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Abstract
Covalently cross-linked rubber materials are widely used in elastic applications due to their excellent mechanical properties.
However, the irreversibility of covalent cross-linking suffers from poor material recyclability. As a degradable polypeptide-
based cross-linker for polybutadiene, poly(L-cysteine) (polyCys) was synthesized via papain-catalyzed chemoenzymatic
polymerization. The resulting polyCys had intact thiol groups that cross-linked polybutadiene via the thiol-ene reaction. The
cross-linking reaction of polybutadiene was performed in the presence of polyCys and a radical initiator and resulted in
insoluble polybutadiene gel formation. Based on Raman spectroscopy analysis, the cross-linking reaction was confirmed by
the consumption of thiol groups of polyCys. From the dynamic viscoelastic analyses of the cross-linked polybutadienes, the
viscoelasticity drastically changed from that of raw polybutadiene, with the disappearance of the slow relaxation mode at
low frequencies. The complete network formation was confirmed by E′ and E′′ showing the power law over the whole
frequency range, as determined by the time-course experiments of the dynamic viscoelastic properties. The cross-linked
polybutadiene was degradable by acid hydrolysis, resulting in the regeneration of soluble polybutadiene. Polypeptide cross-
linked polybutadiene materials are promising candidates for the application of polybutadiene-based rubber materials with the
requirements of both material integrity and reusability.

Introduction

Cross-linked rubber materials based on unsaturated hydro-
carbon polymers, such as natural rubber, synthetic poly-
isoprene, and polybutadiene, are widely used in applications
requiring elastic properties, such as tires, conveyor belts,
and hose tubing [1]. Polybutadiene and polyisoprene rub-
bers are major commercial materials among a variety of
petroleum-based synthetic rubbers. Additionally, natural
rubber shows unique physical properties attributed to its
chemical structure and ingredients, making natural rubber
materials irreplaceable in some elastomer applications, such
as tires [2–5]. Depending on the characteristics of matrix
hydrocarbon polymers, cross-linked rubber materials exhi-
bit a wide range of mechanical properties. For example, the
chemical structure in the main chain of synthetic poly-
butadiene diverges into 1,2- and 1,4-units based on the
polymerization mechanism, with cis and trans conforma-
tions existing for the 1,4-unit. Polybutadiene rubber with a
high cis 1,4-unit content provides a viscoelasticity similar to
natural rubber [1, 6], whereas 1,2-unit-rich polybutadiene is
more crystalline and used for thermoplastic applications [7].
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The cross-linking of these hydrocarbon polymers is
generally accomplished by covalent bond formation with
the carbon‒carbon double bonds on the polymer backbones.
The vulcanization process is the most common industrial
technique for cross-linking natural rubber by the reaction
between double bonds of polyisoprene with sulfur at high
temperatures [8–10]. Other chemical cross-linking systems
have also been developed and industrialized [11–14].
Recent studies on cross-linked rubbers have focused on
dynamic and reversible bonds for the cross-linking of rub-
bers via transient bond formation, such as dynamic covalent
bonds, hydrogen bonds, or metal coordination [15–18].
Various types of dynamic cross-linking for rubber materials
have been reported to date. Although these types of cross-
linking provide reusability and easy processability, the
transient bonds in theory provide weaker mechanical
properties compared with covalently cross-linked rubber
materials. If the hydrocarbon polymers can be cross-linked
by a degradable cross-linker, the rubber materials are cross-
linked by strong covalent bonds and recyclable by selective
cleavage at the cross-linker units, as needed.

