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Introduction

Depolymerization of vulcanized
poly(cyclopentene), poly(norbornene-ran-
cyclopentene) and poly(endo-dicyclopentadiene-
ran-cyclopentene) rubbers via ring-closing
metathesis depolymerization for monomer
recyclingt

Shigetaka Hayano,@* Kazuki Kumazawa, Kosuke Isobe, Takuro Sakurai
and Shengyang Wang

Herein, we report a study on the preparation, properties, and depolymerization of pristine and vulcanized
poly(cyclopentene) (poly(CP)), poly(norbornene-ran-cyclopentene) (poly(NB-ran-CP)) and poly(endo-
dicyclopentadiene-ran-cyclopentene) (poly (DCP-ran-CP)). First, poly(CP), poly(NB-ran-CP) and
poly(DCP-ran-CP) were prepared with high molecular weight control (M,, = 200 000-500 000) using
dichloro(3-phenyl-1H-inden-1-ylidene)bis(tricyclohexylphosphine)ruthenium(i). Next, carbon black, zinc
oxide and other additives were blended into the pristine polymers using a mixer and twin roll rubber
mills at 50 °C, followed by vulcanization in metal molds at 160 °C for 10 min, resulting in molded black
rubber specimens. Crosslinking of the vulcanized rubbers was confirmed by solvent swelling test. Ring-
closing metathesis depolymerization (RCMD) of the pristine and vulcanized polymers was conducted.
Pristine poly(CP) was smoothly degraded into cyclopentene monomers with only 0.001 mol% of [1,3-bis-
(2,4,6-trimethylphenyl)-2-imidazolidinylideneldichloro(phenylmethylene)(tricyclohexylphosphino)
ruthenium (HzIMes)(PCyz)Cl,Ru=CHPh (H,IMes = 1,3-dimesityl-4,5-dihydroimidazolylidene) in toluene at
25 °C for 1 h ([poly(CP) unit] = 0.50 M). In the case of the copolymers, degradation of pristine poly(NB-ran-
CP) and poly(DCP-ran-CP) via RCMD also delivered a cyclopentene monomer and residual polynorbornene
and poly(endo-dicyclopentadiene), respectively, demonstrating the feasibility of cyclopentene recycling
from copolymers. Complete depolymerization of vulcanized poly(CP) rubber was also efficiently
achieved using 1 mol% of (H,IMes)(PCys)ClLRu=CHPh, affording black inorganic precipitate and
separable volatile cyclopentene monomer (in toluene at 60 °C for 24 h, [poly(CP)] = 0.50 M). Similarly,
vulcanized poly(NB-ran-CP) (or poly(DCP-ran-CP)) rubber was successfully depolymerized under the
same conditions, resulting in black inorganic precipitate, polynorbornene (or poly(endo-
dicyclopentadiene)) and a cyclopentene monomer. This study provides a new strategy for monomer
recycling of rubber wastes made from cyclopentene-based rubber under relatively mild conditions,
contributing to a circular economy and resource efficiency.

permanent strong cross-linkage significantly enhances
mechanical performance, it also makes chemical recycling of

Benefitting from their interchain network structures, vulca-
nized rubber materials have excellent mechanical properties,
morphological stability, and oil resistance. Hence, rubber
materials are now pervasive in diverse fields and have become
indispensable to our modern society. However, while
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rubber materials extremely challenging." Currently, most recy-
cled commercial rubber products are simply subjected to frag-
mentation or combustion, e.g.,, most waste tires are directly
crushed and burned as fuel. The low sustainability of rubber
materials is a serious problem in today's society that must be
resolved.

Cyclopentene (CP) is well known for its unique thermody-
namic equilibrium nature during ring-opening metathesis
polymerization (ROMP) (Scheme 1). Equilibrium ROMP of CP is
controlled by reaction temperature and concentration of
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monomers in the presence of an olefin metathesis catalyst. For
instance, the critical concentration of CP at 30 °C is reported to
be [Cleq = 1.17 M2

Therefore, taking advantage of such reversible ring-opening
and ring-closing behaviour, it is theoretically possible to
chemically degrade poly(CP) by converting the polymer back to
the CP monomer in a dilute solution under relatively mild
conditions and achieve recycling of waste poly(CP) materials.

Since the discovery of the ROMP of cyclopentene in the
1950s, for about two decades, both industry and academia have
paid considerable attention to the synthesis and properties of
crystalline  trans-poly(cyclopentene)  (trans-pentenamer).**
There were two scientific and industrial reasons for this. First,
cyclopentene could be potentially produced on an industrial
scale from the C5 stream of petroleum refineries. Second, the
resulting trans-pentenamer was an entirely new material.
Vulcanized trans-pentenamer was identified as a new synthetic
rubber, with low-temperature characteristics, tensile properties,
and stretch-induced crystallization. Green (handling) strength
of trans-pentenamer was also excellent because of its high
crystallinity. However, industrialization and commercialization
of trans-pentenamer have not been fruitful so far: the rubber
performance of vulcanized trans-pentenamer was comparable
to that of conventional diene-based rubbers such as natural
rubber and butadiene rubber; therefore, at that time, there was
no industrial advantage to start a trans-pentenamer rubber
business. Here, we mention that several unsolved/unachieved
scientific issues still remained in the field of cyclopentene
ROMP in 1970s, including development of well-defined high
performance metathesis catalysts, elucidation of the equilib-
rium mechanism of ring-opening/closing of cyclopentene,
development of various cyclopentene copolymers, vulcanization
of the CP-incorporated copolymers, and depolymerization of
pristine cyclopentene copolymers and crosslinked CP-based
rubbers.

Since the discovery of metal alkylidene catalysts in the
1980s-1990s, equilibrium ROMP of CP and its derivatives has
again received great attention from the academia. Grubbs and
his coworkers studied ruthenium catalysed ROMP of CP in
detail with focus on the equilibrium nature of it.”® Register's
group well investigated the equilibrium behaviour of metath-
esis copolymerization of cyclopentene and norbornene above
and below critical concentration using Mo-based Schrock-
catalyst.' Statistical multiblock copolymers were produced via
cross metathesis of poly(norbornene) and poly(CP)."* Research
on the properties of vulcanized trans-pentenamer and its
copolymers has also recently received renewed attention."**
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Scheme 1 Reversible ring-opening and ring-closing of cyclopentene
in the presence of a metathesis catalyst.
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Scheme 2 Poly(cyclopentene)(poly(cp)),  poly(norbornene-ran-
cyclopentene)poly(NB-ran-CP) and poly(endo-dicyclopentadiene-
ran-cyclopentene)poly(DCP-ran-CP).

