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Vitrimers, as intriguing polymers, possess exchangeable links in the crosslinking networks, endowing them
with the abilities of recycling and reprocessing. However, most of vitrimers are generally fabricated via
complex synthesis and polymerization processes. Toxic and unstable exogenous catalysts are inevitably
applied to activate the exchange reaction to rearrange the crosslinking networks. These drawbacks limit
the widespread applications of vitrimers. Moreover, most reported vitrimers could only partially maintain
or severely deteriorate their mechanical properties after recycling. Herein, to solve the above-mentioned
problems, for the first time, a catalyst-free and recycle-reinforcing elastomer vitrimer is revealed. By the
reactive blending of commercially available epoxidized natural rubber and carboxylated nitrile rubber, the
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vitrimer exhibits an exceptional recycle-reinforcing property. This work provides a feasible method to
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Introduction

Traditional vulcanized rubber, with outstanding -elasticity,
solvent resistance and mechanical properties, are ubiquitously
applied in numerous fields."> However, the permanent cross-
links prevent the reprocessing and recycling of end-of-life
rubber products, resulting in a huge burden on the environ-
ment.>* Tremendous efforts have been dedicated to address
this issue, including incinerating, grinding, landfilling and
devulcanization treatments.”** However, these efforts caused
inefficient utilization of scraps. Hence, it is highly desirable to
employ advanced approaches to promote waste rubber
recycling.

Vitrimers, a novel class of polymers with dynamic reversible
covalent crosslinks, have been receiving considerable atten-
tion.”" By reshuffling their topology structures via rapid
reversible exchange reactions, vitrimers have been noticed to be
reprocessable and recyclable.”® The introduction of vitrimer
conception into elastomeric networks has been implemented to
endow covalently crosslinking elastomers with recyclability.*>*
For instance, Tang et al. reported a covalently crosslinking yet
recyclable elastomer vitrimer. With the aid of 1,2-dimethylimi-
dazole (DMI) and Zn(Ac), as catalysts, this elastomer vitrimer,
which comprised exchangeable B-hydroxyl ester crosslinks
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between commercial epoxidized natural rubber (ENR) and
carbon nanodots, was able to reshuffle its network topology
structure.* Liu et al. fabricated a type of covalently crosslinking
yet recyclable and robust elastomer vitrimer composites with
the presence of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and
DMI as the catalysts.”® Qiu et al. utilized the transesterification
reactions of B-hydroxyl ester linkages between acid-modified
carbon black and ENR to fabricate robust elastomer vitrimer
composites.”® These results indicate that effective strategies
have been performed to solve the inherent difficulty referred to
the recycling of covalently crosslinking elastomers. It is noticed
that the reported elastomer vitrimers were generally fabricated
by constructing exchangeable crosslinks between modified
fillers and rubbers. Although modified fillers could act as
crosslinking and reinforcing agents to construct a three-
dimensional reversible crosslinking network, the introduction
of modified fillers would lead to the retarding of the topology
network rearrangement due to the restriction of the macromo-
lecular chain movement.”>*” Besides, catalysts are inevitably
employed to promote the reversible exchange reactions, which
could shorten the service lifetime and prevent the recyclability
of vitrimers owing to the thermal degradation and leaching of
the catalysts.>®?° It is also pointed out that the incorporation of
toxic catalysts will potentially limit the widespread applications
of these high performance materials. Therefore, catalyst-free
and non-filler elastomer vitrimers are required.

Commercially available carboxylated nitrile rubber (XNBR)
and ENR possess carboxyl groups and epoxy rings, respectively.
It has been reported that the reaction between epoxy groups and
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carboxyl groups can easily construct crosslinking networks in
XNBR/ENR elastomers.*"** Actually, it is noted that the essence
of such linkages is B-hydroxyl ester bonds. Those crosslinks can
probably give rise to exchange reactions under appropriate
conditions. Inspired by this, we first explored the possibility of
this XNBR/ENR composite as an elastomer vitrimer. In the
absence of catalysts and modified fillers, the XNBR/ENR
composites were found to be recyclable and reprocessable
through rearranging topology network via reversible exchange
reaction. More particularly, the XNBR/ENR elastomers exhibi-
ted surprisingly excellent mechanical performance after
multiple recycling, which we term as the recycle-reinforcing
phenomenon. To the best of our knowledge, such elastomer
vitrimer with excellent mechanical performance has never been
reported. The goal of this study is to reveal a practical method
for fabricating the above-mentioned elastomer vitrimer and the
underlying recycle-reinforcing mechanism.