Polypeptides are composed of amino acids with a variety
of side chains. Different features in the amino acid side
chain in terms of size, hydrophobicity, and reactivity confer
various functions and physical properties to the polypep-
tides. The peptide bond of polypeptides, which is occa-
sionally susceptible to chemical or biological cleavage
under certain conditions, provides structural integrity for
materials, as observed in structural proteins [19]. Among
amino acids, cysteine has a thiol group in the side chain and
serves as a key residue for cross-linking in polypeptides and
proteins by forming disulfide bonds. The reactive thiol
group enables cysteine-containing polypeptides to react
with polymer backbones via thiol-ene reactions. In general,
the synthesis of cysteine-containing polypeptides suffers
from a laborious synthetic process due to the protection/
deprotection of the reactive thiol group. As an alternative
facile synthetic method, we developed chemoenzymatic
polymerization, which is the protease-catalyzed poly-
merization of amino acid ester monomers, to synthesize
functional polypeptides with various types of side groups
[20]. The substrate specificity of proteases used in che-
moenzymatic polymerization provided a regioselective
reaction, enabling the polymerization of amino acid
monomers with intact reactive side groups, such as amine
and thiol groups [21–24].

In this study, we aimed to cross-link unsaturated
hydrocarbon polymers by cysteine-containing polypeptides
that were possibly labile for chemical or biological degra-
dation. The rubber materials cross-linked by polypeptides
were reusable on demand by the selective cleavage of the
peptide bonds in the cross-linker units. We selected 1,2-
enriched polybutadiene with a high vinyl group (1,2-unit)

content of ~65% as a model matrix polymer because of its
higher reactivity compared with natural rubber (poly-
isoprene) and demonstrated that polybutadiene was effec-
tively cross-linked with poly(L-cysteine) (polyCys) by a
radical-mediated thiol-ene reaction.

Materials and method

Materials

Polybutadiene (number average molecular weight, Mn:
~9,000) was kindly donated by Bridgestone Corporation
(Tokyo, Japan). L-cysteine ethyl ester (Cys-OEt) hydro-
chloride salt was purchased from Tokyo Chemical Industry
Co., Ltd. (Tokyo, Japan) and used without purification.
Papain (EC No. 3.4.22.2) was purchased from FUJIFILM
Wako Pure Chemical Corporation (Osaka, Japan) and was
used as received. Its activity was approximately 0.5 U g−1,
where one unit hydrolyzed 1 mmol of N-benzoyl-DL-argi-
nine p-nitroanilide per minute at pH 7.5 and 25 °C. Deut-
erated trifluoroacetic acid (TFA-d) was purchased from
Sigma–Aldrich (St. Louis, MO, USA). Deuterated chloro-
form (chloroform-d) was purchased from FUJIFILM Wako
Pure Chemical Co. (Osaka, Japan). The other chemicals
were purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan) and used as received without purification
unless otherwise noted.

Synthesis of polyCys by chemoenzymatic
polymerization

Cys-OEt HCl salt (0.186 g, 1.00 mmol) and 1M phosphate
buffer (pH 8.0, 1.0 mL) were added to a 10 mL glass tube
equipped with a stirring bar, and the mixture was stirred at
40 °C until the substrate was completely dissolved. Papain
(50 mg) was then added to this solution. The final con-
centrations of monomer and papain were 1.0 M and
50 mg mL−1, respectively. The resulting mixture was stirred
at 800 rpm and 40 °C for 2 h. After cooling to 25 °C, the
precipitate was collected by centrifugation at 9000 rpm and
4 °C for 15 min. The crude product was washed with Milli-
Q water and lyophilized to provide polyCys as a white
solid. The yield was 90.1 mg (48%).

Cross-linking reaction of polybutadiene using
polyCys

Polybutadiene (0.20 g) was dissolved in pyridine (1.0 mL).
Subsequently, polyCys (1.25–5.0 mg) and 2,2’-azobis(iso-
butyronitrile) (AIBN) (12.0 mg, 30 equiv. to the vinyl group
of polybutadiene) were added to the solution. The resulting
mixture was stirred at 80 °C for 2 h. After the designated

392 K. Tsuchiya et al.



reaction time, pyridine was evaporated. The residual mass
was then subjected to three washes with chloroform
(5.0 mL) and methanol (5.0 mL) and subsequently dried
under vacuum to produce cross-linked polybutadiene.