Depolymerization of modified CP copolymers has been
intensively studied in this decade. Tuba et al. reported equi-
librium copolymerization of CP with functional CP and
successive depolymerization of the copolymers.’ Kennemur's
group figured out the depolymerization behaviour of function-
alized poly(CP) containing various polymer architectures, such
as bottlebrush polypentenamer.**** Equilibrium ROMP of CP-
dimers and trimers was applied for a reversible trans-
formation of covalent networks.” Degradable substrates such
as 2,3-dihydrofuran are employed by many researchers to
develop degradable ROMPed copolymers.**>* Among unsatu-
rated elastomers, only poly(CP) can be readily depolymerized to
give CP monomer. For instance, poly(butadiene) can be
degraded by metathesis catalyst to form low molecular weight
poly(butadiene) and various fragments, but 1,3-butadiene
monomer cannot be recovered.>*** Thus, the depolymerization
of poly(CP) has been studied in various ways. To the best of our
knowledge, the depolymerization of vulcanized poly(CP) and
copolymers has not yet been studied.

Based on the findings above, this study focuses on the
preparation, properties, and monomer recycling of vulcanized
poly(CP), poly(norbornene-ran-cyclopentene) (poly(NB-ran-CP))
and poly(endo-dicyclopentadiene-ran-cyclopentene) (poly(DCP-
ran-CP)) rubbers (Scheme 2). Initially, poly(CP), poly(NB-ran-CP)
and poly(DCP-ran-CP) were synthesized via ROMP. Subse-
quently, blending of the pristine polymers with inorganic fillers,
sulfur, and additives, followed by thermally induced cross-
linking, afforded the desired vulcanized rubber specimens.
Finally, depolymerization of the obtained rubber sample sheets
was undertaken successfully in a diluted solution of (H,-
IMes)(PCy;)Cl,Ru=CHPh (G2), converting the CP repeating
unit into cyclopentene monomer.

Experimental
General remarks

Polymerization and depolymerization were carried out under
argon atmosphere by using standard Schlenk techniques.
Dichloro(3-phenyl-1H-inden-1-ylidene)bis(tricyclohex-
ylphosphine)ruthenium(u) (M1) (Sigma-Aldrich) and [1,3-bis-
(2,4,6-trimethylphenyl)-2-imidazolidinylidene]
dichloro(phenylmethylene)(tricyclohexylphosphino)ruthenium
(H,IMes)(PCy3)Cl,Ru=CHPh (H,IMes = 1,3-dimesityl-4,5-
dihydroimidazolylidene) (G2) (Sigma-Aldrich) were used as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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received. Anhydrous toluene (Kanto Chemicals) was used
without further purification. Cyclohexane (Wako Chemicals)
was degassed and stored over molecular sieves (3 A). Norbor-
nene (NB) (Zeon Corporation) was distilled and stored as
a toluene solution over molecular sieves (3 A). endo-Dicyclo-
pentadiene (DCP) (Zeon Corporation) was distilled and stored
as a cyclohexane solution over molecular sieves (3 A) and silica
gel. Cyclopentene (CP) (Zeon Corporation) was distilled and
stored over molecular sieves (3 A). 1-Hexene (Wako Chemicals)
was distilled over calcium hydride. n-Butyl vinyl ether (Wako
Chemicals) was dried and stored over molecular sieves (3 A).
Carbon black (Seast 9H, TOKAI CARBON), zinc oxide (Sakai
Chemical Industry), stearic acid (NOF CORPORATION), N'-(4-
methylpentan-2-yl)-N*-phenylbenzene-1,4-diamine (Ouchi
Shinko Chemical Industrial), sulfur (sulfur#325 Hosoi Chem-
ical Industry), and N-cyclohexyl-2-benzothiazole sulfenamide
(Ouchi Shinko Chemical Industrial) were used as received.

Analyses of polymer and monomer

Polymer yields were determined by gravimetry. Cyclopentene
recovery was first determined by gas chromatography (GC) with
reference to the calibration curve illustrated in Fig. S16.7 GC
was performed on a Shimadzu GC-2025 gas chromatograph
with capillary column Inert Cap 1 (0.25 mm I.D. x 60 m, df =
1.50 pm; GL Sciences Inc.) using nitrogen as a carrier gas.
Column temperature was initially 35 °C, and, after a 3 min hold,
it was increased by 5 °C min~" up to 150 °C and then by 10 ©
C min~" up to 280 °C. Retention time was as follows: cyclo-
pentene; 11.3-11.4 min, toluene; 20.5-20.6 min. As an example,
a PDF file of a GC measurement report of the depolymerization
mixture of poly(NB-ran-CP) described in Table 4 is copied and
shown in Fig. S17.1 "H (500 MHz) and *C NMR (125 MHz)
spectra were recorded on a Bruker Avance III 500 MHz spec-
trometer at 27 °C. "H NMR spectral data were reported as
6 values in ppm relative to TMS (6 0.00 ppm) or chloroform (¢
7.26 ppm) if collected in CDCl;. "*C NMR spectral data were
reported as 6 values in ppm relative to chloroform (6 77.00 ppm)
if collected in CDCl;. The molecular weight distribution (MWD)
of the polymers was determined by gel-permeation chroma-
tography (GPC) at 40 °C in tetrahydrofuran (THF) on a Tosoh
HLC-8320 GPC instrument equipped with TSKgel
SuperMultiporeHZ-H that covers the MW range 10’-10. The
relative number- and weight-average molecular weights (M, and
M,, respectively) were determined by calibration against poly-
styrene standards. Differential scanning calorimetry (DSC) was
performed on a SII NanoTechnology X-DSC7000 under nitrogen
at a 10 °C min ' heating rate using hermetically sealed
aluminium T-zero pans.

