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We fabricated a movable cross-linked elastomer derived from a
pseudo-rotaxane by utilizing a dimer structure, in which the ring
molecules made a threaded structure onto a polymer backbone,
by simple bulk polymerization. The pseudo-rotaxane cross-linked
elastomer exhibited facile healing and good stretching corres-
ponding to the stress relaxation, which can contribute to the incre-
ment of fracture energy. We separated the topologically cross-
linked dimer compounds from the threaded polymer backbone
compound, constituting a recyclable cross-linker for a circular
economy as a sustainable material.

Self-healing polymers, in which defects can be repaired autono-
mously, are of great technological interest to extend the durable
life of materials. Developing self-healing materials can contrib-
ute to a sustainable society because of the corresponding
reduction in waste by recycling and restoration after damage. To
date, one of the main approaches to self-healing systems is
introducing reversible crosslinks of noncovalent bonds based
on supramolecular chemistry. Various designs have reported
use of hydrogen bonds,"” metal-ligand coordination bonds,**
and n-rn stacking™® interactions as well as host-guest
interactions.”® These types of reversible crosslinks can undergo
repeated cleavage and reformation by regeneration of noncova-
lent bonds between the polymer main and/or side chains,
resulting in healing through a chemical process. The other
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main approach is physical self-healing by dispersing stress at
deformation and returning to the original state; deriving from
the high toughness, elasticity, and self-restoration.”'® The physi-
cal approach can prevent microcracks from cleaving covalent
bonds during deformation. The most important physical
healing has resulted from polymeric materials with movable
cross-linkers (topological cross-linker), referring to cross-linkers
that indirectly connect to polymers with a mechanically inter-
locked architecture such as a polyrotaxane (PRx)."' PRx is a
macromolecule composed of ring molecules threaded by an axle
polymer, with bulky stoppers at both ends. The composition of
numerous PRx materials include macrocyclic oligosaccharide,
a-cyclodextrin (a-CD) as the ring compound and poly(ethylene
glycol) as the axle compound."” These materials have been used
as slide ring gels, in which figure-eight cross-linkers are inter-
locked topologically with bulky stoppers along the polymer
chain."® The crosslinks can freely slide along the backbone
chains in a manner that disperses internal stress and minimizes
local stress, similarly to pulleys. Recently, rotaxane/polyrotaxane
structures have been introduced into the side chain against a
methacrylate or an acrylate polymer main chain, affording
movable cross-linked elastomers with higher fracture strain and
stress.'®'*> However, movable cross-linking based on PRx has
been used only for incorporating physical self-healing. Because
the molecules are mechanically interlocked with bulky stoppers,
chemical self-healing does not occur, for example, on the inter-
face of a completely cut bulk material.

To overcome this issue, various researchers have studied
stretchable elastomers based on PRx materials, combining
physical and chemical healing from slide-ring motion of ring
molecules and continuous dissociation/recognition  of
dynamic bonds such as hydrogen bonds, obtained by group
modification of the ring or polymer chain grafted onto the
ring."®'” However, these strategies introduce complications
into synthesis. Another movable cross-linked elastomer has
been prepared by bulk copolymerization between hydrophobic
CD monomers and alkyl acrylate.’®>° In the case of ethyl
acrylate (EA) and peracetylated y-cyclodextrin (y-CD) mono-
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mers, poly-ethyl acrylate (PEA) main chains thread y-CD rings
after polymerization. Although a ring molecule can slide a
certain distance on the threaded main PEA chain in the system,
another y-CD ring molecule connected with the side chains of
PEA functions as bulky stopper for the slide-ring behavior of a
y-CD molecule. Therefore, movable cross-linked elastomers con-
sisting of the PRx systems have not been used for chemical self-
healing to repair e.g. the cut surface of bulk materials.
Accordingly, in this study, we focused on a movable cross-linker
of a pseudo-PRx consisting of an eyeglass-shaped dimer
inspired by a figure-eight; in which the CD ring molecules of
both ends can be threaded onto polymer main chains in a
manner that topologically links with the other polymer chain,
providing a simple approach to realize chemical self-healing as
well as physical healing of stress dispersal through slide-ring
motion. In addition, the pseudo-PRx structure was separable in
a manner that enabled collection of the movable cross-linker
from the threaded structures of the polymer through extraction
and precipitation, consistent with the need for a circular
economy and reliably recycling sustainable materials.

