrylates.64,65 Faster reduction of the catalyst
accelerated the ATRP reactions. Trials T4−T6 stopped at
approximately the same f of ∼80% when conducted for longer
reaction times, despite the differences in depolymerization rates
(Figure 3).
Independent analysis of φMM, φOlig, and φBB provided insight

into the product distributions of depolymerization reactions
(Figure 3). φBB decreased with reaction time until it plateaued
once no further depolymerization was observed. The φOlig and
φMM concurrently increased as φBB decreased until they reached
their own respective plateaus.
The selectivity of T4−T6 was assessed by comparison of

φMM, φOlig, and φBB. The macromonomer yield improved for

depolymerizations with excess TPMA, with φMM = 78, 77, and
85% for T4-120, T5-120, and T6-60, respectively. φMM was
generally higher than f = 79, 75, and 76% for the same reactions,
which may be due to a loss of vinyl functionalities in a fraction of
unimers by termination. There was more variance between φOlig
andφBB.T5-120 had the most unreacted bottlebrush, with [φBB,
φOlig] = [15%, 8%]. The selectivity was improved in T4-120 to
[φBB, φOlig] = [11%, 11%]. T6-60 was the most selective, with
[φBB, φOlig] = [5%, 10%]. Thus, the highest [TPMA]0/[CuCl2]0
gave the fastest and most selective depolymerization.
CuCl2 concentration was lowered from 5170 ppm (T6) to

517 ppm (T7) and 100 ppm (T8) at a constant [TPMA]0/
[CuCl2]0 = 6 to determine the effect of catalyst loading. Lower
catalyst loadings decreased the rate of depolymerization (Figure
4). T7-60 reached [f, φMM] = [74%, 70%], while T8-60

Table 4. Depolymerization/Repolymerization of P(PDMS11MA)38-Cl
a

cycle
step in the

cycle
additive − equivalents rel. to

[P(PDMS11MA)38-Cl]0
cumulative reaction time

(hh:mm)
temp.
(°C)

fb

(%)
φMM
(%)c

φOlig
(%)c

φBB
(%)c

C1 D1d 00:10 170 78 76 6 18
P1 19:10 22 71 70 10 20
D2 19:30 170 75 76 9 15

C2e D1 00:10 170 81 82 7 11
P1 AIBN − 0.4 equiv 22:10 22 65 64 18 18

46:10 22 40 37 10 53
72:10 22 4 9 8 83

D2 72:40 170 42 39 13 48
C3f D1 00:15 170 79 76 8 16

P1 EClPA − 0.36 equiv 70:15 22 5 5 15 80
D2 70:45 170 39 31 23 46
P2 EClPA − 0.36 equiv 140:45 22 10 17 18 65
D3 141:15 170 18 34 9 57
P3 EClPA − 0.36 equiv 211:15 22 3 19 13 68
D4 211:45 170 6 17 13 70

aConditions: [P(PDMS11MA)38-Cl]0/[CuCl2]0/[TPMA]0 = 1/0.22/1.3 in D1 for all cycling experiments. Additives added at the start of P1 are
stated relative to the initial molar equivalents of the P(PDMS11MA)38-Cl alkyl halide. The solvent was 1,2,4-trichlorobenzene with a constant 11.7%
volume of hexadecane. Total reaction volume = 2 mL. bThe fraction of vinyl products by 1H NMR of the crude reaction mixture. cThe weight
fraction of the polymeric fraction determined by peak fitting of GPC traces using Origin software. dThe same run as T6−10. eHexadecane (6 vol
%) was used. fThe ligand is BPMODA*.

Scheme 3. Schematic of Depolymerization/Repolymerization Cycling Experiments
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recovered f = 10%. T8-360 recovered [f, φMM] = [42%, 39%].
The selectivity was compared between trials T6-5, T7-15, and
T8-360 because the three trials stopped at φBB of ∼55%. T6-5
recovered [φMM, φOlig, φBB] = [41%, 5%, 54%] and had the
highest weight fraction of oligomers in this set. Decreasing
catalyst loading to 517 ppm slowed depolymerization and
increased φOlig to 7% (T7-15). T8-360 had comparable
selectivity, with [φMM, φOlig, φBB] = [39%, 5%, 56%], at the
cost of a much slower depolymerization.
Depolymerizations were attempted by ATRP with [P-

(PDMSMA)38-Cl]0/[CuCl2]0/[TPMA]0 = 1/0.22/1.3 scaled

to [P]0 = 138 mM (T9) and 413 mM (T10) at a constant 11.7%
volume of hexadecane. The depolymerizations conducted at
[P]0 = 413 mM (T10) were slower than the more dilute
depolymerizations (Figure 5). Reaction T9with [P]0 = 138 mM
proceeded at a comparable rate to the depolymerizationT6with
slightly lower selectivity to the macromonomer (Figure 5 and
Figure S15).