Polymerization

A general procedure for producing the polymers in this study is
described as follows. Polymerization of cyclopentene was
carried out in a 20 L stainless steel reactor at 25 °C. The reactor
was charged with cyclohexane (6.77 kg), cyclopentene (2.90 kg,
42.6 mol) and 1-hexene (2.03 g, 0.0241 mol), followed by the
addition of dichloro(3-phenyl-1H-inden-1-ylidene)
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bis(tricyclohexylphosphine)ruthenium(n) (M1) (0.393 g, 0.426
mmol) solution in toluene (7.47 g, 8.6 mL, 0.05 M) at the
prescribed temperature. The reaction mixture was stirred for 3 h
and the reaction was terminated by adding 2.13 g (21.3 mmol,
50 eq. vs. Ru) of butyl vinyl ether. The obtained poly(CP) (M,, =
453 000, M,,/M,, = 2.01) was precipitated from ethanol and dried
in vacuo (at 1 mbar) at 40 °C for 24 h in a vacuum drying oven.
The polymer yield was determined to be 2.12 kg (73%) by
gravimetry. The polymer composition was determined by "H
NMR measurement.

Depolymerization of unvulcanized polymer

To a toluene solution of poly(CP) (3.01 g, 0.0442 mol unit, M,, =
453 000, M,,/M,, = 2.01), a toluene solution of (H,IMes)(PCys)
Cl,Ru=CHPh (G2) (0.380 g, 0.442 mmol) ([Ru]/[C=C] = 1/100)
was added at 60 °C in a glass ampoule equipped with a rubber
septum. The mixture ([poly(CP) unit], = 0.50 M in 76.6 g of
toluene) was stirred at 60 °C for 24 h. The viscosity of the
polymer solution decreased dramatically as soon as the catalyst
solution was added. The reaction was quenched with 2.21 g
(22.1 mmol, 50 eq. vs. Ru) of butyl vinyl ether and cooled down
to —20 °C. Very small aliquots were taken from the crude
reaction mixture and diluted with THF at —20 °C to suppress
loss of cyclopentene vapor by handling. The diluted THF
mixture was analysed by GC. After removal of volatiles, the
crude product was analysed by GPC. The rest of the crude
reaction mixture was subjected to vacuum drying (1 mbar) in
avacuum drying oven at 40 °C for 24 h. The yield of the wax-like
non-volatile remaining was determined by gravimetric
measurement.

Composition mixing and vulcanization

A general procedure for the composition mixing and vulcani-
zation process in this study is described as follows: 100.0 g of
poly(CP), 50.0 g of carbon black, 3.0 g of zinc oxide, 2.0 g of
stearic  acid, 2.0 g of N'-(4-methylpentan-2-yl)-N*-
phenylbenzene-1,4-diamine as an antioxidant, 1.75 g of sulfur,
and 1 g of N-cyclohexyl-2-benzothiazole sulfenamide as vulca-
nization accelerator were blended in a mixing Banbury Kneader
(Labo Plastomill Mixers for elastomers, electric heating model
No.655-B250, Toyoseiki) at 80-150 °C for 8 min, then mixed on
a twin roll rubber mill (6 inch, 25 rpm, IKEDA KIKAI KOGYO) at
50 °C to give a black rubber composition. The black rubber
composition was transferred to a metal mold and vulcanized at
160 °C for 10 min to afford a crosslinked rubber specimen.

Depolymerization of vulcanized rubber sheet

Several pieces of vulcanized poly(CP) rubber sheet (20 mm X
20 mm X 1 mm), 2.81 g in total, that contained 1.76 g (0.0258
mol) of poly(cyclopentene), were added to a solution of (H,-
IMes)(PCy;)Cl,Ru=CHPh (G2) (0.220 g, 0.258 mmol) ([Ru]/[C=
C]=1/100) in toluene at 60 °C in a glass ampoule equipped with
a rubber septum ([poly(CP) unit], = 0.50 M in 49.8 g of toluene).
The reaction mixture was stirred at the same temperature. After
1 h, the pieces of vulcanized poly(CP) rubber were severely
deformed, resulting in a notable loss of their original shape;

RSC Adv, 2024, 14, 37143-37154 | 37145
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after 24 h, the pieces of rubber sheet completely disappeared,
giving a black opaque suspension. The depolymerization reac-
tion was quenched with 1.29 g (12.9 mmol, 50 eq. vs. Ru) of butyl
vinyl ether and cooled to —20 °C. Very small aliquots were taken
from the crude reaction mixture and diluted by THF at —20 °C
to analyse by GC to measure cyclopentene recovery and then by
GPC to determine MWD after removal of volatiles. Insoluble
inorganic black fillers were separated from the crude reaction
mixture by centrifugation (3000 rpm, 10 min x 3) and extrac-
tion by toluene at r.t. Insoluble inorganic black fillers were dried
in vacuo (1 mbar) in the vacuum drying oven at 40 °C for 24 h,
and the weight was determined by gravimetry. The separated
transparent solution was concentrated and dried in vacuo by
evaporator (5 mbar) followed by vacuum drying oven (1 mbar) at
40 °C for 24 h. After drying, the non-volatile soluble remaining
was obtained as a wax-like compound. The yield of it was
determined by gravimetric measurement.