Hydrolysis of cross-linked polybutadiene under
acidic conditions

Cross-linked polybutadiene (20mg) was cut into small pieces
(approximately 1 × 1 mm2) and placed in a mixed solvent of
1M H2SO4 aq. and tetrahydrofuran (THF) in a volume ratio of
1/2. The mixture was vigorously stirred at 60 °C for 24 h.
After the reaction, THF was removed by a rotary evaporator.
The soluble fraction was extracted from the remaining aqueous
dispersion using chloroform. The organic layer was filtered,
concentrated by a rotary evaporator, and dried under vacuum.
The resulting chloroform-soluble fraction was analyzed by 1H
nuclear magnetic resonance (NMR) spectroscopy.

Analysis

Nuclear magnetic resonance (NMR) spectroscopy

The 1H NMR spectra were recorded on a Bruker DPX‐
400 spectrometer (Karlsrube, Germany) at 25 °C at
400MHz. Chloroform-d or TFA-d was used as the solvent,
and tetramethylsilane (TMS) served as an internal standard.

Matrix-assisted laser desorption/ionization time-of-flight
mass spectroscopy (MALDI-TOF MS)

MALDI-TOF mass spectrometric analysis was conducted
using an ultrafleXtreme MALDI-TOF spectrophotometer
(Bruker Daltonics, Billerica, MA) operating in linear posi-
tive ion mode. The sample was dissolved in TFA or water
containing 0.1% TFA and mixed with a solution of α-
cyano-4-hydroxycinnamic acid (CHCA) in acetonitrile.

Confocal Raman spectroscopy

All Raman spectra were obtained on a Jasco NRS-4500
laser Raman spectrometer (JASCO, Tokyo, Japan) with
excitation at 532 nm. The cross-linked polybutadiene sam-
ples were placed on a microscope slide (SUPERFROST
WHITE, S2441, Matsunami, Osaka, Japan). The laser out-
put (UPLSAPO 100XO, Olympus, Tokyo, Japan) was
focused on the sample, and standard Raman mapping at ×20
magnification was directly performed for each sample on
the microscope slide with an acquisition time of 120 s at a
light intensity of 50 mW μm−2 and a slit size of 100 μm ×
8000 μm. For each sample, 200 spectra were collected over
a 150 × 150 μm2 area, and the obtained spectra were
averaged.

Wide-angle X-ray diffraction (WAXD) measurements

The synchrotron WAXD measurements of the cross-linked
polybutadiene samples were performed on the BL05XU
beamline (SPring-8, Harima, Japan) using an X-ray energy
of 15 keV (wavelength: 0.82 Å). The bulk cross-linked
polybutadiene was cut into a ring (3 and 7 mm inner and
outer diameters, respectively), set on a stretching apparatus
(see Fig. 4a) and placed on the beamline. The ring sample
was irradiated with X-rays for 1 s at stretching ratios up to
400%. The two-dimensional (2D) diffraction pattern was
obtained after subtracting the background pattern of air. The
obtained 2D diffraction patterns were converted to one-
dimensional (1D) azimuthal intensity profiles by azimuthal
integration using Fit2D [25].

Dynamic viscoelastic measurements

Dynamic viscoelastic measurements were performed on the
cross-linked polybutadiene samples by a stress-controlled
rheometer (MCR301, Anton Paar, Graz, Austria) using a
cone-and-plate fixture with a 10 mm diameter and a 2° cone
angle. The samples were placed on the measuring plate, and
the angular frequency (ω) dependence (0.1–100 rad s−1) of
the storage modulus (G′) and loss modulus (G′′) was mea-
sured at 30 °C.