Experimental section

Materials

XNBR was supplied by NANTEX Industry Co. Ltd., with the
carboxyl group content of 7.0 wt% and acrylonitrile content of
27.0 wt% (NANCAR® 1072CG). ENR with an epoxidation degree
of 40% (ENR 40) was purchased from the Agricultural Products
Processing Research Institute, Chinese Academy of Tropical
Agricultural Science (Zhanjiang, PR China). The raw rubbers
were used as received without any additional treatments.

Preparation of XNBR/ENR elastomers

XNBR and ENR were solely masticated six times on a laboratory
two-roll open mill at ambient temperature. Subsequently, after
mastication, XNBR and ENR were mixed on the open mill to
form XNBR/ENR elastomers. Five different weight ratio
mixtures of XNBR/ENR elastomers (10/90, 30/70, 50/50, 70/30
and 90/10) were prepared by the same protocol, respectively.
In this study, the sample code of XNBR-x means that the x wt%
XNBR is related to the total weight of rubber composites. After
that, the resultant compounds were stored for 12 h. Finally, they
were compression-molded at 160 °C.

Sample characterizations

The rheology experiments were conducted on a U-CAN UR-
2010SD vulcameter at 160 °C, and the torque-time curves and
curing characteristic parameters were determined.

Tensile measurements were carried out on a MTS E44
universal testing machine at room temperature. For uniaxial
tensile behaviours, the extension rate of dogbone-shaped
samples was 500 mm min . The values of Young's modulus
were obtained by calculating the slope of the stress—strain curve
from 0 to 7% strain. Five specimens were tested for each sample
to ensure the data reproducibility. For consecutive cyclic tensile
performances, all tests were performed at a deformation rate of
100 mm min~*. The sample was loaded to 100% strain and then
unloaded. After relaxing for 10 min at ambient temperature, the
specimen was reloaded again. After three cycles, the sample
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went through another loading-unloading cycles with 300%
strain and 600% strain, respectively.

Equilibrium swelling experiments were employed to evaluate
the crosslinking density of XNBR/ENR elastomers. Three
weighed pieces of specimens about 1 g were immersed in
toluene at room temperature for 3 days. The swollen samples
were gently blotted with filter paper and immediately weighed.
Finally, the swollen samples were dried at 80 °C until the weight
reached constant values. According to the above weight data,
the cross-linking density was determined based on the classical
Flory-Rehner equation.* Fourier transform infrared spectros-
copy in an attenuated total reflectance model (ATR-FTIR) was
performed on a Nicolet iS50 spectrometer. The tests containing
cyclic strain recovery measurements and dynamic mechanical
analysis tests (DMA) were operated on a TA Q800 DMA appa-
ratus under the tensile model. Cyclic strain recovery measure-
ments were conducted by stretching alternately between
0.1 MPa for 60 min and 0 MPa for 10 min in every cycle. For
DMA investigation, the specimen tests were heated from —50 °C
to 100 °C at a rate of 3 °C min ' as well as at an oscillation
frequency of 1 Hz.

To verify the recyclable nature of the XNBR/ENR rubber
elastomers, samples were cut into small shards and then
masticated on the two-roll open mill for 10 min under an
ambient temperature. Subsequently, the masticated rubbers
were hot-pressed at 160 °C for 30 min, and then the recycled
samples were obtained. Lastly, the reprocessing process was
carried out three times. Thermal properties and structural
integrity were characterized via thermal gravimetric analysis at
a 35-800 °C temperature window and a heating rate of
10 °C min~ ' under nitrogen atmosphere. The shore A hardness
of samples was measured according to the standard ASTM
D2240 with an effective thickness of 6 mm. The cryogenically
fractured surfaces of original and recycled XNBR-50 specimens
were observed via scanning electron microscopy (SEM, Carl
Zeiss, Supra 55). X-ray diffraction (XRD) tests were performed on
a Bruker D8 Advance X-ray diffractometer with Cu-Ko radiation
(A=0.1542 nm). The pre-stretching samples at 100%, 200% and
300% strains were fixed at our home-made clamp.