Results and discussion

Syntheses and properties of poly(cyclopentene) (poly(CP)),
poly(norbornene-ran-cyclopentene) (poly(NB-ran-CP) and
poly(endo-dicyclopentadiene-ran-cyclopentene) (poly(DCP-
ran-CP)

Control of cyclopentene ROMP has been thoroughly studied by
academia and industry in the past. For instance, cis/trans ratio
control of the C=C double bonds in the main chain of poly(CP)
can be achieved by the selection of catalysts (metal centre and
ligands), additives, temperature, etc. Generally, Ru-based cata-
lysts tend to deliver ¢rans-rich poly(CP), while Mo and W cata-
lysts can yield cis-rich poly(CP) depending on catalyst design.
The molecular weight of the resulting poly(CP) can be easily
controlled by a chain-transfer agent, commonly o-olefins.
Similarly, copolymerization of cyclopentene and norbornene
has been also extensively investigated, with a focus on the
control of copolymerization ratio between the two monomers,
which can be fine-tuned through catalyst design.>*” In addition
to those factors, control of polymerization temperature is also
an important practical factor. In this study, polymerization
must be performed on a large scale to synthesize the amount of
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polymer needed to produce crosslinked rubber in an industrial
laboratory scale. For large scale synthesis, polymerization heat
removal is crucial for controlling the reaction temperature. On
the other hand, polymerization of cyclic olefins is generally very
fast. If the reaction proceeds instantaneously, the polymeriza-
tion heat will not be removed in time and the polymerization
will become uncontrollable. For this reason, we had to carefully
choose a catalyst with mild reaction activity in order to slow
down the rate of polymerization heat generation. Therefore, in
this part, we utilized dichloro(3-phenyl-1H-inden-1-ylidene)
bis(tricyclohexylphosphine)ruthenium(u) (M1), with moderate
activity, as a polymerization catalyst.>®

Polymerization results are summarized in Table 1. "H NMR
spectra of the obtained poly(CP), poly(NB-ran-CP) and pol-
y(DCP-ran-CP) are shown in Fig. 1. We measured the cis/trans
ratio of poly(CP) by "*C NMR (Fig. S17). In poly(NB-ran-CP), the
mole ratios of NB and CP and the cis/trans ratios of C=C double
bonds in poly(NB) units were determined by "H NMR (Fig. 1b).
The cis/trans ratio of CP repeating units was confirmed by **C
NMR (Fig. S27). Similarly, in poly(DCP-ran-CP) copolymer, the
mole ratio of DCP and CP and the cis/trans ratio of C=C double
bonds in DCP repeating units were determined by "H NMR
(Fig. 1c). The cis/trans ratio of C=C double bonds in CP units
was confirmed by "*C NMR measurement (Fig. S37). As ex-
pected, ROMP using M1 catalyst afforded the desired poly(CP),
poly(NB-ran-CP) and poly(DCP-ran-CP) with a predominance of
trans-C=C bonds. The weight-average molecular weights of the
polymers were controlled within the range of M,, =200 000-500
000 using a chain-transfer agent to facilitate subsequent rubber
mill treatments for preparation of vulcanizing compositions.

The thermal properties of the polymers were studied by DSC
(Fig. 2). It revealed that the glass transition point (T3) of poly(CP)
was at —99 °C and its melting point (Ty,) and melting enthalpy
(AH) were 9 °C and 45 ] g~ ', respectively, suggesting that the
present poly(CP) is a crystalline elastomer. The glass transition
points of poly(NB-ran-CP) and poly(DCP-ran-CP) were detected
only at —48 °C and —46 °C, respectively. There was no endo-
thermic peak in these copolymers. DSC results clearly support
that poly(NB-ran-CP) and poly(DCP-ran-CP) were random
copolymers.

Table 1 Syntheses and properties of poly(CP), poly(NB-ran-CP) and poly(DCP-ran-CP) by M1

Repeating units CP/NB

cis/trans ratio (in mol%) Glass transition

Polymers (or CP/DCP) M,, (Da, g mol™?) M, /M, CP NB (or DCP) point (Ty)
poly(CP)* 100/0 in mol% 453 000 2.01 19/81 —99 °C
Tt 9 °C
AH:45) g7 "
poly(NB-ran-CP)”? 55/45 in mol% 238000 1.98 19/81 17/83 —48 °C
47/53 in wt%
poly(DCP-ran-CP)* 76/24 in mol% 250 000 1.98 19/81 19/81 —46 °C

61/39 in wt%

“ Polymerized in cyclohexane at 25 °C for 3 h; [CP] = 30 wt% (3.38 M), [1-hexene] = 0.956 mM, [M1] = 0.0338 mM, polymer yield was 73%.
b polymerized in cyclohexane at 25 °C for 3 h; [CP] = 20.6 wt% (2.57 M), [NB] = 9.3 wt% (0.83 M), [1-hexene] = 1.37 mM, [M1] = 0.0338 mM,
polymer yield was 60%. ¢ Polymerized in cyclohexane at 25 °C for 3 h; [CP] = 18.1 wt% (2.12 M), [DCP] = 6.9 wt% (0.42 M), [1-hexene] =

1.54 mM, [M1] = 0.0507 mM, polymer yield was 68%.
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Fig. 1 *H NMR spectra of (a) poly(CP), (b) poly(NB-ran-CP) and (c)
poly(DCP-ran-CP).

Vulcanization of poly(CP), poly(NB-ran-CP) and poly(DCP-ran-
CP): preparation and properties of cyclopentene-based
crosslinked rubbers

Rubber products in commercial use are typically fully cross-
linked. To tackle real-world challenges in polymer recycling, we
also investigated the depolymerization of vulcanized poly(CP)
and copolymers. Our goal is to enable the recycling of cyclo-
pentene monomer for subsequent applications.

First, we conducted vulcanization of poly(CP), poly(NB-ran-
CP), and poly(DCP-ran-CP). Vulcanization of poly(CP) was
carried out as follows: 100 g of poly(CP), 50 g of carbon black, 3 g

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of zinc oxide, and other components were blended using
a Banbury mixer followed by twin roll rubber mills to give
a black rubber composition (Table 2).

After the blending, the obtained black vulcanizing compo-
sition was transferred to a metal mold and vulcanized at 160 °C
for 10 min to make a crosslinked rubber specimen. Crosslinked
rubbers of poly(NB-ran-CP) and poly(DCP-ran-CP)
prepared in the same manner.

In order to confirm the crosslinking of the three rubbers, we
performed swelling tests on them. First, the rubber sheets were
cut into small pieces (approximately 20 mm x 20 mm X 1 mm),

were
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Table 2 Mixing composition of poly(CP), poly(NB-ran-CP) and poly(DCP-ran-CP)

poly(CP) rubber

poly(NB-ran-CP) rubber poly(DCP-ran-CP) rubber

Poly(CP) 100 g
Poly(NB-ran-CP)

Poly(DCP-ran-CP)

Carbon black 50¢g
Zinc oxide 3g
Stearic acid 2g
Antioxidant® 2g
Sulfur 1.75¢
Vulcanization accelerator” 1g

100 g

100 g
50¢g 50¢g
3g 3g
2¢g 2g
2g 2g
1.75¢g 1.75¢g
1g 1g

“ N'-(4-methylpentan-2-yl)-N*-phenylbenzene-1,4-diamine. * N-cyclohexyl-2-benzothiazole sulfenamide.

