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the consumption of the encapsulated 
agents, the repair in such system is not 
repeatable.[6] Therefore, specially designed 
3D microvascular networks were adopted 
to avoid depletion of healing agents.[7] 
There are also some other approaches to 
attain multiple healing cycles of a single 
crack, such as solvent microencapsula-
tion,[8] nanoparticle segregation,[9] coaxial 
electrospinning,[10] thermoset/thermo-
plastic blending,[11] magnetic and resist-
ance heating,[12] UV crosslinking,[13] etc. 
However, repetitive healing was very rare 
in such systems.

To solve this problem, reversible 
covalent bonds or noncovalent interac-
tions are incorporated into polymers as 
crosslinkages so that they will break and 
reform reversibly, leading to repeatable 
self-healing. Self-healing systems based 
on dynamic covalent chemistry developed 
so far involved the use of Diels–Alder 
(DA) reactions,[14] [2 + 2] cycloaddition,[15] 
acylhydrazone bonds,[16] trithiocarbonate 

units,[17] disulfide moieties,[18] and diarylbibenzofuranone.[19] 
Their impressive repetitive healing characteristics originated 
from the responsiveness of the reversible bonds to external 
stimuli such as temperature, chemicals, and light.

Noncovalent interactions, including hydrogen bonding,[20] 
hydrophobic associations,[21] π–π stacking,[22] ionic interac-
tions,[23] and metal–ligand interactions,[24] have also been used 
to produce polymers with self-healing properties. Compared 
to dynamic covalent chemistry, noncovalent interactions are 
generally more susceptible to the external environment. There-
fore, self-healing systems based on noncovalent interactions 
usually exhibited extraordinary healing and stimuli-responsive 
characteristics.

Among the various noncovalent interactions, of most inter-
ests are the metal–ligand interactions due to their unique 
properties. There are a vast range of accessible metal–ligand 
complexes (so-called metal complexes or coordination com-
pounds). In general, the strength of coordination bond is 
between covalent bond and van der Waals interactions and 
most importantly, they can be tuned in a rather broad range 
(approximately between 25% and 95% of a covalent bond).[25,26] 
By careful selection of the combination of ligand and metal ion, 
it is possible to tune the bond strength into weak and dynamic 

Self-healing ability is an important survival feature in nature, with which 
living beings can spontaneously repair damage when wounded. Inspired by 
nature, people have designed and synthesized many self-healing materials 
by encapsulating healing agents or incorporating reversible covalent bonds 
or noncovalent interactions into a polymer matrix. Among the noncovalent 
interactions, the coordination bond is demonstrated to be effective for con-
structing highly efficient self-healing polymers. Moreover, with the presence 
of functional metal ions or ligands and dynamic metal–ligand bonds, self-
healing polymers can show various functions such as dielectrics, lumines-
cence, magnetism, catalysis, stimuli-responsiveness, and shape-memory 
behavior. Herein, the recent developments and achievements made in the 
field of self-healing polymers based on coordination bonds are presented. 
The advantages of coordination bonds in constructing self-healing polymers 
are highlighted, the various metal–ligand bonds being utilized in self-healing 
polymers are summarized, and examples of functional self-healing polymers 
originating from metal–ligand interactions are given. Finally, a perspective is 
included addressing the promises and challenges for the future development 
of self-healing polymers based on coordination bonds.

Self-Healing Polymers

In celebration of the 10th Anniversary of the College of Engineering and Applied Sciences at 
Nanjing University

1. Introduction

Most natural biomaterials have an intrinsic ability to self-heal 
upon encountering damages. For example, a minor wound on 
human skin can be completely healed over time. To mimic the 
self-healing properties of natural biomaterials and prolong the 
lifetime of the material in various applications, many synthetic 
self-healing polymers which can repair the internal or external 
damages have been developed.[1–5]