Summary. Depolymerizations of a chlorine-capped P-
(PDMS11MA)38-Cl were conducted at 170 °C. T1 and T2
confirmed that no depolymerization occurred within 2 h in the
absence of TPMA. Addition of TPMA in T3 induced
depolymerization by activation of alkyl halide CEFs via charge
transfer.63 Depolymerization occurred because the reaction
mixture was at high temperature, near or above the Tc, in the
absence of the PDMS11MA macromonomer.
Depolymerizations with CuCl2 and TPMA at a 5170 ppm

catalyst loading recovered macromonomers with f of ∼80% in
T4−T6. The increase in yield relative to T1−T3 was attributed
to activation and reduced termination by an ATRP process
regulated by the CuCl2/TPMA catalyst. The rate, yield, and
selectivity of depolymerizations improved by increasing
[TPMA]0/[CuCl2]0 from 1 to 6. Lower catalyst loadings
improved selectivity toward the macromonomer at the expense
of a much slower depolymerization (Table 2, T8). Depolyme-
rization at [P]0 = 138 mM (T9) was comparable to the
analogous depolymerization at a higher [P]0 = 275 mM, but
depolymerization at [P]0 = 413 mM (T10) was significantly
slower than the more dilute reactions.
The differences in the yield, selectivity, and reaction rate with

catalyst and ligand concentrations prompted us to characterize
the stability and reactivity of the CuCl2/TPMA catalyst with the
TPMA ligand at high temperature.

Catalyst Characterization. Reduction experiments were
conducted to clarify the effects of CuCl2/L stoichiometry and
catalyst activity at high temperature. The reduction of CuCl2
with TPMA and tris(3,5-dimethyl-4-methoxy-2-pyridylmethyl)-

Figure 8. (A) Kinetic trace of the C3 cycling experiment with the
addition of the EClPA initiator in each repolymerization step in the
cycle. Vertical red lines correspond to the start and end of a step in the
cycle. The black arrows are a guide for the eyes. (B) Crude GPC traces
taken at the end of each step of cycling experiment C3. The trace is
normalized to the height of the solvent peak and cut off at the height of
the initial P(PDMS11MA)38-Cl peak. (C) Bar graph of polymer weight
fractions in each cycling step. Conditions are given in Table 4.

Scheme 4. Proposed Mechanism of Depolymerizations by
ATRP with Activator Regeneration at High Temperature
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amine (TPMA*3) ligands was monitored as a decrease in the
absorbance at 960 and 940 nm, respectively, via UV/Vis
spectroscopy. DMF (18 vol %) was added to all reduction
experiments listed in Table 3 to improve the solubility of the
complexes. The observed rate constants of CuCl2/TPMA and
CuCl2/TPMA*3 reduction (kred,obs) are given as the slope of the
first-order kinetic plot for reduction defined by the decrease in
absorbance at 960 and 940 nm, respectively. Time is given as the
amount of time spent inside the hot oil bath; however, all spectra
were recorded after 1 min of cooling to avoid damage to the UV/
Vis cell.
CuCl2/TPMA complexes with 6 equiv of the ligand had no

observable reduction at 130 °C after 1 h (Figure 6 and Figure
S18). An increase in temperature to 150 °C led to slow reduction
at kred,obs = 2.45 × 10−4 s−1. Further increasing temperature to
170 °C led to a 7 times higher kred,obs = 17.70 × 10−4 s−1, i.e., 7
times higher than at T = 150 °C.
CuCl2 was stirred at 170 °C with a decreasing amount of