Table 3 Swelling test of vulcanized poly(CP) rubber, poly(NB-ran-CP) rubber and poly(DCP-ran-CP) rubber

poly(CP) rubber

poly(NB-ran-CP) rubber poly(DCP-ran-CP) rubber

Rubber weight 098 ¢g
Weight after 24 h swelling at 60 °C 2.51¢g
Swelling ratio in % 156%
Weight after swelling/drying 095 ¢
Weight loss in % 3%

and their weights were measured by gravimetry. The resulting
small rubber pieces were situated in round-bottom flask, then
50 mL of toluene was added and stirred by magnetic stirrer at 60 ©
C for 24 h. After 24 h immersion, the rubber pieces were taken
from flask, their surfaces were washed with toluene and wiped,
and they were immediately weighed to determine swelling.
After the measurement of swelling, the rubber pieces were
dried in vacuo to measure weight loss due to immersion. The

1) before swelling

poly(CP) poly(NB-ran-CP)
rubber rubber

poly(DCP-ran-CP)
rubber

'2) swelled

poly(CP)

oly(NB-ran-CP,
rubber poiyt )

rubber

poly(DCP-ran-CP)
rubber

3) after swelling and drying

poly(NB-ran-CP)
rubber

poly(DCP-ran-CP)
rubber

rubber

Fig. 3 Macroscopic views of vulcanized poly(CP) rubber, poly(NB-
ran-CP) rubber and poly(DCP-ran-CP) rubber (1) before swelling, (2)
swelled, (3) after swelling and drying.
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0.97 g 1.03 g
2.54 ¢ 243 ¢
162% 136%
0.94 g 0.99¢
3% 4%

volatiles were removed from the toluene used for immersion to
confirm absence of the polymeric compounds.

The results of the swelling tests are summarized in Table 3.
Photos of the rubbers (1) before swelling, (2) swelled, and (3)
after swelling and drying are shown in Fig. 3. All the vulcanized
rubbers increased their weight up to approximately 150% by
toluene swelling, and they expanded while keeping their shape.
After drying, the swelled rubbers shrank to become their orig-
inal size. Weight losses from immersion were around just 3-4%
and quite low. The toluene soluble part contained only a very
low MW fraction (Fig. S4-S6t). To conclude, all three vulcanized
rubbers are well crosslinked.

Depolymerization of pristine poly(CP), poly(NB-ran-CP) and
poly(DCP-ran-CP)

It is recognized that a dynamic equilibrium between monomers
and polymers governs the ROMP process of cyclopentene. The

I\ Z oS F S A

M=\ <
= S ~Z N A
R™™™M G
R}M//\/\/\/\/\/G\/\%\/\/\/\/\/WA
F S Z Y A
J 5

X = o A
R}CE’!A\/\/\/\/\/\/\/\/\/\/VL\

R} Glbl\/\/\/\/\/\/\/\/\/\%q,,

<1

Scheme 3 .Elementary reaction of ring-closing metathesis depoly-
merization of poly(CP) via the chain-end backbiting mechanism.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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critical concentration of CP is reported around [Cleq = 1.17 M at
30 °C,? and the AG of ring-opening is —0.3 to —2.6 k] mol ",
varying with the cis/trans ratio in poly(CP).”® Therefore, depoly-
merization of poly(CP) in the presence of a metathesis catalyst is
mainly subject to reaction temperature and concentration of
monomers and polymers. To the best of our knowledge, depo-
lymerization of pristine poly(NB-ran-CP) and poly(DCP-ran-CP)
has not been well reported yet.

During the depolymerization process of poly(CP), the catalyst
is able to depolymerize the polymer chain via chain-end back-
biting mechanism (Scheme 3). Initially, the catalyst interacts
with one of the double bonds in the poly(CP) chain, followed by
the olefin metathesis process to cleave the polymer chain and

M\Q/\R G
/\/\O/\,é MWW
M=
/\/\O/\‘,R O R
\‘MW\N&‘ > N P
MR O ey
WM @R'\/\O/\’R“ U
o M ~in,
F — =M,
NN \/\O/\,R wr (O
R’
<
& — — = Ro
R'EM

Scheme 4 Possible ring-closing metathesis depolymerization process
of poly(NB-ran-CP).
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transfer the reactive metal carbene moiety to the end of the
remaining polymer chain. Subsequently, the adjacent double
bond coordinates to the vacant site of the metal carbene moiety,
enabling the depropagation of the ring-closing metathesis
depolymerization (RCMD) process. This chain depolymeriza-
tion may proceed quickly until the concentration of CP reaches
a thermodynamic equilibrium. If the polymer concentration is
low enough, all of the poly(CP) chain would convert to CP
monomer.

In contrast, depolymerization of poly(NB-ran-CP) and pol-
y(DCP-ran-CP) may proceed in a complicated manner. Scheme 4
illustrates a simplified possible RCMD process of poly(NB-ran-
CP). The AG of ring-opening of CP is almost zero, whereas the
ring-opening of norbornene is highly exergonic. Hence,
metathesis catalysts can depolymerize ring-opened CP units
efficiently but fail to induce RCMD of NB units at ambient
temperature. Therefore, the depolymerization of the NB-CP
copolymer chain stops when the carbene moiety reaches the
NB unit, and the reactive chain end must be transferred to
another polymer chain by cross-metathesis to initiate the next
depolymerization process.

Taken together, only CP units can be cut out as a CP
monomer from poly(NB-ran-CP), resulting in molecular weight
decrease of the polymer. At the end of the depolymerization
reaction, only poly(NB) homopolymer with low molecular
weight would remain.

Results of RCMD of pristine poly(CP), poly(NB-ran-CP) and
poly(DCP-ran-CP) are summarized in Table 4. In this part, we
employed highly active (H,IMes)(PCy;)Cl,Ru=CHPh as a depo-
lymerization catalyst.