The initial polymeric self-healing materials relied on micro-
encapsulated healing agents within the bulk polymer. Due to 
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which is favorable for self-healing. Moreover, with the presence 
of functional metal ions or ligands and the dynamic metal–
ligand bonds, the polymer can show various functions such as 
dielectrics, luminescence, magnetism, catalysis, stimuli-respon-
siveness, and shape-memory behavior.[27]

Since the first report of self-healing polymer based on coordi-
nation bonds by Rowan and co-workers in 2011,[24] the number 
of research papers in this area is growing very fast. In view of 
the vast variety of coordination motifs, as well as the diversi-
fied physical and chemical properties that originated from the 
introduction of functional metal ions and/or ligands, plenty of 
metal-containing self-healing materials with advanced func-
tionalities can be prepared. These materials may find valuable 
potential applications in various technological areas.

Here, the advances in the research of self-healing polymers 
based on the metal–ligand bonds are summarized through a 
selection of key examples. In particular, Section 2 briefly pre-
sents a general overview of the advantages of coordination 
bonds in constructing self-healing polymers. Section 3 sum-
marizes the various coordination bonds used as crosslinking 
sites to derive self-healing polymers. Section 4 provides some 
example on functional self-healing polymers based on coordi-
nation bonds. Finally, we present a perspective of the promises 
and challenges of self-healing polymers based on the metal–
ligand bonds.

2. Advantages of Coordination Bonds in 
Constructing Self-Healing Polymers

Metal–ligand coordination bonds are a very unique kind of non-
covalent interactions which form between a metal ion (known 
as coordination center) and its surrounding array of organic 
molecules (known as ligand).[28] In many cases, the formation 
of metal bonds is spontaneous, the bond energies are highly 
tunable, sometimes the bond can be both thermodynamically 
stable and yet kinetically labile. Such features are favorable for 
constructing self-healing polymers. Moreover, the presence of 
functional metal ions and/or ligands and the dynamic metal–
ligand bonds can lead to various functionality, thus functional 
self-healing polymers can readily be obtained.

2.1. Spontaneous Bond Formation

Most coordination reactions between metal ion and ligands 
undergo spontaneously. This can be explained by changes of 
Gibbs free energy (ΔG) in coordination reactions. According to 
the thermodynamic theory, a spontaneous reaction is one that 
the ΔG is negative.[29] The ΔG is equal to the change in enthalpy 
(ΔH) minus the mathematical product of the change in entropy 
(ΔS) multiplied by the Kelvin temperature (ΔG = ΔH – TΔS). 
Therefore, if enthalpy is decreasing while the entropy is 
increasing during a reaction, then ΔG must be negative and the 
reaction is a spontaneous process.

In a free transition metal cation all the five d-orbitals are 
degenerate (i.e., they have the same energy) in a spherically 
symmetric field.[30] When the ligands approach the central 
metal ion, d-subshell degeneracy is broken due to the static 
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electric field. Because electrons repel each other, the d elec-
trons closer to the ligands will have a higher energy than those 
further away, resulting in the d orbitals splitting. This splitting 
is affected by several factors, such as the nature of the metal 
ion, the metal’s oxidation state (a higher oxidation state leads 
to a larger splitting), the arrangement of the ligands around 
the metal ion, and the nature of the ligands surrounding the 
metal ion, etc. When the d orbitals are split in a ligand field, 
some of them become lower in energy than before. As a result, 
if the lower-energy set of d orbitals is selectively populated by 
electrons, then there will be an overall energy decrease (crystal 
field stabilization energy).[31] Therefore, the formation of coor-
dination bond is generally an enthalpy decreasing process, that 
is why free metal cations are unstable and tend to form coor-
dination compounds with solvent molecules (such as H2O) in 
solution.