Results and discussion

The curing behaviour of different compositions of XNBR/ENR
elastomers was first examined. All the samples exhibited
classic curing profiles and demonstrated the self-crosslinking
ability without any additional curing agents or accelerators
(Fig. S1, ESI¥). It is consistent with the literature reports.>** In
the present study, the maximum torque (Mjy;) of XNBR-y first
increased and then decreased with the incremental loading of
XNBR. Moreover, XNBR-50 exhibited the highest My, the largest
torque difference (AM) and the moderate curing time (Tcyo) as
compared to the others (Table S1, ESIt). Equilibrium swelling
experiments of the XNBR/NBR elastomers were also conducted
(Fig. S2, ESI}). The cured XNBR-50 was insoluble after
immersing in toluene for a week, while the uncured one dis-
solved thoroughly. This phenomenon further confirmed the

self-crosslinking nature of XNBR/ENR elastomers. The
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crosslinking densities were calculated (Table S2, ESI¥).
Considering the elastic torque, the crosslinking densities, and
mechanical properties of XNBR-y, XNBR-50 with optimal
performance were chosen for the in-depth study.

As illustrated in Fig. 1a, the covalent self-crosslinking
behaviour occurred via the epoxy-acid reaction between XNBR
and ENR. The FTIR spectrum was recorded to verify the esteri-
fication reaction between ENR and XNBR and monitor the
evolutions of the absorption peaks of epoxy and ester groups
during curing at 160 °C (Fig. S3, ESI{). As the curing proceeded,
the intensity of epoxy groups at 873 cm™ ' gradually declined,
while the intensity of ester groups at 1731 cm ' conversely
increased. The peak at 3505 cm ™" attributed to hydroxyl groups
appeared in the cured sample. These results supported the
formation of B-hydroxyl ester linkages between ENR and XNBR.

It was reported that dynamic ester linkages with reversible
exchange reactions are capable of rearranging the topology
network structure under appropriate conditions.***” Thus, we
envisaged the cured XNBR/ENR elastomers, comprising f-
hydroxyl ester linkages, are able to rearrange the topological
structure via the transesterification reaction (Fig. 1b). The
XNBR/ENR elastomers, therefore, could be recycled. To verify
this assumption, the cured XNBR-50 was cut into small frag-
ments, subsequently masticated and hot-pressed to fabricate
a re-cured sample. As shown in Fig. 2, a recycled XNBR-50
sample with fresh and coherent integrity appearance was ob-
tained after hot-pressing. With the same treatments, the XNBR-
50 sample could be recycled over three times, which is not
possible in traditional vulcanized rubbers due to the irreversible
linkages in crosslinking networks. Such recyclability of XNBR-
50 could also be found in other compositions of the XNBR/
ENR elastomers. The curing behaviours and crosslinking
densities of the original and recycled XNBR-50 samples (XNBR-
50s) were examined (Fig. S4 and Table S3, ESI}). All the recycled
XNBR-50s exhibited similar typical curing profiles with higher
M;, (the minimum torque) and My than the original one.
Besides, there were no significant differences in crosslinking
densities between the recycled XNBR-50s and the initial one.
These results demonstrated that in the absence of any addi-
tional catalysts and modified fillers, the as-prepared covalently
crosslinking XNBR/ENR elastomers exhibited probable
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Fig. 1 (a) Demonstration of the self-crosslinking behaviour in XNBR/
ENR elastomers. (b) Schematic of the topological structure rear-
rangement based on the B-hydroxyl ester exchange reaction.
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Fig.2 Photographs of XNBR-50s. (a) Original sample. (b) First recycled
sample. (c) Second recycled sample. (d) Third recycled sample.

vitrimer-like performance via the transesterification of pB-
hydroxyl ester linkages in this crosslinking network.

The mechanical performances of the original and recycled
XNBR-50s are presented in Fig. 3a and Table S4 (ESIt). The
tensile strength and the elongation at break of the original
XNBR-50 were 2.8 MPa and 342%, respectively. Strikingly, these
values largely increased in the recycled XNBR-50s. For instance,
after the first recycle, the tensile strength and the elongation at
break of XNBR-50 increased from 2.8 MPa to 5.1 MPa and 342%
to 835%, which improved by 182% and 244%, respectively. With
the increase in the recycle times, the tensile strength of the
recycled XNBR-50 increased. Moreover, the Young's modulus
gradually decreased, demonstrating that the recycled samples
possessed higher elasticity derived from the easier slippage and
alignment of flexible polymer chains under the same strain.
Table S5 (ESIT) lists the retention ratio of the tensile strength
and elongation at break of the reported vitrimer materials.
Partial maintenance or severe deterioration of the mechanical
properties of these vitrimers was observed after the recycling
process. It is the first reported vitrimer, which exhibits
increasing mechanical properties.