To study the self-healing of an elastomer exhibiting a
movable cross-linker, we utilized pseudo-rotaxane ring mole-
cules at both ends connected by a linker molecule at the
center, inspired by a figure-eight,’* enabling a pulley effect on
the polymer main chain. We designed and synthesized an eye-
glass-shaped macrocyclic dimer (D1) (Fig. 1A); consisting of a
symmetrical structure of macrocyclic ring molecules, hydro-
phobic y-CDs, covalently conjugated by a polyoxyethylene
linker via the click reaction. In the case of the big cavity size of
y-CDs, we used a bulky substituent for arenesulfonylation to
assess the selective C-6 position for mono-substitution on the
primary face of the CD cavity”® (Scheme S1A, ESIf). In
addition, purifying this compound was relatively easy by resin
reverse-phase chromatography because of inhibition of further
poly-substitutions on the C-6 position. In our case, we syn-
thesized hydrophobic mono-6-substituted y-CD by reaction of
a monosulfonyl compound with sodium azide; next, we perace-
tylated the protected mono-6-azide CD (Scheme S1B and Cf¥).
We obtained the hydrophobic CD dimer, D1 by Cu-catalyzed
1,3-dipolar cycloaddition with a tetraethylene glycol-substi-

PEA-D1

Fig.1 Chemical structure and schematic of AcO-y-CD dimer (D1) (A)
and synthetic route of PEA-D1 by bulk photo-polymerization of EA
monomer with a movable cross-linker, D1 (B).
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tuted dialkyne linker (Scheme S1D7), affording an eyeglass
shape in which two rings of the both ends link with a flexible
chain of the oligo-ethylene glycol chain [Fig. 1A (right)]. The
ESIt shows experimental details and analytical data by 'H
NMR and MS (Fig. S1-S157), and are consistent with the pro-
posed molecular structures.

We prepared acrylate-based elastomers using the movable
crosslinker of the eyeglass-like dimer to clarify the stress dis-
persive effect and chemical self-healing, such as supramolecu-
lar recognition of the dynamic bonds derived from a threaded
structure between the cross-linker and polymer main chains
(Fig. 1B). We prepared the acrylate elastomers by bulk photo-
polymerization of EA monomer containing a D1 movable
cross-linker on the PTFE mold; the ESI shows details
(Fig. S167). We used 1,4-butanediol diacrylate (BDA) as a con-
ventional chemical cross-linker for comparing the movable
crosslinker. We also used a peracetylated y-cyclodextrin; PAcO-
y-CD (M1; Fig. S11 and S127) as a simple slide-ring PRx addi-
tive, but not linked with the other ring molecule to cross-link
the threaded polymer chain as in the D1 dimer.

We characterized the threaded structure of the y-CD ring
molecule onto the PEA backbone by nuclear Overhauser effect
(NOE) differential spectra of 1D NMR (Fig. S177). Difference
NOE can confirm that the object definitely threads the y-CD
ring of the movable cross-linker, rather than the mixing of
both components. We also prepared a model compound by
introducing a bulky long alkyl chain into the copolymer unit
to function as a quasi-bulky stopper in "H NMR.'®* When we
assigned the resonance field irradiation to specific "H posi-
tions in which the y-CD host-H; (5.3 ppm) or H; (3.6 ppm) was
saturated, we detected the H, proton (1.6 ppm) corresponding
to the PEA-CH, backbone as a substantial correlation peak for
each saturation in the nonirradiated differential NOE spectra.
Thus, there was an inclusion complex between the y-CD
internal cavity (Hz, Hs) and the PEA main chain, indicating
threading of the y-CD host onto the PEA backbone.

