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Abstract
Self-healing materials have attracted attention due to their ability to regain their structure and function after damage.
In recent years, significant progress has been made in achieving various functions through supramolecular chemistry.
This review describes an overview of the strategies used to prepare self-healing and self-restoring materials utilizing
reversible and movable crosslinks. Reversible crosslinks, consisting of noncovalent bonds, can reversibly undergo
repeated cleavage and reformation. Therefore, self-healing can be achieved by effectively regenerating reversible
crosslinks between polymeric chains. Reversible crosslinks exploit many kinds of dynamic covalent bonds and
noncovalent bonds, such as hydrogen bonds, metal coordination bonds, ionic interactions, π–π stacking, van der
Waals forces, and hydrophobic interactions. Movable crosslinks exhibit self-restoring properties. Self-restoring materials
can regain their original shape and mechanical properties after a cycle of loading and unloading external stress.
Movable crosslinks consist of polymer chains that penetrate macrocyclic units and have self-restoring properties due
to their sliding motion along the polymeric chains. In addition, multiple reversible cross-links produce synergistic
effects to simultaneously achieve high toughness and effective self-healing. We believe that self-healing and self-
restoring materials will play a substantial role in realizing a sustainable society.

Introduction
It is desirable for polymeric materials, which are mainly

derived from petroleum, to have a low environmental
impact. To reduce the amount of waste by extending the
durable life of the materials, self-healing materials have
attracted considerable attention due to their ability to
regain their structure and function after damage. To date,
several approaches have been applied to successfully
fabricate self-healing materials. The simplest approach is
repairing fractures by softening the surface with external
factors such as heat and light1,2. Much external energy is
necessary to heal polymers with high molecular weights

due to their low diffusion rate. Another approach is
embedding microcapsules/microvasculature-containing
repairing agents such as monomers and rehardening
catalysts inside the materials3,4. When the materials
are damaged, the microcapsules/microvasculature release
the monomer to trigger polymerization, which repairs the
fracture gap. Even though this method can be used to
repair large-volume damage, the disadvantage is that a
limited number of repairs can be performed in the same
place. Cross-linking reactions by light irradiation of the
wound has also been reported5.
In recent years, polymeric materials with reversible

crosslinks based on supramolecular chemistry have been
developed that exhibit various functions, such as stimuli
response6–8, toughness9,10, shape memory11–13, and self-
healing14–20. Reversible crosslinks consisting of noncovalent
bonds can reversibly undergo repeated cleavage and refor-
mation (Fig. 1). Therefore, self-healing can be achieved by
the effective regeneration of reversible crosslinks between
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polymeric chains under mild conditions. This self-healing
function helps extend the durable life of materials because
significant structural destruction does not occur and repair
is enabled. In addition to self-healing, reversible cross-
linked materials are typically tough due to the energy dis-
sipation of the sacrificial bonds.
In addition, movable crosslinks show self-restoring

properties. “Self-restoration” means that tough elastic
materials regain their original shape and mechanical
properties after widespread or pinpointed deformation.
The driving force of self-restoration is entropic elasti-
city. General elastic materials are typically not tough
because stress concentrates along the fixed covalent
cross-links. Movable crosslinks consist of polymer
chains penetrating macrocyclic units. Movable cross-
linked materials are typically tough due to energy dis-
sipation based on the sliding motion of cross-links along
the polymeric chains. The sliding motion is expected to
prevent microcracks from cleaving covalent bonds
during deformation processes such as stretching. After
unloading, movable crosslinks return to their original
locations due to their entropic elasticity, thus restoring
their original mechanical properties. Similar properties
have also been reported in gels with very small amounts
of chemical cross-linking points but densely fixed
entanglements21,22. Sliding off the fixed entanglements
gives high toughness and self-restoring properties, such
as movable cross-links.
This review discusses typical strategies for the develop-

ment of self-healing and self-restoring materials utilizing
reversible and movable crosslinks. In addition, materials
with multiple reversible crosslinks will be discussed.

Materials with reversible crosslinks
Reversible bonds are key components in the development

of self-healing materials. This section focuses on typical
self-healing materials with reversible crosslinks such as
hydrogen bonds, metal coordination bonds, ionic interac-
tions, host–guest interactions, π–π stacking, dynamic
covalent bonding, and van der Waals forces.