In terms of entropy, which deals with the distribution of 
energy within a system,[32] as many coordination bond for-
mation processes are related to substitution of small ligands 
(such as H2O, Cl−, NH3) by larger ligands (such as pyridine, 
carboxylate, phosphine), the entropy is increasing due to the 
release of smaller molecules. When bidentate (such as bipy-
ridine, ethylenediamine) or multidentate (such as terpydine, 
phthalocyanine, ethylenediaminetetraacetic acid) are involved 

Adv. Mater. 2019, 1903762



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1903762 (3 of 29)

www.advmat.dewww.advancedsciencenews.com

in the coordination, the increase in entropy is more perceiv-
able because bringing two molecules together (a bidentate or 
multidentate ligand and a metal complex) costs less entropy 
than bringing three or more molecules together (two or more 
monodentate ligands and a metal complex).

Therefore, many coordination reactions are enthalpically 
and/or entropically favored and can generally occur spontane-
ously. This is favorable for designing polymers that can be self-
healed without any external stimuli.

2.2. Tunable Bond Strength

The coordination bond is usually classified as of intermediate 
strength between purely covalent (strong) and supramolec-
ular (weak) bonds, although its nature (covalent to ionic) and 
strength are strongly dependent on the chemical nature of both 
the central metal ions and the ligands. Indeed, considering the 
broad variety of metallic cations (arising from the s, p, d, or f 
blocks) and complexing groups (either neutral: amine, pyri-
dine, nitrile, etc. or anionic: carboxylate, phosphonate, azolate, 
phenolate, …) available, these bonds are highly tunable.[31] The 
strength of a coordination bond can be qualitatively predicted 
by hard–soft acid–base (HSAB) theory proposed by Ralph G. 
Pearson.[33]

Lewis acid/base theory is a broad, widely applicable approach 
to the classification of chemical substances and the analysis of 
chemical reactions. According to this theory, a base is defined 
as an electron pair donor, and an acid as an electron pair 
acceptor. Donation of an electron pair from base to acid results 
in the joining of the acid and base via a chemical bond. Ligands 
are Lewis bases—they contain at least one pair of electrons to 
donate to a metal atom/ion. Metal atoms/ions are Lewis acids—
they can accept pairs of electrons from Lewis bases. A coordi-
nation complex is the product of a Lewis acid-base reaction in 
which neutral molecules or anions (called ligands) bond to a 

central metal atom (or ion) by coordination bonds. The HSAB 
theory categorizes chemical species as acids or bases and as 
“hard,” “soft,” or “borderline.” Soft acids or bases tend to be 
large and polarizable, while hard acids or bases are small and 
nonpolarizable. Since these categories are not absolute, there 
are species that are considered borderline, which lie in between 
hard and soft.

Metal cations with low electronegativity, high charge, and 
small size are hard acids. Specific examples of hard acids are 
the metal cations from the s and f blocks, and the higher-
charged ions from the left side of the d block, such as Na+, 
Mg2+, Fe3+, and Al3+. Metal cations with intermediate to high 
electronegativity, low charge, and large size are soft acids. Spe-
cific examples of soft acids include Cu+, Hg2+, Au+, Ag+, and 
Pb2+. Hard bases are those in which the donor atom is either 
O or F due to their high electronegativity and small size. Spe-
cific examples are O2−, F−, OH2, CO3

2−, and PO4
3−. Soft bases 

are characterized by donor atom of intermediate to high elec-
tronegativity and large size. Such as CN−, CO, I−, R3P, and 
R2S. Borderline acids are intermediate between hard and soft 
acids. Thus they tend to have lower charge and larger size than 
hard acids, or higher charge and smaller size than soft acids. 
The divalent ions of the d block, such as Fe2+, Cu2+, Ni2+, and 
Zn2+, are borderline acids. Borderline bases are intermediate 
between hard and soft bases. They tend to be larger and less 
electronegative than hard bases, or smaller and more electron-
egative than soft bases. Bases in which the donor atom is N or 
Cl fall in this category. Thus NH3, Cl−, and pyridine are bor-
derline bases. Figure 1 summarizes the classification of typical 
Lewis acids and bases.