We evaluated the mechanical properties PEA-D1 and
PEA-M1 by tensile tests compared with chemically cross-linked
PEA-BDA and linear PEA (without cross-linker). Fig. 2 shows
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Fig. 2 Stress—strain curves of PEA-D1, PEA-M1, PEA-BDA, and PEA by
tensile tests at a rate of 1.0 mm s™* (A) and enlarged view at compara-
tively low strains (dashed line) (B). The concentration of the cross-linker
was 0.1 (for D1 and BDA), 0.2 (for D1 and M1), and 0.5 (for D1) mol%.
Arrows indicate elastic fields (solid lines) and fracture points (dashed
lines).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Mechanical properties by tensile tests for each elastomer
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Elastic yield stress [kPa]  Strain% (for yield stress)

Young’s modulus [MPa]  Fracture strain%  Fracture energy [M] m~?]

PEA-D1-0.5 382 74

PEA-D1-0.2 247 201
PEA-D1-0.1 133 190
PEA-M1-0.2 177 477
PEA-BDA-0.1 298 106
PEA 49 160

the stress-strain curves of the elastomers, measured at a rate
of 1 mm s™". Table 1 shows the mechanical stress and strain at
the elastic yield point, fracture strain at break, Young’s
modulus, and fracture energy. We calculated the fracture
energy related to the material toughness from the integral of
the stress-strain curve, representing the tensile test results.
Prior to describing the effect of the movable cross-linker using
D1, we evaluated the control linear PEA during the tensile
tests. The stress of PEA was low because of the deformable
plastic property (glass transition temperature T, = —18 °C)
although the fracture strain was extended to ca. 1100%.
Furthermore, the chemically cross-linked elastomer (PEA-
BDA-0.1) immediately fractured with a low strain of ca. 100%.
This result might be attributable to chemically cross-linked
covalent bonds, which cannot disperse the applied stress.
However, the movable cross-linked elastomer PEA-D1 exhibited
interesting mechanical properties from the tensile tests with
varying quantities of D1 cross-linker. Whereas the elastic yield
stress increased to ca. 380 kPa with increasing quantity of D1
from 0.1-0.5 mol%, the stress gradually decreasing after the
elastic yield point. Moreover, the fracture strains of the
D1 materials reached ca. 2300 and 2500% for added quantity
of D1 at 0.5 and 0.2 mol%, respectively; which are much
higher than that of chemically cross-linked PEA-BDA or linear
PEA homopolymer. The Young’s modulus also substantially
increased (~3.0 MPa) by increasing addition of D1 before
reaching the elastic yield point. The gradual decrease of the
stress for strain elongation, but no breaks at strain, might be
owing to the stress relaxation of PEA-D1. In the study, we
carried out tensile tests of PEA-M1, derived from only the
threading material of the CD ring molecules but not cross-
linking each PEA main chain, to compare the stress dissipa-
tion and relaxation effects. We did not observe a gradual
decrease of stress until break although the elastic yield
retained ca. 470% to 610% strain. This result might be attribu-
table to concentrated placement of M1 axel molecules against
the uniaxial extension, enabling constant stress.”> Thus, intro-
ducing a movable cross-linking unit D1 to bind each inter-
polymer main chain and threading CD ring molecules facili-
tated stress relaxation as well as no bulky stopper for anchor-
ing the threaded ring molecules, resulting in semi-permanent
elongation in a manner that decreased the strain fracture. We
confirmed this hypothesis by stress relaxation tests. Fig. S18F
shows the process of relaxing the stress of movable cross-
linked D1 materials and chemically cross-linked materials
(PEA-BDA) yet keeping the strain at 100%. PEA-D1 exhibited a