Hydrogen bonds
Creating crosslinking polymeric chains via hydrogen

bonds is one of the simplest and most effective methods for
fabricating self-healing materials. Hydrogen atoms strongly
interact with unshared electron pairs on electronegative
atoms, such as fluorine, oxygen, and nitrogen. In 1989,
supramolecular polymers based on hydrogen bonds were
first reported by Kato and Frechet23. In 1997, Meijer et al.
prepared a trifurcated polymer terminally modified with 2-
ureido-4-pyrimidone, which forms dimers by the strong
interactions of four complementary hydrogen bonds
(association constant, Ka > 10

6M−1) (Table 1)24. The
dimers between the terminals of each chain thermo-
dynamically formed a polymeric network. These thermo-
plastic behaviors can be used in self-healing coating films
prepared by hot melting. In 2008, Leibler et al. reported
hydrogen-bonded supramolecular materials derived from
fatty acids and urea25. Bifunctional and trifunctional fatty
acids were condensed with diethylenetriamine and then
reacted with urea to produce oligomers with hydrogen
bonds. When dodecane was added as a plasticizer, the
materials showed rubber-like behavior and self-healing
properties at room temperature. To date, most reported
self-healing materials have been soft elastic materials.

Fig. 1 Schematics of design concepts of self-healing and self-restoring based on reversible and movable crosslinks, respectively. Self-
healing and self-restoring materials were constructed by “much amounts of weak bonds”, “synergic effect of strong & weak bonds”, “stress dispersion
along nanofiber”, “multiphase of hard and soft domain”, “switching of bond formation”, “switching of ring position”, “restoring assisted by re-
association”, and “healing assisted by sliding motion”.
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In 2018, Aida et al. reported a hard self-healing material
composed of thiourea and ethylene glycol26. They employed
relatively low-molecular-weight polymers to achieve excel-
lent segmental motion as well as less ordered hydrogen
bonds to simultaneously achieve self-healing properties and
a high Young’s modulus (>1 GPa) based on effective bond
exchanges of numerous hydrogen bonds.

Metal coordination complexes
One characteristic of metal coordination bonds is that

they have a high degree of freedom due to the variety of
combinations of metal species and ligands. Metal coordi-
nation bonds can be designed for a wide range of binding
energies from 100 kJ mol−1 (comparable to hydrogen
bonds: 5–200 kJ mol−1) to 300 kJmol−1 (comparable to
covalent bonds (C–C): 300–450 kJ mol−1)17. Lehn et al.
reported supramolecular polymers with Zn2+ or Ni2+

coordination to telechelic polydimethylsiloxanes modified
with acyl hydrazone-pyridine or acyl hydrazone-quinoline
(Table 2)27. The two different supramolecular polymeric
films were overlaid at 50 °C for 24 h, yielding metal–ligand
exchange-based random copolymer films.

Promotion of self-healing by external stimuli
The self-healing conditions (time and temperature)

depend on dissociation and reassociation of the metal
coordination complex. To achieve self-healing in a short
time and under mild conditions, the promotion of bond
exchange by external stimuli has been studied. Rowan
et al. reported a supramolecular polymer with Zn2+

coordination to an ethylene–butylene copolymer mod-
ified with 2,6-bis(1′-methylbenzimidazolyl)pyridine at
both ends28. Upon UV light irradiation, the metal coor-
dination bonds generate heat due to excitation. This
accelerates the association and dissociation of the metal
coordination bonds, promoting self-healing.

Control of viscoelastic properties
The viscoelastic properties can be controlled by

switching between association and dissociation of the
complexes, enabling self-healing. Dissociation increases
the fluidity of the materials, leading to wound filling.
Then, reassociation completes the repair. Waite et al.
reported a pH-responsive sol–gel transition material that
takes advantage of the pH-dependent change in the
coordination number of catechol to Fe3+ 29. The materials
crosslinked by a mixture of Fe3+ and terminal catechol-
modified four-chain polyethylene glycol are fluids under
acidic conditions but form hydrogels at high pH (>8).

Switching kinetics of metal cages
The exchange kinetics of metal coordination complexes

in metal–organic cage (MOC) structures depend on the
material topology. Then, self-healing can be controlled by
introducing a unit whose binding angle changes upon
exposure to external stimuli. Johnson et al. reported an
organogel in which the MOC structure of the small Pd3L6
ring was connected to polyethylene glycol30. Small Pd3L6
rings showed re-adhesion via fast ligand exchange. The
MOC structures changed from a small Pd3L6 ring to
Pd24L48 rhombicuboctahedra upon UV irradiation due to
a change in the bond angle. Pd24L48 rhombicuboctahedra
did not show re-adhesion due to slow ligand exchange.
The MOC structures reverse from the Pd24L48 rhombi-
cuboctahedra to the small Pd3L6 ring upon visible light
irradiation. Thus, control of reattachment properties was
realized by switching the kinetics of ligand exchange.

Ionic interactions
Ionic pairs in polymers form crosslinks based on elec-

trostatic forces and enable self-healing by reforming
aggregates. The strength and kinetics of these associations
can be controlled by their charges and the size of the
aggregation.