The Mooney-Rivlin model was employed to study the
recycle-reinforcing phenomenon of XNBR-50. The equation has
been listed below, where ¢* is the reduced stress, ¢ is the
applied stress, A is the extension ratio, and C; and C, are
constants that are independent of A. By analysing stress—strain
curves, the structure-property relationship could be
evaluated.’®
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Fig. 3 (a) Stress—strain curves of the original and recycled XNBR-50s.
(b) Curves of a* versus A~* of the original and recycled XNBR-50s.
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As shown in Fig. 3b, the curves of the recycled XNBR-50s were
distinctly different with that of the original one. For the original
one, at a small extension ratio (A~ > 0.85), ¢* decreased quickly
during stretching, which can be attributed to the Payne
effect.*®® In the region of high extension ratio (A~* < 0.50), an
upturn of ¢* was observed, which could be ascribed to the finite
extensibility of polymer chains.***' For the recycled XNBR-50s,
the upturn point appeared at much higher extension ration
(A" <0.25), indicating that the polymer chains were more easily
extended under smaller extension. In the other hand, easier
extension could lead to more significant strain-induced crys-
tallization (SIC) effect of the ENR chains.”* Therefore, the tensile
strength of the recycled XNBR-50s was remarkably improved.

Two factors may be responsible for the improved mechanical
properties of the recycled XNBR-50s. As shown in Fig. 4, during
the recycling process, the crosslinking network of XNBR-50
broke due to the large shear stress. The elastomer samples
were fragmented into small vulcanized rubber particles.*
According to the classical random coil model,** it was assumed
that the polymer chains in the core region of the rubber parti-
cles were highly entangled and the polymer segments motion
was difficult. When hot-pressed, the broken crosslinking
networks could be reconstructed via the transesterification of
the polymer chains. It was supposed that this partial trans-
esterification of the polymer chains could only undergo inside
the core region of the particles due to the high entanglement.
Conversely, the polymer chains above the shell region of the
rubber particles were loose and provided enough movement
space for the motion of segments. Thus, this partial trans-
esterification could occur among or inside the rubber particles.
Due to the presence of abundant free volume above the shell
region of rubber particles, the regenerated -crosslinking
networks possessed higher motion ability, which therefore
greatly improved the elongation of the recycled XNBR-50s. With
the large improvement of the elongation of the recycled XNBR-
50s, ENR could exhibit a more significant SIC effect. In the other
hand, the rubber particles could play roles as reinforced parti-
cles, which improved the capability of the stress transferring
and absorbing. Considering the SIC effect and particle rein-
forcement, the mechanical properties of the recycled XNBR-50s
were demonstrated to be greatly improved.
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Fig. 4 Schematic illustrating of the recycle-reinforcing phenomenon
of XNBR-50.
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Corresponding characterizations were conducted to study
the vitrimer-like performance of XNBR-50. The cyclic strain/
recovery tests for the original XNBR-50 at 25 °C and 160 °C
are shown in Fig. 5a. The XNBR-50 was first deformed under
a constant external force at 25 °C. Similar to other covalently
cross-linked elastomers, the deformed XNBR-50 almost recov-
ered to its original length when unloading the stress. In the
other hand, the deformed sample cannot recover to its original
length when heating to 160 °C. The heated XNBR-50 exhibited
a typical viscoelastic behaviour. It was attributed to the topo-
logical network rearrangement of the XNBR-50, which was
triggered by the activation of the B-hydroxyl ester trans-
esterification reaction at high temperatures. These results
indeed confirmed the progress of the transesterification reac-
tion in the XNBR/ENR elastomer vitrimer. Similar results have
been reported in other elastomer vitrimers.***

Fig. 5b shows the storage modulus of the original and recy-
cled of XNBR-50s as a function of temperature. The storage
modulus of the recycled XNBR-50s slightly decreased yet similar
when compared with that of the original one. Besides, the
recycled XNBR-50s almost overlapped with each other, indi-
cating that the recycled XNBR-50s still maintained an integral
and stable crosslinking network even after being recycled for
several times. The tan ¢ peak intensities of the XNBR-50s
consistently increased with the multiple reprocessing times
(Fig. 5c). This suggested a continuous increase in chain
mobility, which was associated with the decrease in the cross-
linking density and Young's modulus of the recycled XNBR-50s
as compared to the origin (Table S4, ESIT). The T, values of the
XNBR-50s increased from —3.7 °C to 1.1 °C with the incremental
recycling times. The slight increase in the T, values may be
attributed to the confinement of molecular chains between the
ENR and the XNBR matrix. The TGA curves of the recycled
XNBR-50s (Fig. 5d) were similar and overlapped with that of the
original one. The TGA results also indicated that the recycled
XNBR-50s maintained an integral and stable cross-linked
network, which is consistent with the DMA results. Fig. S5
(ESIt) shows the FTIR curves of the origin and recycled XNBR-
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Fig. 5 (a) Cyclic strain/recovery curves of XNBR-50 at 25 °C and
160 °C. (b) Temperature dependence of storage modulus curves, and
(c) tan 6 curves of XNBR-50s. (d) TGA curves of XNBR-50s.
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50s. As compared to the original sample, the peak intensity and
position of the recycled XNBR-50s exhibits almost no change,
which further confirmed the integral linkage structure of the
recycled XNBR-50s and the progress of the transesterification.