The time-course experiments for the dynamic viscoe-
lastic property during the cross-linking reaction were per-
formed by a strain-controlled rheometer (Rheogel E-4000,
UBM Co., Kyoto, Japan) using a compression fixture. The
sample mixtures of polybutadiene, polyCys, and AIBN
were dispersed in toluene and cast on a parallel plate fol-
lowed by drying overnight. We used toluene instead of
pyridine for this experiment because toluene shows similar
dispersibility of materials to pyridine, which has a mal-
odorous odor. After the mixture was incubated at 80 °C for
different times from 0 to 80 min with a 10 min interval, the
frequency dependence (0.1–100 Hz) of the storage tensile
modulus (E′) and loss tensile modulus (E′′) was measured at
30 °C under a nitrogen atmosphere. The oscillatory com-
pressive strain amplitude was set at 0.03% and confirmed to
be within the linear viscoelastic range before the
measurements.

Results and discussion

Preparation of cross-linked polybutadiene using
polyCys

Since cross-linked natural rubber materials are generally
prepared by vulcanization in the presence of sulfur (S8) at high
temperatures, we selected polyCys as a polypeptide-based
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cross-linking agent for the cross-linking reaction of
polybutadiene. The thiol group of polyCys reacts with the
double bonds of polybutadiene in the presence of a radical
generator to form cross-linking points [26, 27]. PolyCys
was synthesized by protease-mediated chemoenzymatic
polymerization of L-cysteine ethyl ester according to the
reported protocol [22]. Papain was used as an enzyme
catalyst instead of the proteinase K previously used. The
papain-catalyzed polymerization in a phosphate buffer
produced polyCys as a white precipitate after 2 h of
reaction. The characterization of polyCys was carried out
using 1H NMR spectroscopy and MALDI-TOF MS
spectrometry (Fig. 1). From the 1H NMR spectrum, the
peaks were assignable to the backbone structure of poly-
Cys and the C-terminal ethyl ester (Fig. 1a). The mole-
cular weight of polyCys ranged from 600 to 1300, as
determined by the MALDI-TOF MS spectrum (Fig. 1b).
Two major series of peaks were assigned to polyCys with
ethyl ester and hydrolyzed carboxylic acid termini. Nota-
bly, there was another series of small peaks at higher m/z,
which corresponded to polyCys with one disulfide bond
formation. The disulfide bond most likely formed during
the purification step and the storage time. Most of the thiol
groups of polyCys were predominantly kept intact during
the papain-catalyzed polymerization because the obtained
polyCys was completely soluble in TFA. The number
average molecular weight calculated from the integral
ratio in the 1H NMR spectrum was 8.1; however, this was
slightly overestimated due to partial hydrolysis of the
terminal ethyl ester, as confirmed by the MALDI-TOF MS
spectrum. Collectively, polyCys was successfully synthe-
sized by chemoenzymatic polymerization and directly
used for the cross-linking reaction of polybutadiene.

The cross-linking reaction of polybutadiene was carried
out for a mixture of polybutadiene (Mn: ~9,000, 1,2-unit
content: ~65% determined by 1H NMR, as shown in
Fig. S1), polyCys, and AIBN as a radical initiator
(Scheme 1). The mixture was dispersed in pyridine and
heated at 80 °C for 2 h. The resulting cross-linked rubber
material was washed with chloroform and methanol to
remove unreacted polybutadiene and polyCys, respectively.
We prepared three types of cross-linked polybutadiene (CL-
PB) with different amounts of polyCys cross-linker (0.625,
1.25, and 2.5 wt% to polybutadiene), denoted as CL-PBx,
where x is the amount of cross-linker (x= 0, 0.625, 1.25,
and 2.5). Due to the low solubility of polyCys, a cross-
linking reaction was not performed with a higher loading
amount of polyCys than 2.5 wt%. The formulation condi-
tions are summarized in Table 1. After the 2 h cross-linking
reaction of polybutadiene, an insoluble gel was formed for
all samples containing the polyCys cross-linker (Table 1,
Runs 1–3). On the other hand, when polybutadiene was
treated under the same conditions without polyCys, the

resulting sample was still soluble in pyridine, and no cross-
linked polybutadiene was obtained (Table 1, Run 4). This
result indicates that heating with polyCys in the presence of
the radical initiator successfully facilitated the cross-linking
of polybutadiene via the thiol-ene reaction. However,
prolonging the reaction time to 4 h resulted in the formation
of an insoluble gel even without polyCys (Table 1, Run 5),
indicating that radical-mediated cross-linking between
polybutadiene main chains also occurred to some extent.