TPMA. Equimolar [TPMA]0/[CuCl2]0 = 1 showed a decrease
in absorbance at 960 nm, indicating reduction of CuCl2. A slight
excess of the TPMA ligand at [TPMA]0/[CuCl2]0 = 1.5 led to a
slightly higher kred,obs = 3.35 × 10−4 s−1, which was still 5.3 times
smaller than [TPMA]0/[CuCl2]0 = 6 at the same temperature.
The CuCl2/TPMA catalyst was left open to air after heating for
15 min at 170 °C to qualitatively determine if the catalyst cycle
was reversible. After 2 min, there was an increase in CuCl2/
TPMA absorption at 960 nm in the UV/Vis trace (Figure S18).
The solution was less transparent after oxidation of the flask,
likely due to partial evaporation of DMF from the open flask
diminishing the catalyst solubility.
The absorbance of [TPMA*3]0/[CuCl2]0 = 6 was tracked

over time to determine the effect of catalyst activity on thermal
reduction at 170 °C. CuCl2/TPMA*3 has more negative
reduction potential than CuCl2/TPMA, thus exhibiting higher
ATRP activity and slower reduction, with kred,obs of 6.68 × 10−4

s−1.61,66

The reversibility of the CuCl2/TPMA redox cycle was
assessed by cyclic voltammetry (CV) at increasing temperature
in 1,2,4-trichlorobenzene with 18 vol % DMF and 0.1 M
Et4NBF4 as a supporting electrolyte. CVs showed a quasi-
reversible redox couple as the temperature was increased from
25 to 170 °C (Figure S20). The current intensity of both
cathodic and anodic peaks increased with temperature up to 100
°C due to an increase in the diffusion coefficients of both Cu(II)
and Cu(I) species. The decrease in current intensity observed at
T > 100 °C could indicate changes in the catalyst speciation.
Increasingly positive current was recorded at potentials slightly
more positive than the catalyst reduction, plausibly due to
oxidation of Cl−; however, the narrow electrochemical window
of 1,2,4-trichlorobenzene hindered further analysis.
Therefore, CV of CuCl2/TPMA was conducted in pure DMF

with a 0.1 M Et4NBF4 supporting electrolyte. The larger
electrochemical window of DMF allowed for investigation
within a wider range of potentials. The CVs showed reversible
reduction and oxidation of the catalyst for T within 30−170 °C
(Figure 7). The current intensity of the catalyst redox signals
increased with temperature, while the potential progressively
shifted to more positive values with increasing T.67 The
oxidation of Cl− at E of ∼1 V vs SCE shifted toward more
negative potentials with increasing T. Upon lowering the
temperature from 170 to 30 °C, the recorded signal was nearly
identical to the initial scan at 30 °C, suggesting that CuCl2/
TPMA is stable at high temperature.

Depolymerization/Repolymerization Cycling. Cycling
experiments were conducted with alternating rounds of
depolymerization at 170 °C and repolymerization by photo-
ATRP at room temperature. PhotoATRP regenerates the
majority of the Cu(I) activator through a photoinduced electron
transfer process between the excited X-Cu(II)/L catalyst and
excess alkylamines at ambient temperature.63 Thus, photoATRP
does not require additional additives, and an analogous recipe to
depolymerizations could be employed. The cycling experiments
used the same conditions as T6, with 5170 ppm of the copper
catalyst and [TPMA]0/[CuCl2]0 = 6 (Table 4). Each round
consisted of one depolymerization (DR) followed by polymer-
ization of the crude product from the first step without
purification (PR) and so on. The postscript -R denotes the
round number (Scheme 3).
Depolymerization C1-D1 recovered f = 78% in 10 min.

Repolymerization C1-P1 polymerized 7% monomer in 19 h
(Table 4 and Figure S21). The second depolymerization C1-D2
recovered a portion of the repolymerized product. The slow rate
of polymerization is attributed to a loss of most of the alkyl
halide functionalities after the first depolymerization and slow
precipitation of the catalyst from the nonpolar mixture.
In cycling experiment C2, the volume fraction of hexadecane

was reduced from 11.7 to 6 vol % to improve the solubility of the
copper catalyst at the expense of polymer solubility (Figure
S24). C2-D1 recovered f = 81% (Table 4 and Figure S22).
Repolymerization C2-P1 reached f = 4% in 72 h by a
photoinduced reverse ATRP with CuCl2/TPMA reduction by
the photoATRP process and azobisisobutyronitrile (AIBN)
decomposition under UV light. The flask was transferred to a hot
oil bath set to 170 °C without purification for cycle C2-D2,
where f = 42% was recovered in 30 min.
Multiple cycles were attempted with a CuCl2/bis[2-(4-