First, 3.01 g of poly(CP) was subjected to depolymerization by
1 mol% ([Ru]/[C=C] = 1/100) of (H,IMes)(PCy;)Cl,Ru=CHPh
at 60 °C for 24 h. In the case of depolymerization of poly(CP),

Table 4 Depolymerization of pristine poly(CP), poly(NB-ran-CP) and poly(DCP-ran-CP)*

poly(CP) poly(NB-ran-CP)” poly(DCP-ran-CP)°
Initial Polymer 3.01¢g 3.00¢g 3.02¢
CP unit 3.01g 141¢g 1.84 ¢
NB (or DCP) unit — 1.59 g 1.18¢g
CP/NB (or CP/DCP) 100/0 in mol 55/45 in mol 76/24 in mol
— 47/53 in wt 61/39 in wt
M,, (g mol™Y) 453 000 238 000 250 000
M, /M, 2.01 1.98 1.98
G2 0.38 g 0.31g 0.28 g
After RCMD Non-volatile 047 g 191¢g 157 g
Polymer? 0.09g 1.60 g 1.29 g
CP unit — 0.03 g, (2%) 0.13 g, (7%)

NB (or DCP) unit
CP/NB (or CP/DCP)

M,(g mol ™) —

M, /M, —

Volatile part CP recovery 292 ¢
97%

“ Depolymerized in toluene at 60 °C for 24 h; [total polymer units]

ClL,Ru=CHPh]:total polymer units] = 1:100. ” [Poly(CP) units] = 0.28 M. ° [Po

volatile — weight of G2.

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

100/0 in mol

1.57 g, (99%) 1.16 g, (99%)

3/97 in mol 18/82 in mol
2/98 in wt 10/90 in wt
4700 6700

4.0 5.1

1.32¢ 1.69 g

94% 92%

[(H,IMes)(PCy;)Cl,Ru=CHPh] = 5 mM, [(H,IMes)(PCy,)

= 05 M,
[Poly(CP) units] = 0.38 M. ¢ Weight of polymer = weight of non-
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Fig. 4 GPC traces of (a) pristine poly(CP), (b) pristine poly(NB-ran-CP)
and (c) pristine poly(DCP-ran-CP) before and after the RCMD reaction.

only 3% of non-volatile remained after the reaction. GC
measurement identified 97% of CP monomer relative to theo-
retical yield. GPC trace of non-volatile remaining shows that the
M,, of the polymer decreased from 453 000 to almost zero
(Fig. 4a). The "H NMR spectrum implied that the non-volatile
remaining contained small amount of poly(CP) (Fig. S77).
Indeed, the depolymerization of poly(CP) proceeded almost
instantly, suggesting that the used catalyst amount was largely
in excess and the reaction temperature was high enough.
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Therefore, we lowered the reaction temperature to 25 °C and
lowered catalyst loading from 1 mol% to 0.05 mol% (and
0.001 mol%). Time-M,, plots of each depolymerization mixture
are illustrated in Fig. S10.T In each case, the M,, of the polymers
decreased to around 40 000-60 000 after just 10 min reaction.
Even 0.001 mol% of (H,IMes)(PCy;)Cl,Ru=CHPh was able to
completely depolymerize the poly(CP) at 25 °C within 1 h.

Likewise, poly(NB-ran-CP) was subjected to RCMD reaction.
3.00 g of the poly(NB-ran-CP) contains 1.41 g of CP unit and
1.59 g of NB unit. The depolymerization reaction was confirmed
by GC analysis to give 1.32 g (94% of theoretical value) of
cyclopentene monomer in 24 h at 60 °C. 1.60 g of non-volatile
soluble polymer was left after depolymerization. The "H NMR
spectrum demonstrates that only 0.03 g of cyclopentene unit
remained in the remaining copolymer (Fig. S81). GPC results
showed that the M,, of the copolymer decreased from 238 000 to
4700 (Fig. 4b). Based on the results above, the olefin metathesis
reaction succeeded in cutting out cyclopentene monomer from
copolymer chains, leaving “polynorbornene” with low MW.

The RCMD of poly(DCP-ran-CP) was also conducted at 60 °C
for 24 h. 3.02 g of the poly(DCP-ran-CP) comprises 1.84 g of CP
unit and 1.18 g of DCP unit. GC analysis of the reaction mixture
confirmed that we afforded 1.69 g (92% of theoretical value) of
cyclopentene monomer. The 'H NMR spectrum of the non-
volatile soluble part suggests that only 0.13 g of cyclopentene
unit remained in the copolymer (Fig. S91). GPC results (Fig. 4c)
showed that the M,, of the copolymer decreased from 250 000 to
6700.

The time dependence of the depolymerization of poly(NB-
ran-CP) and poly(DCP-ran-CP) was investigated with varied
reaction temperature with 0.05 mol% catalyst loading. Time-M,,
plots of the depolymerization of poly(NB-ran-CP) and poly(DCP-
ran-CP) are shown in Fig. S11 and S12,} respectively. The
depolymerization rates of the copolymers were much lower than
that of poly(CP). At 60 °C, depolymerization proceeded quickly;
in contrast, at 25 °C, decrease of M,, of the copolymers did not
level off within 60 min.

Based on the depolymerization rate of poly(CP), we presume
that the chain-end backbiting process of CP segment would
proceed very rapidly. In contrast, depolymerization of the two
copolymers was slow compared to that of poly(CP). The slow
depolymerization rate of copolymers seems reasonable if the
reaction mechanism is inferred. Ring-closing depolymerization
of CP unit of copolymers must undergo cross metathesis
between polymer chains. That is, the reactive chain end has to
transfer to another polymer chain to initiate the next depoly-
merization process. Comparing the two copolymers, the depo-
lymerization rate of poly(NB-ran-CP) was faster than that of
poly(DCP-ran-CP), even taking into account the difference in the
amount of CP units and of catalyst introduction, probably due
to steric hindrance of the bulky DCP unit.