Because hard acids and bases tend to be highly charged and 
nonpolarizable, the interaction between them is largely ionic. 
Their small sizes allow the acid and base to get close enough 
together so that the ionic interaction is quite strong. By con-
trast, soft acids and soft bases have strong covalent interactions 
because their electron clouds are polarizable. If hard acids react 
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to soft bases, or soft acids react to hard bases, 
or borderline acids react to borderline bases, 
then weak and dynamic coordination bonds 
can be formed. Such weak and dynamic coor-
dination bonds are desirable for constructing 
self-healing polymers.

HSAB is an extremely useful qualita-
tive theory that enables predictions of what 
adducts will form in a mixture of potential 
Lewis acids and bases. We can easily find a 
suitable combination of metal cations and 
ligands to obtain a coordination system with 
favorable bond strength to design polymers 
with excellent mechanical strength and self-
healing performance. Generally, as shown 
in Figure 1, a combination of hard case and 
hard acid or soft base and soft acid should be 
avoided as such combinations would lead to 
strong coordination bonds which are unfa-
vorable for self-healing.

2.3. Combination of Thermodynamic Stability and Kinetic Lability

There can be two interpretations when the term stability is 
applied to coordination compounds, thermodynamic or kinetic 
stability.[34] Thermodynamic stability refers to the change in 
Gibbs free energy on going from reactants to products, i.e., ΔG 
for the reaction. Kinetic stability refers to reactivity, generally 
ligand substitution for coordination compounds. Substitution 
occurs extremely rapidly in some cases and extremely slowly in 
others. Complexes of the former type are referred to as labile 
and those of the latter type inert.[31,34]

Many coordination compounds are highly labile and can 
undergo a variety of reactions, including electron transfer, 
ligand exchange, and associative processes. The factors 
affecting the labile/inert nature of complexes includes the 
size, charge, and d-electron configuration of the central metal 
ion.[34] Smaller the size and higher the change of the metal ion, 
weaker will be the lability because the ligands are held tightly 
by the metal ion. If electrons are present in the antibonding 
eg* orbitals, the complex will be labile because the ligands will 
be weakly bonded to the metal and hence can be substituted 
easily. Labile complexes will undergo ligand exchange pro-
cess in solution. There are two mechanisms for substitution 
reactions of coordination compounds, associative, which cor-
responds to the SN2 reaction in organic chemistry, and dis-
sociative, which corresponds to the SN1 reaction in organic 
chemistry.[31] Associative mechanism is a reaction in which an 
intermediate of higher coordination number is formed, while 
dissociative mechanism is a reaction in which an intermediate 
of reduced coordination number is formed by the departure 
of the leaving group. Taking a six-coordinated complex for 
example, as shown in Figure 2, for associative mechanism 
it first binds to the ligand B to form the intermediate seven-
coordination complex and then removes the ligand A to reform 
the six-coordinated complex. But for associative mechanism it 
first removes the ligand A to form the intermediate five-coor-
dination complex and then binds to the ligand B to reform the 

six-coordinated complex. During these processes, the ligands 
were exchanged.

Interestingly, for some coordination compounds, no corre-
lation exists between thermodynamic stability and kinetic sta-
bility. Many complexes are observed to be thermodynamically 
stable and yet kinetically labile.[35] A well-known example is 
[Ni(CN)4]2−. The second order rate constant for CN− exchange 
is >5 × 105 m−1 s−1. However this complex is very stable since 
the overall equilibrium constant of [Ni(CN)4]2− is as high as 
1.3 × 1030. In zinc proteins, it is known that the zinc-cysteine 
(ZnCys4) sites not only have high bonding energies but also 
exhibit excellent kinetic lability.[36] Synthetic thermodynamically 
stable and yet kinetically labile coordination compounds can 
also be achieved. Craig and co-workers demonstrated that intro-
ducing less sterically demanding ligands in PdII pincer-type 
coordination compounds can accelerate the ligand exchange 
process, while maintaining the thermodynamics stability. Thus 
two homologous reversible polymers in which the equilibrium 
structures are nearly identical exhibit distinct dissociation 
dynamics (differ by ≈2 orders of magnitude).[37] Recently, by uti-
lizing an alterdentate ligand, our group reported a Zn-Hbimcp 
(Hbimcp = 2,6-bis((imino)methyl)-4-chlorophenol) coordina-
tion compound which has a relatively large association constant 
(2.2 × 1011) but also undergoes fast and reversible intra- and 
intermolecular ligand exchange processes.[38]