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

3.0 2360 7.8
0.74 2500 6.6
0.43 1780 2.1
2.0 613 1.6
0.29 106 0.32
0.14 1142 0.70

large stress relaxation over a longer time compared with PEA-
BDA. At equilibrium in 1800 s, stress relaxation reached ca.
82%. PEA-BDA relaxed to ca. 30% stress and reached equili-
brium in a shorter time compared with PEA-D1. In the tensile
tests of relaxing the stress for PEA-M1, we observed constant
stress relaxation even when using only threading materials
without a linker at a 78% less relaxation rate than that of
PEA-D1 upon maintaining the strain at 100%. The slight differ-
ence might be due to the sliding elasticity of the monomeric
y-CD ring molecules by entropic restoring force when the
alignment entropy decreases with uniaxial deformation.”?
More importantly, such specific stress relaxation of
PEA-D1 might be derived from the movable cross-linked point.
We increased the calculated fracture energy of PEA-D1 to ca.
25x higher than that of PEA-BDA by increasing the D1 content
from 0.1 to 0.5 mol% (Table 1). These superior fracture ener-
gies might also result from the threading effect of a movable
cross-linker of the D1 materials, which can efficiently dissipate
the applied stress.

We evaluated the self-healing of the movable cross-linked
PEA-D1 elastomer (Fig. 3A and Movie S1f). We cut the elasto-
mer into two pieces with scissors and immediately reattached
the two pieces with damaged cross sections. The recovered
piece supported itself even after lifting by shaking with a
tweezer, and then the piece adhered tightly as one piece

300

Sy ——— Original

After healing (80 °C)

After healing (25 °C)
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stress [kPa]
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1000 1500 2000
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Fig. 3 (A) Photographs of self-healing of PEA-D1-0.2 elastomer before
and after healing: (1) and (2) we cut PEA-D1-0.2 into two pieces with
scissors, (3) we reattached the two pieces with damaged cross sections,
and (4) two pieces were sufficiently adhered to be pulled from opposite
sides without breakage. (B) Stress—strain curves of original elastomer
(So: PEA-D1-0.2) and elastomers healed after heating at 25 °C (S;) and
80 °C (S,) by tensile tests; self-healing efficiency percentage = [(S; or
52)/50] x 100.
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without separation after pulling the opposite sides with a
tweezer. However, the chemically cross-linked elastomer PEA-
BDA did not adhere after the same experiment (Fig. S197).
Thus, self-healing of the movable cross-linked PEA-D1 elasto-
mer is a result of the reversible reconstruction derived from
the supramolecular pseudo-PRx structure, which can rapidly
migrate to the most stable state on the fractured surface. It is
not apparent whether the CD ring molecules would newly
thread onto the axle PEA chain on the fractured surface.
However, the pseudo-PRx cross-linked structure indicates that
the dissociated structure after rupture by external stimuli
might enable a return to the equilibrium complex structure
(by the plastic flow generated by rotational motion of the CD
rings around the PEA chain axis and the local slip-ring effect),
resulting in self-healing. We evaluated the self-healing
efficiency of the elastomer using tensile tests. We allowed self-
healed pieces to stand at 25 °C and 80 °C for 24 h after contact-
ing the cross sections of cut pieces. Herein, we defined the
healing efficiency [(S; or S,)/So x 100%] as the points of elastic
yield (So: original sample, S;: re-adhered sample at 25 °C, S,:
re-adhered sample at 80 °C) before starting stress relaxation.
The elastomers (PEA-D1-0.2) exhibited healing ratios of 80%
and 85% at 25 °C and 80 °C, respectively (Fig. 3B). Whereas
the elastic yield points were almost the same efficiency, the
fracture strain was more effectively improved with increasing
healing temperature. Thus, there were various binding inter-
actions that did not clearly depend on the temperature within
the polymer matrix, whereas the faster reconstruction and
motion of the PEA chains were driven by higher temperature.
Linear thermoplastic polymers such as homopolymer PEA also
exhibit self-healing. However, because these rubbery elasto-
mers exhibit a low T, (<0 °C) and readily deform at room temp-
erature, they are not mechanically stable polymers. More
importantly, our movable cross-linked elastomers realized self-
healing with self-supported and enhanced mechanical pro-
perties; potentially expanding the applicability of elastomers.
The movable cross-linked elastomer PEA-D1, consisting of a
pseudo-PRx structure with hydrophobic cyclodextrin dimer,
has potential for separation and reuse because the PEA-D1
enables topological threading of D1 onto the PEA backbone
without exhibiting a bulky stopper on the PEA chain ends. In
addition to the ability to separate, recover, and reuse D1 (syn-
thesized in multiple steps over time), application to reproces-
sing by recovery of PEA (a typical acrylate ester polymer) could
contribute to a circular economy through a zero-waste process
for these types of cross-linked polymer materials. We indepen-
dently separated D1 (M,: 4848), smaller than PEA (My:
130000, M,: 190 000), by solvent dilution and precipitation.
After we dissolved a used piece of PEA-D1 elastomer in tetra-
hydrofuran (THF) at a sufficiently diluted volume, followed by
evaporating THF and drying in vacuo overnight, we precipitated
only D1 by using diethyl ether from the PEA-D1 solid. We
efficiently collected D1 from the used elastomer at 63% yield
even after the first cycle. Gel permeation chromatography
(GPC) measurements of the PEA-D1 mixture diluted in THF
indicate complete separation at each size-excluded molecular
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Fig. 4 GPC analysis of PEA-D1-0.5 diluted in THF (upper) and product
collected after separation by using diethyl ether (lower).