Wide-angle XRD (WAXD) patterns of the original and the
recycled XNBR-50s at different strain are shown in Fig. S6 (ESIT).
There were no diffraction peaks displayed in the WAXD spec-
trum of the original sample under different elongation. As
compared to the original XNBR-50, the recycled XNBR-50s
exhibited two diffraction peaks upon stretching in the region
of 42-45° and 73-77°. This was ascribed to the SIC effect of ENR,
corresponding with previously reported work.* The results of
WAXD demonstrated that the recycled XNBR-50s were more
prone to show SIC behaviour. Fig. S7 (ESIT) shows SEM images
of the cryogenically fractured surfaces of the original and recy-
cled XNBR-50s. The SEM results exhibit that the fractured
surface of the original XNBR-50 is rather smooth, indicating
a brittle fracture. Conversely, the surfaces of the recycled XNBR-
50s distinctly become rough, exhibiting a brittle-ductile tran-
sition behaviour. Such behaviour could be ascribed to the
improvement in the interfacial interaction of the ENR and
XNBR matrix in the recycled XNBR-50s. According to the
loading—unloading curves and corresponding integrated value
of different samples (Fig. S8, ESIt and Fig. 6), the recycled
XNBR-50s showed an integral crosslinking network and good
elastic resilience. With the increase in the recycle times, the
difference between the dissipating energy of the first loading-
unloading curve at 300% strain (W;) and the dissipating energy
of second cycle (W,) decreased. Meanwhile, the W,/W; value
increased with the increase in the recycle times. It could be
concluded that the value of W, gradually decreased. This result
demonstrated that upon the loading and unloading process,
energy dissipation used for macromolecular conformation and
configuration changes (particularly alignment and entropy
increase of polymer chains) was reduced among the recycled
XNBR-50s. It proved that more flexible and elastic polymer
chains existed in the recycled XNBR-50s than in the origin one,
which provided the possibility for polymer chains to show SIC
effect upon stretching. These results are consistent with the
WAXD spectrum.

The recycled XNBR-50s with self-healing properties were
further demonstrated. The first recycled XNBR-50 sample was
cut and then kept at room temperature for 24 h without external
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Fig. 6 Dissipating energy dependence of samples before and after
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stimuli. The damaged rubber sample achieved the self-
repairing (Fig. S9a, ESIf). Analogously, when the cut-off
rubber strip recompressed at 160 °C for 30 min, the welding
sample possessed about 85% recovery of the tensile strength
(Fig. S9b, ESIT). Moreover, the XNBR-50 sample was fixed on the
home-made shape and could recover (Fig. S9¢, ESIt), exhibiting
a shape memory performance. These results demonstrate that
XNBR-50s could act as a macroscopic flow-like viscoelastic
liquid at an elevated temperature, which exhibits their intrinsic
vitrimer property.

Conclusions

In this study, a catalyst-free elastomer vitrimer was prepared
through the reactive blending of commercially available XNBR
and ENR. Carboxyl groups in XNBR and epoxy groups in ENR
could react to form B-hydroxyl ester bonds during vulcanization.
It was found that these crosslinks in the XNBR/ENR elastomers
were capable of undergoing reversible breaking and reforma-
tion to rearrange the crosslinking network without any addi-
tives, which endowed the elastomers with recyclability. More
strikingly, during multiple generations of recycling, the vitrimer
elastomers exhibited climbing mechanical properties. A further
study showed that such wunexpected recycle-reinforcing
phenomenon could be attributed to the strain-induced crystal-
lization behaviour of ENR and the particle reinforcement.
Taking advantage of the reactive groups in the commercial
rubbers to construct dynamic crosslinking linkages, we envi-
sion that this work extends the realm of the vitrimers and
provides a feasible method to fabricate elastomer vitrimers.
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