Association with dispersed nanosheets
Aida et al. reported a supramolecular hydrogel formed

by mixing negatively charged poly(sodium acrylate)-
wrapped clay nanosheets with positively charged gua-
nidinium ion end-modified dendrimers (Table 3)31. The
supramolecular network structure of the material col-
lapsed and formed a liquid upon application of oscilla-
tory force but recovered to a solid state within a few
seconds after the oscillatory force was stopped.

Table 1 Chemical structures, healing ratios, and healing
conditions of materials containing hydrogen bonds.

Motif Healing ratio

(time/temperature)

Refs.

Quantitatively 24

σ/σo= 94% (3 h/40 °C) 25

σ/σo= 94% (6 h/24 °C) 26

σ/σo represents the healing ratio of fracture stress.
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The material exhibited thixotropic properties due to the
repeated collapse and reformation of the supramole-
cular network structure. It also showed reattachment
properties.

Random distribution of ionic pairs
Gong et al. reported strong hydrogels (polyampholyte

hydrogels) using linear amphoteric polyelectrolyte poly-
mers with ionic bonds as crosslinks32. In the material,
strong and weak associations were formed depending on
the number of ion pairs forming the aggregate: the former
as permanent crosslinks and the latter as sacrificial bonds.
The presence of these crosslinks with different strengths
resulted in the formation of strong, elastic, and tough
hydrogels. Furthermore, these hydrogels have been
reported to reattach and self-repair by recombination of
bonds when placed in water.

Large numbers of weak bonds
In general, self-healing of materials with a high Young’s

modulus is difficult because of low segmental motion. To
overcome this drawback, Zuo et al. fabricated a self-healing
material by introducing many relatively weak bonds and
taking advantage of the rapid decrease in Young’s modulus
upon heating33. Polydimethylsiloxane cross-linked with Zn-
carboxylate interactions was rigid (Young’s modulus:
E= 800MPa) at room temperature. The cross-linked
polydimethylsiloxane material was rigid at room tempera-
ture (E= 800MPa) but rapidly became flexible (E=
0.9MPa) upon heating to 80 °C, showing self-healing
properties. Furthermore, the material melted when heated
to 120 °C, indicating that it could be used in 3D printing.

Promoting bond exchange
The promotion of bond exchange by external stimuli

facilitates self-healing in a short time and under mild

Table 2 Chemical structures, healing ratios, and healing conditions of metal coordination complexes.

Motif Healing ratio (time/temperature) Refs.

Quantitatively 27

Gf/Gf0= 100% (30 s/r.t./UV exposure) 28

Quantitatively 29

Pd3L6: Re-adhesive (4 h/40 °C) Pd24L48: No-adhesive (4 h/40 °C) 30

Gf/Gf0 represents the healing ratio of fracture toughness.
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conditions. Miwa et al. reported a material in which the
self-healing properties were controlled by CO2 gas; this
material was synthesized by neutralizing poly-
dimethylsiloxane modified with amide groups and car-
boxyl groups with sodium hydrate34. Microphase
separation of polar ion-associated clusters and nonpolar
main chains was observed, resulting in reversible cross-
links. CO2 gas accelerated self-healing by enhancing the
mobility of ionic aggregates, although the self-healing
ratio in room-temperature air was limited.

Other interactions
π–π stacking
Attractive interactions between π electrons on aromatic

moieties result in π–π stacking interactions. In particular,
self-healing materials based on donor–acceptor π–π
stacking between pyrene units (π electron-rich) and

naphthalene-diimide units (π electron poor) have been
developed35,36. Blending the naphthalene-diimide-based
polyimide and terminally pyrene-modified polymer
results in homogeneous films because π–π stacking
interactions prevent phase separation. The obtained films
were cut into two pieces and then rejoined. Upon expo-
sure to high temperatures, the contact surface dis-
appeared, and the healed film regained its initial Young’s
modulus.

Dynamic covalent bonds
General covalent bonds are irreversible, and no bond

exchange occurs. However, dynamic covalent bonds exist in
a thermodynamic equilibrium state of forming and breaking
under specific conditions (temperature, light, pH, and
chemical stimuli). Many self-healing materials based on
dynamic covalent bonds have been reported, such as

Table 3 Chemical structures, healing ratios, and healing conditions of materials containing ionic bonds.

Motif Healing ratio (time/temperature) Refs.