fraction between PEA and D1 (Fig. 4A). In addition, we
detected and fractionated the independent D1 compound after
precipitation of D1 by using diethyl ether from the PEA-D1
solid without the PEA fraction (Fig. 4B). "H NMR spectra of D1
also confirmed the high purity of D1 with a small quantity of
PEA moiety (<1% compared with the starting mixture;
Fig. S201). We efficiently collected D1 at 63% yield even after
the first cycle. Furthermore, we carried out zero-waste separ-
able collection for PEA-D1 (by simple preparative GPC) by con-
tinuous separation utilizing the hierarchical molecular weight
fraction; at 100 000 and 4848 Da for PEA and D1, respectively.
Thus, we independently separated PEA from D1 (Fig. S217).

Conclusions

In summary, we synthesized an eyeglass-shaped dimer (D1) to
serve as a topological cross-linker and obtained movable cross-
linked elastomer threading of D1 onto the polymer chain by
bulk photo-polymerization of the EA monomer with D1. The
mechanical properties of the obtained elastomer (PEA-D1)
exhibited an improved elastic modulus, stretching, and tough-
ness (even containing only 0.5 mol% D1 movable cross-linker)
compared with that of linear PEA and covalently cross-linked
PEA-BDA. The movable cross-linked elastomer derived
pseudo-PRx structure without a bulky stopper exhibited rapid
self-healing. The topological cross-linker (connected to a uni-
versal acrylate polymer) enabled separation and reuse by
simple solvent dilution and precipitation, in addition to the
durability of the self-healing materials, contributing a new
paradigm for a circular economy and sustainable long-life
materials.
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experimental procedures; 'H NMR, COSY, *C NMR, DEPT
NMR, HMQC spectra, MALDI-TOF-MS, GPC traces for syn-
thesized compounds; characterization of threaded inclusion
complex structures from NOE 'H NMR spectra; characteriz-
ation of stress relaxation of elastomer from tensile tests, self-
healing property of PEA-BDA (chemically crosslinked elasto-
mer), and recyclability for a PEA-D1 from "H NMR spectra and
GPC analysis (PDF); self-healing performance of a PEA-D1 elas-
tomer (MP4). See ESL.{
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