methoxy-3,5-dimethyl)pyridylmethyl]octadecylamine (CuCl2/
BPMODA*) catalyst, which has comparable activity to TPMA
but is highly soluble in nonpolar solvents.68 C3-D1 reached f =
81% in 15 min (Table 4 and Figure 8). Repolymerization C3-P1
was started upon photoirradiation with an additional 0.36 equiv
of the EClPA initiator. The majority of the macromonomer
polymerized over 70 h ( f = 5%, Table 4). C3-D2 isolated
approximately half of the macromonomer compared to the first
cycle ( f = 39%, Table 4). The macromonomer remaining after
depolymerization C3-D2was repolymerized for a second time in
C3-P2 then depolymerized to a lower yield ( f = 18%) in C3-D3.
The remaining 18% macromonomer was repolymerized again
(C3-P3) then depolymerized to yield only f = 6% in the last C3-
D4 depolymerization. The decrease in macromonomer recovery
with each consecutive depolymerization cycle confirmed a loss
in chain-end functionalities during both depolymerization and
repolymerization reactions. Chains lacking the alkyl halide
cannot be activated by the catalyst in a depolymerization or
polymerization by ATRP. A fraction of chains terminates, or
degrades, with each step in the cycle. Accumulation of
nonfunctional chains reduces the macromonomer available for
polymerization and the macroinitiator available for depolyme-
rization.

Mechanistic Discussion. Thermal stability control experi-
ments confirmed that the PDMS11MA macromonomer was
stable at 170 °C and depolymerization of the P(PDMS11MA)-Cl
bottlebrush did not occur without a catalyst at 170 °C. The
P(PDMS11MA)-RP bottlebrush partially depolymerized after
incubation due to a presumed larger number of weak links in the
polymer backbone. TGA indicated a decrease in P-
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(PDMS11MA)-Cl thermal stability after incubation, such that
the trend in P(PDMS11MA)38-Cl-heat mass loss was comparable
to P(PDMS11MA)-RP-heat. Thus, scission of weak links may
induce depolymerization at 170 °C, and uncatalyzed degrada-
tion can reduce the stability of macroinitiators prepared by
ATRP. The proposed mechanism for a catalyzed depolymeriza-
tion by atom transfer radical polymerization at high temperature
is given in Scheme 4.
The catalyzed depolymerizations in Table 2 were conducted

at high temperature in the absence of the macromonomer. Since
T was kept constant, the differences in the yield, selectivity, and
depolymerization rate depended on the rate of atom transfer
with the alkyl halide CEF for depolymerizations at the same [P]0
= 275 mM.
Activator regeneration of Cu(I) was promoted by the TPMA

ligand acting as the reducing agent in an ARGET process.64,65

UV/Vis reduction experiments showed that kred,obs increased∼5
times upon increasing [TPMA]/[CuCl2] from 1.5 to 6, in
agreement with the observed increase in the depolymerization
rate under similar conditions. The reduction experiment and
depolymerization performed at [TPMA]/[CuCl2] = 1 showed
that Cu(II) reduction and depolymerization initiation could
occur in the absence of an excess ligand. This behavior could be
explained by considering dissociation of the ligand from the
copper complex, generating a free ligand that could reduce
CuCl2/TPMA and/or CuCl2 species. Most of the catalysts
remained active and stable, as evidenced by the reversible cyclic
voltammograms obtained at 170 °C. TPMA could also activate
the alkyl halide via charge transfer, similar to a photoATRP at
ambient temperature.63

■ CONCLUSIONS
Depolymerization of a methacrylic P(PDMS11MA)38-Cl bottle-
brush was catalyzed by Cu(II) complexes with activator
regeneration at 170 °C. Efficient atom transfer between the
alkyl halide CEF and the catalyst enabled 80% monomer
recovery within short reaction times. The rate and control over
depolymerizations were improved by activator regeneration
from the TPMA ligand. Depolymerization yield and selectivity
were improved by increasing equivalents of the TPMA ligand at
higher catalyst loadings. Decreasing catalyst loadings from 5170
to 517 and 100 ppm gave slightly better selectivity toward the
macromonomer over oligomers but significantly slower
depolymerizations. Depolymerizations by ATRP at a higher
initial polymer concentration were slower than at higher
dilutions.
The CuCl2/TPMA catalyst could be progressively reduced

through electron transfer reactions from the TPMA ligand in an
ARGET process. The catalyst could also be reduced through
other radical-creating pathways.
Further progress in this area can be reached through

fundamental studies of catalysts and polymers at high temper-
atures. Retention of chain-end functionalities at elevated
temperature is of particular importance.
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