Quantitatively 31

Gf/Gf0 ~99% (24 h/25 °C) 32

σ/σo= 98% (4 h/80 °C) 33

Gf/Gf0 ~90% (8 h/26 °C/CO2 gas) Gf/Gf0 ~90% (1 week/

−10 °C/CO2 gas)

34
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Diels-Alder reaction products37 and materials containing
hydrazine bonds38, disulfide bonds39, and thiocarbonate
bonds40. A vitrimer is a chemically cross-linked network
that undergoes a bond exchange reaction upon heating.
Even for ester bonds, it is possible to create vitrimers by
activating the exchange reaction with a catalyst41.

van der Waals forces
As mentioned above, self-healing materials have been

achieved mainly by using functional substituents and
additives. Recently, self-healing materials with van der
Waals interactions between the polymer chains have also
been reported. Random copolymers with a methyl metha-
crylate/n-butyl acrylate molar ratio of 45/55 to 50/50 have
been shown to exhibit self-healing properties42. The van der
Waals forces between the segments resulted in a lock-and-
key conformation, and this interaction was responsible for
the self-healing properties. The tensile test showed that they
were almost completely repaired after 14 h. Self-healing
materials using crystalline nanodomains of random copo-
lymers as reversible interaction sites have also been repor-
ted; copolymers of ethylene and anisyl propylene derivatives
exhibited self-healing properties based on the crystalline
nanodomains of the ethylene segment43

Host–guest interactions
The host–guest interaction is an interaction in which a

macrocyclic molecule (host molecule) incorporates a sui-
tably sized molecule (guest molecule) to form an inclusion
complex. Crown ethers44, cucurbit[n]urils (CB[n]s)45, calix
[n]arenes46, pillar[n]arenes47, and cyclodextrins (CDs)48

have been employed as host molecules. These inclusion
complexes have various association constants depending
on the size, shape, and charge state of the guest molecule.
Material design based on molecular recognition is a fea-
ture of host–guest interactions. Molecular recognition
realizes macroscopic self-assembly49 and sol–gel transi-
tions50, inspiring the creation of self-healing materials
based on host-guest interactions. This subsection focuses
on three kinds of designs for self-healing materials using
host–guest interactions.

Mixing between host and guest polymer
In this approach, host molecules or guest molecules are

grafted onto the polymer. By mixing the obtained host
polymers and guest polymers, inclusion complexes
of the guest and host residues of the polymer side chains
are formed. As a result, supramolecular materials with
reversible crosslinks based on inclusion complexes are
obtained. By employing guest molecules that change their
association constants in response to external stimuli,
stimulus-responsive materials can be fabricated. Redox-
responsive hydrogels have been obtained by mixing βCD-
modified poly(acrylic acid) and ferrocene (Fc)-modified

poly(acrylic acid) (Table 4)51. The high association con-
stants between βCD and Fc (Ka= 1.1 × 103M−1) resulted
in inclusion complexes with reversible crosslinks. The
obtained hydrogel was cut into two pieces and then
rejoined. After standing for 24 h, the contact surface dis-
appeared, and the gel showed 84% of its initial strength.
The addition of an oxidant (sodium hypochlorite) con-
verted the hydrogel into a solution. The oxidized ferro-
cenium (Fc+) cation exhibited a low affinity for βCD,
leading to dissociation of the inclusion complexes.
Then, the addition of a reductant (glutathione) reduced
Fc+ to Fc and reformed the inclusion complex, yielding a
hydrogel again.
In contrast to CD, which disfavors the cationic guest,

crown ethers form an inclusion complex with a cationic
guest. Unshared electron pairing of oxygen atoms in the
crown ether stabilizes the cationic guest. pH-responsive
organogels were prepared by mixing dibenzo[24]crown-8
(DB24C8)-modified poly(methyl methacrylate) and bisam-
monium crosslinkers52. The organogels showed gel-sol and
sol-gel transitions upon the addition of a base (triethyla-
mine) and an acid (trifluoroacetic acid). The organogels also
showed self-healing properties, and the cracks on the
sample disappeared within 4min.
Pillar[n]arenes act as host molecules for cationic or

electron-deficient guest molecules. Redox-responsive orga-
nogels were prepared by mixing pillar[6]arene-modified
poly(methyl acrylate) and Fc+-modified polystyrene53. The
organogels showed gel-sol and sol-gel transitions upon the
addition of a reductant (hydrazine) and an oxidant {silver
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate}. Since pillar
[n]arenes are relatively new macrocyclic molecules, there
have been few reports of self-healing materials that use
them. However, there are potential host-guest materials
that use the unique properties of pillar[n]arenes, which
include self-assembly and planar chirality.
When supramolecular elastomers are prepared by drying

a solution of host and guest polymers, not only the chemical
structure but also processing is important. The elastomer
obtained by drying an N-methyl pyrrolidone solution of
peracetylated CD-modified poly(ethyl acrylate) and
adamantane-modified poly(ethyl acrylate) after ball milling
treatment showed higher toughness than the elastomer
obtained by normal stirring and casting methods54. Scrat-
ches made with a hard brush on the surface of the elasto-
mer disappeared quickly upon heating. The high stress of
ball milling detangled the polymer chains, resulting in
chains with high mobility. This high mobility facilitated the
reformation of inclusion complexes to improve the
mechanical properties and self-healing properties.