Characterization of the resultant CL-PB

The IR spectra of CL-PBs were almost identical to that of
polybutadiene, and no information regarding the cross-
linked structure was obtained (Fig. S2). Therefore, the
chemical structure of CL-PBs was confirmed by Raman
spectroscopy (Fig. 2, S3). The Raman spectrum of polyCys
obtained by papain-catalyzed polymerization showed some
characteristic peaks; the stretching vibration modes of S‒C
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Fig. 1 1H NMR (a) in TFA-d and MALDI-TOF MS (b) spectra of
polyCys obtained by papain-catalyzed chemoenzymatic
polymerization
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(υS‒C) and S‒H (υS‒H) bonds at 690 and 2570 cm−1,
respectively, were observed (Fig. 2a) [28]. The small peak
at 500 cm−1 was assigned to the stretching vibration mode
of the S‒S bond [29], which was consistent with the results
from the MALDI-TOF MS analysis showing slight disulfide
formation. As shown in Fig. 2c, the Raman spectra of CL-
PBs were nearly the same as those of polybutadiene
(Fig. 2b), with a small peak of the residual S‒H group of
polyCys. When the cross-linking of polybutadiene with
polyCys proceeded, additional S‒C bonds between poly-
butadiene and polyCys were formed, and the peak intensity
of the S‒H bond decreased compared with that of the S‒C
bond. We analyzed the peak area ratio of υS‒H to υS‒C in the
Raman spectra after subtracting the polybutadiene-derived
peak at approximately 675 cm−1 (Fig. 3) [28]. Compared
with the peak area ratio of υS‒H to υS‒C for polyCys, all
ratios of υS‒H to υS‒C for CL-PBs were smaller values. The
cross-linking was heterogeneous due to the gradual forma-
tion of an insoluble gel during the reaction. This formation
resulted in slightly scattered υS‒H/υS‒C values, which were
inconsistent with the order of the polyCys amounts. How-
ever, the υS‒H/υS‒C values decreased for all CL-PBs, con-
firming that the thiol group was consumed by the radical-
mediated thiol-ene reaction with polybutadiene to yield CL-
PBs.

The cross-linking was further confirmed by WAXD
analysis of CL-PB2.5 under stretch conditions. The ring

sample of CL-PB2.5 was placed on a stretching apparatus
and subjected to WAXD measurement with stretching at a
certain ratio (Fig. 4a). The 2D WAXD profiles of CL-PB2.5
with and without stretching are shown in Fig. 4b, c. The
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reaction with polyCys

Table 1 Sample preparation of cross-linked polybutadienes with
different polyCys contentsa

Run Sample [SH]/[vinyl]b Time (h) Gelationc Yield (%)

1 CL-PB2.5 0.02 2 + 95

2 CL-PB1.25 0.01 2 + 92

3 CL-PB0.625 0.005 2 + 72

4 CL-PB0 0 2 − 0

5 CL-PB0 0 4 + 74

aReaction was performed in pyridine at 80 °C
bThe molar ratio of thiol groups of polyCys to vinyl groups of
polybutadiene
cThe formation of insoluble gel was confirmed after washing with
chloroform and methanol
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Fig. 2 Raman spectra of (a) polyCys, (b) polybutadiene and (c)
polybutadiene crosslinked with polyCys (CL-PB1.25)
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CL-PB2.5 sample showed only an isotropic amorphous halo
in the 2D WAXD profile. After stretching at λ= 4, the halo
band became strong at the perpendicular angle to the
stretching direction, as shown in Fig. 4c. The azimuthal
intensity profiles of the halo band clearly showed an
increase in the intensity at 90° and 270° after stretching
(Fig. 4d). This result indicates that the cross-linked network
structures oriented the polymer chains along the stretching
direction [30, 31]. The ring sample was fractured at a
relatively high stretching ratio of λ > 4, probably due to the
heterogeneity of the cross-linking.