The combination of thermodynamic stability and kinetic 
lability in coordination bonds is particularly favorable for 
self-healing polymers. For most self-healing materials based 
on dynamic crosslinked networks, there is often a trade-off 
between mechanical properties (modulus and toughness) and 
dynamic healing, i.e., stronger interactions often result in 
tough modulus but less dynamic systems, slowing down auton-
omous healing, while weaker interactions afford faster self-
healing, but yield soft and viscoelastic materials.[39,40] As the 
mechanical properties of a polymer are determined by the ther-
modynamic stability while the self-healing rate of a polymer 
is determined by the kinetic lability of the crosslinking sites, 
designing crosslinking site that is thermodynamically stable 

Adv. Mater. 2019, 1903762

Figure 2. The ligand exchange processes for labile complexes.



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1903762 (5 of 29)

www.advmat.dewww.advancedsciencenews.com

while kinetically labile is important to achieve both high tough-
ness/high modulus and autonomous self-healing property.

2.4. Various Functionality

Self-healing polymers based on coordination bonds can have 
various functions, such as stimuli-responsive, shape memory, 
luminescent, magnetic, dielectric, catalytic, etc. Similar to 
other functional coordination compounds, the functionality 
may come from the metal ions as well as functional organic 
ligands.[27]

The functions originated from metal ions are observed in 
many aspects. First, the occurrence of d–d and f–f electron 
transitions gives rise to the color and luminescence of coordi-
nation compounds, which are useful for dyes, sensing, solid 
state lighting and display, antifake tags, and light conversion 
films.[41,42] Second, metal complexes that have unpaired elec-
trons are magnetic. By controlling the spin direction of the 
unpaired electrons, paramagnetic, ferrimagnetic, ferromag-
netic, or antiferromagnetic materials can be obtained.[43] More-
over, the splitting of the d-orbitals in a ligand field of appro-
priate symmetry and strength can give rise to thermally or pho-
toinduced spin transition and spin crossover phenomena.[44] 
Third, the electropositive nature of the metal atom and their 
easy polarizability lead to large dipole moments within indi-
vidual polymer chain segments, while their soft nature of 
stretching and wagging vibrational modes imparts higher IR 
intensities. Therefore, higher ionic contributions are expected 
in their dielectric constant, leading to increase of dielectric 
constant without affecting the bandgap.[45] Such an increase of 
dielectric constant is a desirable feature for gate dielectric mate-
rials and devices to reduce operating voltage.[46] Finally, transi-
tion metal complexes are often used in catalysis. Many catalytic 
processes, especially those used in organic synthesis, require 
catalyst based on “late transition metals,” such as palladium, 
platinum, gold, ruthenium, rhodium, or iridium.[47] Metal ions 
also play a key role in biological catalysis.[48] Therefore, the 
metal ions in the self-healing polymers can function as catalytic 
center which may lead to unexpected catalytic performance.

When functional ligands are introduced, the metal com-
plexes will show one or more additional functions that can be 
useful in different research fields. For example, metal com-
plexes containing proton responsive ligands are capable of 
undergoing a change of properties on gaining or losing one 
or more protons; Introducing electroresponsive ligands will 
lead to change of properties on gaining or losing one or more 
electrons; Similarly, the presence of photoresponsive ligands 
results in a change of properties on irradiation.