2-Type host–guest interactions
Another family of macrocyclic molecules is CB[n]s.

While CB[5], CB[6], and CB[7] form inclusion complexes
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with single guest molecules, CB[8] simultaneously cap-
tures two guest molecules and even forms 1:1:1 hetero-
ternary complexes with dissimilar guest molecules.
Supramolecular materials can be obtained from native CB
[8]s and guest polymers and are free from complicated
modification of macrocyclic molecules. Mixing CB[8],
viologen-modified poly(2-hydroxyethyl acrylate) and
naphthalene-modified poly(N,N-dimethyl acrylamide)
yielded supramolecular hydrogels55. The thermal rever-
sibility of crosslinks in hydrogels was demonstrated, as the
hydrogels showed gel–sol and sol–gel transitions upon
heating and cooling. CB[n]s can form inclusions with two
identical guest molecules with 1:2 homoternary com-
plexes. After the formation of inclusion complexes of CB
[8] and two guest monomers, copolymerization between
the inclusion complex and acrylamide yields supramole-
cular networks56. The obtained hydrogels showed high
fracture strain (over 10,000%) and complete healing at
room temperature.

Polymerization of inclusion complexes
To achieve good self-healing properties, it is necessary

to efficiently form inclusion complexes between the host
and guest units in the material. Mixing host and guest
polymers is considered to be disadvantageous because
inclusion complexes form imperfectly. As the viscosity
increases with the formation of the inclusion complex,
molecular mobility is impaired before all the host and
guest moieties form inclusion complexes. To solve this
problem, another method of polymerizing inclusion
complexes of host and guest monomers was developed.
Insoluble guest monomers can be solubilized via com-
plexation with host monomers. The obtained polymer
chain bears both host units and guest units.
After the formation of inclusion complexes of βCD

monomers and adamantane monomers, copolymerization
between the inclusion complex and acrylamide yielded
supramolecular hydrogels (Table 5)57. The obtained
hydrogel was cut into two pieces and then rejoined. After
standing for 24 h, the contact surface disappeared, and the
hydrogel possessed 99% of its initial strength.
The polymerization of inclusion complexes successfully

improved the healing efficiencies. However, supramolecular
materials with poly(acrylamide) main chains showed no
self-healing properties under dry conditions. Rather, humid
conditions were still needed to achieve self-healing. To
overcome this, poly(methoxy triethyleneglycol acrylate)
(polyTEGA) was employed as the main chain polymer with
a lower glass transition temperature (Tg of polyTEGA=
−50 °C, Tg of polyacrylamide= 165 °C)58. The self-healing
xerogels with polyTEGA main chains regained 60% of their
initial strength at 100 °C after standing for 24 h. In addition,
a high association constant of the guest unit with the βCD
unit was found to result in high healing ratios.Ta
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By using guest molecules whose absorption wavelengths
change between the inclusion and free states, it is possible
to create materials that change color in response to stimuli.
Phenolphthalein is purple in basic aqueous solution, but the
inclusion complex that forms between βCD and phe-
nolphthalein is colorless59. Thus, stimulus-responsive
hydrogels with βCD and phenolphthalein inclusion com-
plexes as crosslinks were prepared. The obtained hydrogel
was still colorless upon immersion in KH2PO4/NaOH basic
buffer (pH= 8). This colorless gel turned purple upon
heating to 87 °C because the inclusion complex was dis-
sociated. The gel became colorless again upon cooling due
to reassociation. The hydrogel also underwent a color
change when competing guest molecules or currents (Joule
heating) were applied. Furthermore, self-healing xerogels
were obtained by removing the solvent.

Another preparation method of dry self-healing mate-
rials is bulk polymerization without a solvent. In this
method, the inclusion complex between the host mono-
mer and guest monomer needs to be dissolved in the
liquid main chain monomer. However, CD monomers
with a large number of hydroxyl groups cannot be dis-
solved in most general hydrophobic main chain mono-
mers. Then, self-healing elastomers were fabricated using
hydrophobic CD monomers with all hydroxyl groups
acetylated60. The bulk copolymerization of peracetylated
CD monomer, 2-ethyladamantyl acrylate, and ethyl acry-
late was carried out. The obtained elastomer was cut into
two pieces and then rejoined. The contact surface dis-
appeared, and the gel showed 95% of its initial strength
within 4 h at 80 °C. In addition, this elastomer can be
recycled. The toluene-swollen sample was ground with a

Table 5 Chemical structures, healing ratios, and healing conditions of supramolecular materials from the
polymerization of host–guest inclusion complexes.

Host (H) Guest (G) Main chain (M) Healing ratio (time/temperature) Refs.