Dynamic viscoelastic measurements on CL-PBs

The viscoelastic properties of polybutadiene cross-linked by
polyCys were investigated by dynamic viscoelastic mea-
surements of CL-PBs. The bulk samples of CL-PBs were
cut into a square plate, and the G′ and G′′ of the samples
were measured at 30 °C and different frequencies (Fig. 5).
As a control, a raw polybutadiene sample was also mea-
sured, and the G′ of the polybutadiene sample showed a

typical viscoelastic relaxation at low frequencies, where the
power law G′ ~ ω2 was confirmed [32]. In addition, G′′ also
showed the power law G′′ ~ ω at low frequencies and a
maxima with an uphill at high frequencies. Conversely, G’
surpassed G” at high frequencies, and the value of G’ at the
high frequency limit effectively corresponded to that of the
polybutadiene entanglement modulus [33]. The terminal
flow behaviors of CL-PBs gradually shifted to lower fre-
quencies with an increase in the polyCys content from
0.625 to 2.5 wt%, indicating that the relaxation was retarded
by cross-linking. At the highest cross-linker amount of
2.5 wt%, G′ showed slight relaxation and no crossover with
G′′, confirming network formation by cross-linking
(Fig. S3) [33, 34]. The polybutadiene rubber cross-linked
by vulcanization also showed similar G′ and G′′ behavior,
supporting the cross-linking of polybutadiene by the reac-
tion with polyCys [35]. Although CL-PB0.625 and CL-
PB1.25 were insoluble gels after the cross-linking reaction,
these samples still showed slight relaxation behavior at low
frequencies. Moreover, the values of G’ at the high fre-
quency limit were unchanged with the addition of PolyCys,
indicating that the crosslink density was lower than the
entanglement density. These findings indicate that the origin
of the relaxation was potentially due to the occurrence of
some disentanglements or the motion of dangling chains,
along with the heterogeneity caused by gelation during the
cross-linking reaction in pyridine.

The cross-linking of polybutadiene was further investi-
gated by measuring the time course of the viscoelastic
behavior of CL-PB0.625. The mixture of polybutadiene,
polyCys, and AIBN was homogeneously dispersed in
toluene, and the film sample was prepared by casting the
dispersion followed by drying. The film sample was sub-
jected to compressive dynamic viscoelastic analysis after
each 10 min incubation up to 80 min at 80 °C under a
nitrogen atmosphere. Figure 6 shows the frequency
dependence of E′ and E′′ for CL-PB0.625 at different
incubation times. Compared with the raw polybutadiene
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sample, the relaxation of the CL-PB0.625 sample for E′ and
E′′ shifted to a lower frequency up to 60 min of incubation.
A slow relaxation mode gradually dominated, especially for
E′ at a frequency of ~ 1 Hz, indicating that cross-linking
increased the molecular weight and branched structure. The
relaxation at ~10 Hz was still present and likely corre-
sponded to the relaxation of the dangling polybutadiene
chains. After 70 min of incubation, both E′ and E′′ showed a
power law over the entire frequency range (Fig. S4), cor-
responding to the gelation critical behavior reported by
Winter and Chambon [36, 37]. For the 80 min incubation, a
definite value of E′ larger than E′′ was observed in the low
frequency range; thus, the cross-linking effectively and
homogeneously proceeded compared with the reaction in
pyridine solution (Fig. 5).