Depolymerization and cyclopentene recovery of vulcanized
rubber of Poly(CP), poly(NB-ran-CP) and poly(DCP-ran-CP)

As described above, it has been revealed that CP monomer can
be recovered by depolymerization of pristine poly(CP) and its

© 2024 The Author(s). Published by the Royal Society of Chemistry
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copolymers. However, the rubbers in actual uses are cross-
linked, making them insoluble; they only swell in organic
solvents. When depolymerization is performed with metathesis
catalyst, the reaction is expected to be a heterogeneous reaction,
which is extremely unfavourable to promote. Furthermore,
vulcanized rubber contains polar additives that can terminate
or retard the metathesis reaction. To achieve social imple-
mentation of this technology, it is essential to realize depoly-
merization and monomer recycling under such unfavourable
conditions.

We prepared the black rubber composition first (Table 2),
then conducted successive vulcanization to produce a rubber
specimen. 100 mm x 100 mm X 1 mm rubber sheets were
made from poly(CP), poly(NB-ran-CP) and poly(DCP-ran-CP).
The rubber sheets were manually cut into small pieces using

(b) (c)
Fig. 5 Photos of crosslinked poly(CP) rubber in an ampoule tube (a),

just after adding G2 solution (b) and 24 h after the depolymerization
reaction at 60 °C (c).
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scissors, sized around 20 mm x 20 mm X 1 mm, in preparation
for depolymerization in a glass ampoule.

Fig. 5 shows photos of the depolymerization reaction
procedure of the aforementioned vulcanized poly(CP) rubber. At
first, small pieces of poly(CP) rubber sheet were placed into
a glass ampoule (Fig. 5a). After that, toluene solution of (H,-
IMes)(PCy;)Cl,Ru=CHPh (G2) (1 mol%; [Ru]/[C=C] = 1/100)
was added (Fig. 5b). The resulting mixture was heated to 60 °©
C and continuously stirred ([CP unit], = 0.50 M). After 1 h, the
pieces of crosslinked rubber became thin and small, and black
precipitates appeared in the solution. 24 h later, the pieces of
rubber sheet completely disappeared, and a black opaque
dispersion was obtained (Fig. 5c).

The resulting depolymerization mixture was quenched with
a small amount of butyl vinyl ether. After taking small aliquots
from the crude liquid for GC and GPC analyses, insoluble
inorganic fillers were separated from the organic solution
through repeated extraction with toluene and centrifugation
(3000 rpm, 10 min x 3). All the volatiles were evaporated from
the transparent organic solution in vacuo at 40 °C for 24 h to
obtain residual non-volatiles. Inorganic fillers were dried in
vacuo at 40 °C for 24 h. Yields of both residuals were determined
by gravimetric measurement.

The RCMD results of vulcanized poly(CP) rubber, poly(NB-
ran-CP) rubber and poly(DCP-ran-CP) rubber are summarized in
Table 5.

In the case of the depolymerization of poly(CP) rubber, it is
noteworthy that 88% of cyclopentene monomer was identified
by GC relative to the theoretical yield. Namely, this

Table 5 Depolymerization of crosslinked poly(CP), poly(NB-ran-CP) and poly(DCP-ran-CP)*

Poly(CP) rubber

poly(NB-ran-CP) rubber” poly(DCP-ran-CP) rubber®

Initial rubbers Vulcanized rubber 2.81¢g
Filler 093 ¢g
Additives 0.12 g
Polymer 1.76 g
CP unit 1.76 ¢

NB (or DCP) unit —
CP/NB (or CP/DCP)

M,(initial) (g mol™) 453 000
Myw/M, 2.01
G2 022¢
After depolymerization Total non-volatile part 1.48¢g
Insoluble black filler 114 ¢
Soluble part 034¢g
CP unit? Trace®

NB (or DCP) unit? —
CP/NB (or CP/DCP)

M, (g mol ) 2200
My/M, 5.0
Volatile part 1.54 ¢
CP recovery in % 88%

“ Depolymerized in toluene at 60 °C for 24 h; [total polymer units]

100/0 in mol

100/0 in mol

3.00 g 3.00 g
1.00 g 1.00 g

0.12 g 0.12 g

1.88 g 1.88 g

0.85 ¢ 1.15¢

1.03 g 0.73 g

55/45 in mol 76/24 in mol
238 000 250000

1.98 1.98

0.19 g 017 g

242 ¢ 224 ¢
115¢g 113 g

127 g 111g

0.05 g, 6% 0.18 g, 16%
1.03 g, 100% 0.73 g, 100%
4/96 in mol 33/67 in mol
10500 4000

8.4 4.5

0.77 ¢ 0.94 ¢

91% 82%

= 0.5 M, [(HyIMes)(PCy;)Cl,Ru=CHPh] = 5 mM, [(H,IMes)(PCys;)

Cl,Ru=CHPh]:total polymer units] = 1:100. ? [Poly(CP) units] = 0.28 M. ° [Poly(CP) units] = 0.38 M. ¢ It is believed that metathesis catalyst
cannot close NB ring at ambient temperature. Therefore, NB repeating unit and DCP repeating unit would never be depolymerized and,
therefore, weight of NB unit and DCP unit would be intact during depolymerization. Based on this hypothesis and integration of 'H NMR,
ratios of CP unit in the residual copolymers were calculated. ¢ Weight of remaining CP unit can be roughly calculated using the following
equation: (CP unit) = (total insoluble part) - (filler) - (additives) - (G2); however, poly(CP) was not a majority of the obtained mixture.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2024, 14, 37143-37154 | 37151
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demonstrates that monomer recycling of vulcanized poly(CP)
could be realized. In the case of depolymerization of pristine
poly(CP), 97% of cyclopentene unit was depolymerized and
identified as a monomer. The cyclopentene recovery efficiency
of vulcanized poly(CP) rubber appeared to be 9% lower than
that of pristine poly(CP). Regarding the material balance of non-
volatile part, 2.81 g of vulcanized poly(CP) rubber consisted of
1.76 g of poly(CP) and 1.05 g of other components; in addition,
we employed 0.22 g of G2 as a depolymerization catalyst.
Therefore, in total, 3.03 g of starting mixture was subjected to
the depolymerization reaction. After the depolymerization of
poly(CP) rubber sheet, 1.14 g of insoluble, black powdery filler
part was obtained by centrifugation and vacuum drying, and
0.34 g of wax-like non-volatile soluble part was collected after
evaporation of the organic solution. GC analysis revealed that
there was 1.54 g of cyclopentene monomer in the volatile part.
The retrieved mass of all components from the depolymeriza-
tion reaction was 3.02 g, aligning well with the total mass of
starting materials. According to the combination of "H NMR
(Fig. S13t) and GPC results (Fig. 6a), the non-volatile soluble
part comprised a small amount of poly(CP) and unidentified
residues. The GPC chromatogram indicated that the M, of
remaining polymer fraction in the non-volatile soluble part was
2 200, and almost the entire fraction consisted of very low MW
compounds, probably representing unidentified residues. "H
NMR implied that there was poly(CP) in the non-volatile soluble
part, although considering the combination of GPC chromato-
gram and integration of '"H NMR, it is not a major ingredient of
the mixture.