βCDAAm

Ad

pAAm

σ/σo= 99% (24 h/r.t.) 57

PP

pHEA

Xerogel: σ/σo= 65% (24 h/RT) 59

βCDAAmMe

Ad pTEGA σ/σo= 60% (24 h/100 °C) 58

PAcγCDAAmMe

AdEtA pEA Gf/Gf0= 95% (4 h/80 °C) 60
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ball mill to form a slurry, and the toluene was removed to
obtain a recycled sample with the original properties.

Materials with movable crosslinks
Movable crosslinks consist of a mechanically interlocked

architecture in which polymers penetrate macrocyclic
molecules. The movable crosslinked materials are tougher
upon stress dispersion, which occurs due to the sliding
motion of macrocyclic molecules along polymers. Self-
restoring properties are also expected because the movable
crosslinks return to their original position by entropic
elasticity after unloading. This section focuses on a typical
approach to obtain movable cross-linked materials.

Polyrotaxanes as starting materials
Polyrotaxanes are macromolecules composed of mac-

rocyclic molecules threaded by axle polymers and that
have bulky stoppers at both ends. In 1990, αCDs were
threaded onto a PEG chain to yield poly-pseudo-rotaxanes
for the first time61. In 1992, a polyrotaxane was prepared
by the end-capping reaction of complexes between αCDs
and PEG bisamines with 2,4-dinitrofluorobenzene62.
Movable crosslinked materials can be fabricated by

using polyrotaxanes as cross-linkers. Ito et al. prepared a
“topological gel” by a crosslinking reaction between
hydroxyl groups on two αCDs in different polyrotaxanes
using cyanuric chloride (Table 6)63. In contrast to cova-
lent crosslinks, which cause stress concentration, movable
cross-links act like pulleys to equalize the tension of the
polymer chain. This stress dispersion restricts the break-
down of the polymer chains to realize tough materials.
This “pulley effect” has been industrially applied to
scratch-healing coatings64. The movable crosslinks pre-
vent cracks, and the coating can return to its original
shape because of its elasticity. Movable crosslinked

materials with polyrotaxanes of pillar[5]arene were also
reported by Ogoshi et al.65.
The sliding motion of the movable crosslinks can also be

utilized to promote the reformation of reversible crosslinks
and improve the self-healing properties. Self-healing mate-
rials were prepared by copolymerization between acrylamide
and 4-vinylphenylboronic acid in the presence of poly-
rotaxanes with hydroxypropyl-modified αCDs (Table 7)66.
The obtained hydrogel contained dynamic covalent bonds
between boronic acid and the diol of αCDs in polyrotaxanes.
These hydrogels showed a higher healing ratio and a shorter
healing time (~100%, 15min) than the reference gel with
dynamic covalent bonds involving the diol of linear poly-
saccharides (~20%, 60min). Efficient healing was realized by
movable crosslinks on the polyrotaxanes. Self-healing
hydrogels consisting of αCDs in polyrotaxanes crosslinked
by an inclusion complex between βCD and adamantane
have also been reported67.

Formation of rotaxane/polyrotaxane structures on side
chains
Movable cross-linked materials with rotaxanes/poly-

rotaxanes in the side chains are advantageous because the
rotaxanes/polyrotaxanes and the main chain polymer can
be designed. Takada et al. prepared a rotaxane crosslinker
with methacrylate groups modified on the poly(δ-valer-
olactone) axle and a crown ether ring in [2]rotaxane, and
then copolymerization with the main chain monomer
(butyl acrylate or 2-ethylhexyl acrylate) was carried out68.
The obtained movable crosslinked elastomer showed
higher fracture strain and stress than the reference sample
with covalent crosslinks (Table 8).
γCDs can simultaneously capture two PEG chains to form

double-stranded inclusion complexes69. This property
enables the design of movable crosslinked materials free

Table 6 Chemical structures and functions of the movable crosslinked materials obtained from polyrotaxanes.

Ring Axis Structure Function Refs.

High toughness self-restoring 63,64

– 65
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from complicated modification of γCD. Guest macro-
monomers were synthesized by PEG terminal modification
with a methacrylate group and bulky stopper70. Movable
crosslinked microgels were prepared by precipitation
copolymerization of the main chain monomer (N-isopropyl
methacrylate) and the inclusion complex between the guest
macromonomers and γCDs. γCDs in the obtained microgel
formed aggregate-based hydrogen bonds at pH= 7 and
disaggregated by weakening the hydrogen bonds at pH=
10. As a result, the swelling rate and thus the particle size of
the microgels in water changed with pH. In addition, the
microgels were thermoresponsive based on the lower cri-
tical solution temperature of the poly(N-isopropyl metha-
crylate) main chain.