A time-course experiment was also performed for the
sample mixture with a higher polyCys amount (CL-PB2.5,
Fig. 7). Similarly, the slow relaxation mode gradually
became pronounced at low frequencies for both E′ and E′′
as the incubation time increased and disappeared after a
shorter incubation time of 30 min compared to CL-
PB0.625. The spectra of E′ and E′′ with incubation times
of 30 min and 40 min overlapped each other, indicating that
a cross-linked network structure was obtained. The E′ value
after 40 min of reaction for CL-PB2.5 was still lower than
that of CL-PB0.625 after 70–80 min. Prolonging the reac-
tion time would increase the E′ for CL-PB2.5, as revealed in
Fig. 5 for the 2 h cross-linking reaction. Based on our
results, more polyCys improved the cross-linking efficiency
and shortened the incubation time for network formation.
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Degradation of CL-PBs

The degradability of CL-PBs was investigated by chemical
hydrolysis under acidic conditions. The polyCys cross-
linker consisted of peptide bonds that were susceptible to
hydrolysis by acid or base. CL-PB2.5 was treated with
sulfuric acid in aqueous THF solution for 24 h (Scheme 2).
As the reaction proceeded, the small piece of CL-PB2.5
became brittle. The chloroform-soluble part was extracted
(36%) after the hydrolytic treatment, while almost no
soluble part was obtained for pristine CL-PB2.5 by
chloroform extraction. Notably, the cross-linked poly-
butadiene without polyCys was hardly degraded under the
same conditions (only 4% of the soluble fraction was
obtained by chloroform extraction). The residual CL-PB2.5
(64%) was insoluble in chloroform, indicating that the
cross-linked structure was still maintained after hydrolysis
under the current conditions. This occurred due to the
hydrophobicity of the polybutadiene backbone, which
impeded the penetration of aqueous media into the cross-
linked network structure. In addition, undesired radical
coupling between the double bonds partially occurred,
resulting in nondegradable interchain cross-linking to some
extent.

The 1H NMR spectrum of the obtained chloroform-
soluble part is shown in Fig. 8. The 1H NMR spectrum
showed characteristic signals similar to those of the original
polybutadiene, with small signals assignable to the residual
cysteine-related protons, as indicated by red arrows. The
signals for the protons of the unsaturated double bonds were
detected at 4.8–5.6 ppm, indicating that the reactive double
bonds were still present after the cross-linking and hydro-
lysis cycle, and the recycled polybutadiene could be used to
regenerate the cross-linked rubber material via a thiol-ene
reaction.

Summary

We synthesized polyCys as a thiol-containing polypeptide-
based cross-linker by the papain-catalyzed polymerization
of L-cysteine ethyl ester. The obtained polyCys pre-
dominantly retained intact thiol groups. With the enzy-
matically synthesized polyCys as a cross-linker, we
demonstrated that the cross-linking of 1,2-unit-rich poly-
butadiene was successfully performed by the thiol-ene
reaction with polyCys in both solution and film states. The
cross-linked structure was confirmed by both spectro-
scopic and dynamic viscoelastic experiments. Raman
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spectra showed that the thiol group of polyCys was
effectively consumed by CL-PBs, indicating that the cross-
linking of polybutadiene proceeded by the thiol-ene reac-
tion with polyCys. From the dynamic viscoelastic ana-
lyses, the viscoelasticity of CL-PBs drastically changed
from that of raw polybutadiene, with the disappearance of
the slow relaxation mode at low frequencies. The complete
network formation was confirmed by E′ and E′′ showing
the power law over the entire frequency range, as deter-
mined by the time-course of the dynamic viscoelastic
experiments. The polyCys cross-linker was cleaved by
acid hydrolysis in aqueous media, enabling the regenera-
tion of soluble polybutadiene from cross-linked poly-
butadiene. Polypeptide cross-linked polybutadiene
materials are promising candidates for the application of
polybutadiene-based rubber materials with the require-
ments of both material integrity and reusability. We
envision further improvement in cross-linking/degradation
efficiency for the peptide-based cross-linkers by designing
more appropriate amino acid sequences instead of polyCys
in future studies.
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