Likewise, recovery of cyclopentene monomer from vulca-
nized poly(NB-ran-CP) and poly(DCP-ran-CP) rubbers could be
achieved. Following depolymerization of poly(NB-ran-CP)
rubber and poly(DCP-ran-CP) rubber, 91% and 82% of cyclo-
pentene monomers were identified by GC, respectively,
compared to the theoretical yields. GC-based monomer recovery
efficiencies of vulcanized poly(CP) rubber, poly(NB-ran-CP)
rubber and poly(DCP-ran-CP) rubber were lower than those of
pristine ones. It is plausible that the crosslinked moiety could
not be depolymerized as CP monomer. In other words, the
decrease in monomer recycling efficiency and the quantity of
unidentified residues may be correlated with the degree of
crosslinking of the present rubbers. 3.00 g of the vulcanized
poly(NB-ran-CP) rubber consisted of 1.88 g of poly(NB-ran-CP)
and 1.12 g of other ingredients. 0.19 g of G2 catalyst was
employed for the depolymerization; therefore, the total mass of
the non-volatile starting mixture was 3.19 g. After the RCMD
reaction and work-up, 1.27 g of non-volatile soluble part and
1.15 g of insoluble, black powdery filler residues remained. GC
analysis of depolymerization mixture reflected that 0.77 g of CP
monomer was produced.

The "H NMR study of the non-volatile soluble part implied
that the majority of it was the copolymer of NB and CP, with
a small quantity of unidentified residues. The '"H NMR study
also revealed that 6% of cyclopentene unit remained in the
copolymer and 94% became cyclopentene monomer, which was
in good agreement with the GC results (cyclopentene recovery =
91%) (Fig. S141). The M,, of the non-volatile soluble part was 10
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Fig. 6 GPC traces of (a) the vulcanized poly(CP) rubber, (b) vulcanized
poly(NB-ran-CP) rubber and (c) vulcanized poly(DCP-ran-CP) rubber
before vulcanization and after RCMD reaction.

500 and a bimodal MWD was identified (Fig. 6b). To conclude,
olefin metathesis reaction can selectively cut out cyclopentene
monomer from vulcanized poly(NB-ran-CP) rubber, leaving
soluble norbornene-rich “homopolymer”.

In the case of poly(DCP-ran-CP) rubber, 3.00 g of the vulca-
nized rubber consisted of 1.88 g of poly(DCP-ran-CP) and 1.12 g
of other ingredients. We employed 0.19 g of G2 for depoly-
merization; therefore, the total mass of the starting mixture was
3.19 g. After RCMD reaction and work-up, 1.11 g of non-volatile

© 2024 The Author(s). Published by the Royal Society of Chemistry
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soluble part and 1.13 g of insoluble, black powdery filler resi-
dues remained. As expected from the GC analysis data of
cyclopentene recovery (82%), the remaining copolymer con-
tained a lot of undepolymerized cyclopentene unit: the "H NMR
study suggested that the remaining copolymer comprised
33 mol% of CP unit and 67 mol% of DCP unit (Fig. S15%). The
CP unit in the remaining copolymer was calculated to be 0.18 g
and 16% of initial CP unit. The M,, of the non-volatile soluble
part was 4000 (Fig. 6¢). To summarize, crosslinked poly(DCP-
ran-CP) rubber was depolymerized to give cyclopentene mono-
mer; however, the cyclopentene recovery was lower than those
of poly(CP) rubber and poly(NB-ran-CP) rubber.

In this section, a large amount of (H,IMes)(PCy;)Cl,Ru=
CHPh (G2) (1 mol%; [Ru]/[C=C] = 1/100) was employed for the
RCMD reaction of vulcanized rubbers of poly(CP), poly(NB-ran-
CP) and poly(DCP-ran-CP). In fact, the vulcanized rubbers
contain many additives that retard the metathesis depolymer-
ization. Particularly, antioxidant and vulcanization accelerator
are harmful for the present reaction, and, as a result, a large
amount of G2 was necessary for this study. The influence of
additives and catalysts are under intensive research and will be
reported in near future.

Conclusions

In this study, we successfully demonstrated the depolymeriza-
tion of vulcanized poly(CP), poly(NB-ran-CP) and poly(DCP-ran-
CP) rubbers, uncovering the potential recyclability of cyclo-
pentene monomer. The recovery efficiency of cyclopentene
monomer was consistently around 90%, regardless of whether
the crosslinked rubber was a homopolymer or copolymer. This
groundbreaking discovery is noteworthy, as monomer recycling
has been historically challenging with conventional rubber
materials.

As we move toward sustainable industrialization and social
implementation, we will continue our strategic research focus
on key areas such as minimization of catalyst loading in the
depolymerization, enhancement of the depolymerization effi-
ciency, investigation into the reuse of recovered inorganic
fillers, and exploration of potential applications of residual NB-
and DCP-rich polymers. Development of engineering tech-
nology is also important to the success of this study. Process
investigation such as recovery technologies for cyclopentene
monomers, solvents, polymers, and inorganic fillers, reduction
of their energy consumption, and new technologies for the
recovery of transition metal catalysts, will also be important in
real manufacturing plants to achieve broader social imple-
mentation with sustainability.

We are currently researching these issues and will report
detailed findings in near future.
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