Formation of rotaxane/polyrotaxane structures on the
main chain
This approach can be further divided into two main

methods. The first method is polycondensation that occurs
after the formation of a pseudorotaxane/rotaxane structure.
Photoresponsive movable crosslinked materials were fabri-
cated using pseudo[2]rotaxane consisting of lysine-modified
αCD and diamine-modified azobenzene (Table 9)71. Poly-
condensation with succinimidyl-modified PEG yielded
movable crosslinked hydrogels. Azobenzene (Azo) showed

photoinduced isomerization between trans-Azo and cis-
Azo. trans-Azo possessed a high affinity for αCD, but cis-
Azo possessed low affinity. The dried xerogels quickly bent
toward the light source upon UV irradiation (wavelength:
365 nm−1) because of the isomerization to cis-Azo and
unthreading from the αCD cavity, leading to the sliding of
CD units along the PEG chain.
The self-restoration of movable crosslinked materials can

be improved by introducing a high-affinity guest into the
axle of [2]rotaxane. Yan et al. fabricated movable cross-
linked materials using a [2]rotaxane dibenzo-24-crown-8
ring and dibenzylammonium salt72. The ring and axle were
modified with two vinyl groups, and then a thiol-ene click
reaction with 3,6-dioxa-1,8-octanediol yielded movable
crosslinked materials. The macrocyclic units favor cationic
guest units due to their high affinity. Upon application of
stress to the materials, the macrocyclic units were pulled
away from the cationic guest units. This behavior dissipated
the stress to realize high toughness. After the stress was
unloaded, host–guest interactions facilitated reassociation,
leading to fast deformation recovery.
The second method is the formation of movable

crosslinks through copolymerization between the mac-
rocyclic monomer and main chain monomer.
Movable crosslinked elastomers were prepared by bulk

Table 7 Chemical structures, healing ratios, and healing conditions of materials with movable and reversible crosslinks.

Movable crosslink (polyrotaxane) Reversible cross-link Structure Healing ratio (time/

temperature)

Refs.

σ/σo ~100% (15 min/r.t.) 66

σ/σo ~60% (2 h/r.t.) 67
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copolymerization between hydrophobic CD monomers
and alkyl acrylate73. The formation of movable crosslinks
depends on the cavity diameter of CD and the size of the
main chain monomer. In the case of ethyl acrylate (EA)
and peracetylated γCD monomers, poly(EA) main chains
threaded γCD units and acted as movable crosslinks. In
contrast, copolymerization using butyl acrylate and per-
acetylated βCD monomers yielded only a small number of
movable crosslinks. The formation of movable crosslinks
depends on the cavity diameter of CD and the size of the
main chain monomer. The obtained elastomer showed
higher toughness than the poly(EA) with covalent cross-
links. As CD monomers are soluble in liquid acrylamide
monomers (N,N-dimethyl acrylamide, 4-acryloylmor-
pholine, and N,N-dimethylaminopropyl acrylamide),
hydrophilic movable crosslinked materials were also
prepared in the same manner74. The preparation of
polyrotaxanes/poly-pseudo-rotaxanes consisting of poly
(alkyl acrylate)s or poly(acrylamide) derivatives as the
axles have not been achieved by mixing CD and these
polymers in water. Then, these preparation methods
enabled polyrotaxanes/poly-pseudo-rotaxanes that cannot
be obtained by conventional methods. Using similar
preparation methods, movable crosslinked adhesives with
high peel strength were also prepared75.

Materials with multiple crosslinks
Recently, material scientists have attempted to develop

self-healing materials with multiple reversible bonds. This
section describes typical strategies for fabricating high-
performance materials using multiple reversible bonds.
The reformation of reversible bonds for self-healing

requires mobile polymer chains. Generally, it is difficult
to achieve both a high healing ratio and stiffness without
external energy. To overcome this challenge, Guan et al.
designed self-healing materials with hard-soft multi-
phase (Table 10)76. Hydrogen bonding brush polymers
consist of polystyrene backbones and polyacrylate amide
brushes. Transmission electron microscopy images
revealed their core-shell morphologies with polystyrene
nanospheres (hard phase) dispersed in a polyacrylate
amide matrix (soft phase). The hard phase exhibited a
high Young’s modulus. The high mobility of polymer
chains in the soft phase allowed reassociation of the
hydrogen bonds, realizing a high healing ratio (λ/λo ~
90%) at room temperature.
As shown in Sections “Introduction”–“Materials and

movable crosslinks”, the combination of strong and weak
ionic bonds resulted in both high toughness and high
healing ratio32. This concept has inspired researchers to
develop self-healing materials with strong and weak

Table 8 Chemical structures and functions of movable crosslinked materials with rotaxane/polyrotaxane structures on
their side chains.

Host (H) Guest (G) Main chain (M) Structure Function Refs.

High toughness 68

High toughness expansion–contraction (heat and pH) 70
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reversible bonds. Zheng et al. prepared poly(cis-1,4-iso-
prene)-modified amide-triazole groups and then added
ZnCl2

77. Some amide-triazole groups form coordination
bonds with Zn ions, and the others form hydrogen bonds
between themselves. The obtained elastomers were cut
into two pieces and rejoined at 80 °C for 24 h, resulting in
the healed sample regaining high toughness (60 and
42.8MJ m−1 for original and healing samples, respec-
tively). The weak hydrogen bonds first re-formed between
the separated surfaces, which re-adhered and helped re-
form the strong coordination bonds.
Multivalent effects can be used to design strong and

weak bonds. Bao et al. prepared self-healing materials by

polycondensation of bis(3-aminopropyl)-terminated poly
(dimethylsiloxane), 4,4′-methylenebis(phenyl isocyanate),
and isophorone diisocyanate78. The obtained elastomer
contained 4,4′-methylenebis(phenylurea) (MPU) units
and isophorone bisurea (IU) units as hydrogen bonding
motifs. As a strong bond, quadruple hydrogen bonding
can form between two MPU units due to their rigid
symmetrical structures. In contrast, the IU unit can only
form a maximum of dual hydrogen bonds with other IU
or MPU units due to steric hindrance.
In contrast to the above two works, complexes have been

designed in which strong bonds facilitate the re-formation of
weak bonds. Bao et al. reported a self-healing elastomer with

Table 9 Chemical structures and functions of movable crosslinked materials with rotaxane/polyrotaxane structures in
the main chains.

Host (H) Main chain (M) Structure Function Refs.

Expansion–contraction bending

(Light: UV and vis)

71

High toughness 73

High toughness 74

High toughness Strong adhesives 75

High toughness Self-restoring 72
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Table 10 Chemical structures, healing ratios, and healing conditions of materials with multiple reversible bonds.

Motif Healing ratio (time/

temperature)

Refs.

λ/λo= 90% (24 h/25 °C) 76

Gf/Gf0= 71% (24 h/80 °C) 77

λ/λo= 90% (48 h/r.t.) λ/λo= 68%

(72 h/−20 °C)

78

λ/λo= 86% (48 h/r.t.) 79

Gf/Gf0= 56% (12 h/r.t.) Gf/Gf0=

84% (12 h/80 °C°C)

80
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poly(dimethylsiloxane) polymer chains cross-linked by 1:2
coordination complexes between Fe3+ and 2,6-pyr-
idinedicarboxamide ligands79. These complexes contain
strong Fe3+–Npyridyl bonds (145.0 kcalmol−1), intermediate
Fe3+–Namide bonds (82.7 kcal mol−1), and intermediate
Fe3+–Oamide bonds (40.7 kcalmol−1). These bonds are sta-
bilized by chelation. However, Fe3+–Namide and Fe

3+–Oamide

bond cleavage weakens the Fe3+–Npyridyl bonds, leading to
effective stress dispersion. After dissociation of the cross-
links, Fe3+–Npyridyl bonds hold them in close proximity and
allow rapid bond re-formation. This rapid ligand exchange
achieves high rupture strain (>10,000%) and self-healing at
even low temperatures (−20 °C).
The introduction of nanofibers is a well-known method

of improving the mechanical properties of composite
materials. Applied stress on the materials is dispersed
along nanofibers to realize higher toughness. Self-healing
composite materials were prepared by copolymerization
of peracetylated γCD monomers, 12-acrylamido dodeca-
noic acid, and 2-hydroxyethyl acrylate in the presence of
citric acid-modified cellulose (CAC)80. The CAC-based
composites realized high toughness (151MJ m−3) and a
high healing ratio (Gf/Gf0= 84%) at 80 °C based on
host–guest interactions and hydrogen bonds between the
nanofibers and polymeric matrix.

Conclusion
In recent years, significant progress has been made in

achieving various functions based on supramolecular
chemistry. This review provides an overview of the strate-
gies used to achieve self-healing and self-restoring materials
by using reversible and movable crosslinks. The reversible
bonds endow self-healing properties by re-formation.
Reversible crosslinks exploit many kinds of dynamic cova-
lent bonds and noncovalent bonds, such as hydrogen
bonds, metal coordination bonds, ionic interactions, π–π
stacking, van der Waals forces, and host–guest interactions.
In particular, highly flexible designs were realized by the
molecular recognition of host–guest interactions based on
their size, shape and charge. Other kinds of crosslinks,
movable crosslinks, show self-restoring properties due to
their sliding motion. In addition, the multiple reversible
crosslinks produce synergistic effects to achieve high
toughness and effective self-healing simultaneously. These
self-healing and self-restoring properties are expected to
prolong the lifetime of polymeric materials, leading to a
reduction in waste and a low environmental impact. We
believe that supramolecular materials will play a substantial
role in realizing a sustainable society.
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