The metal–ligand coordination is sensitive to external envi-
ronment, which provides an effective approach to make stim-
uli-responsive materials.[49] The embedded functionalities 
either on the metal complex site or on the organic ligand allow 
responsiveness to several and, sometimes, orthogonal stimuli, 
including chemical, optical, mechanical, and electrical ones. In 
this manner, stimuli-responsive self-healing materials become 
accessible. Moreover, metal–ligand interactions can also be 
used as the temporary switching segments for shape-memory 
polymers (SMPs), taking advantage of various mechanisms 

that can switch the interactions on and off.[50] Both self-healing 
and temporary shape fixing rely on the switching of the metal–
ligand interactions. Therefore, self-healing polymer that show 
shape-memory behaviors can be readily obtained.

3. The Various Coordination Bonds Used as 
Crosslinking Sites to Derive Self-Healing Polymers

In coordination chemistry, a large number of ligands (natural 
or synthetic) have been studied. These ligands have different 
charge, size, number of coordinating atom(s), and number of 
electrons donated to the metal. The ligands can be conjugated 
to the existing polymer backbones or can be introduced as pen-
dant groups to the polymer chain. Theoretically, every ligand 
can be utilized for constructing self-healing polymer because 
we can tune the bond strength by changing the metal ions. 
However, in practice we have to consider the accessibility of the 
starting materials and the degree of difficulty in synthesizing 
the ligand and incorporating the ligand into polymer matrix. 
So far, many ligands, such as catechol, histidine, pyridinyl, and 
carboxylate, and other ligands have been shown to be effective 
to coordinate with metal ions and derive self-healing polymers 
(see Table 1 for some typical examples). In this section, we 
summarize the different metal–ligand bonds being utilized as 
crosslinking sites to derive self-healing polymers.

3.1. Metal–Catechol Bonds

Mussel byssal threads are protected by an outer cuticle and 
proteinaceous coating, which can accommodates large cyclic 
strains in the turbulent intertidal zone in spite of its high hard-
ness (≈0.1 GPa). It is known that bonding of Fe3+ (<1 wt%) with 
the catechol-like amino acid dihydroxy-phenylalanine (DOPA) 
in the mussel foot proteins plays an important role in this 
mechanism.[51] It is therefore desirable to develop mussel-like 
self-healing materials.

However, the pH required to form bis- and tris-complexes 
with Fe3+ is typically reported to be above 7, at which the 
solubility of Fe3+ is very low, making it difficult to synthe-
size polymers via Fe3+-catechol crosslinks. In 2010, Holten-
Andersen and co-workers developed a simple stepwise method 
by utilizing prebinding Fe3+–catechol complexes.[52] They mix 
the catechol-modified PEG polymer (cPEG) and Fe3+ ions at 
low pH and then increase the pH to the desired final pH value 
by the addition of NaOH, thus the iron hydroxide precipita-
tion was avoided. The as prepared catechol–Fe3+ crosslinked 
polymer gels was similar to that in native mussel thread cuticle 
and the gels displayed high elastic moduli (G′) that approach 
covalently crosslinked gels as well as good self-healing prop-
erties (Figure 3). In a follow-up study, Holten-Andersen and 
co-workers demonstrated that the original Fe3+:cPEG system 
can be expanded to include hard metal ions other than iron, 
such as aluminum and vanadium.[53] These work opened up a 
new venue of research self-healing polymers based on metal–
catechol interactions.

Inspired by these works, many researchers started working 
on mussel-inspired self-healing materials by making them 
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Table 1. Examples of the various coordination bonds used as crosslinking sites to derive self-healing polymers.

Ligand Metal ion Polymer Refs.

Fe3+, V3+, Al3+ Poly(ethylene glycol) [52,53]

Fe3+ Polyallylamine [58,157]

Fe3+ Hyperbranched polyurethane [65]

Ca2+, Mg2+ Poly(dopamine acrylamide-co-n-butyl acrylate) [66]

Zn2+ Polyacrylate [75,79]

Zn2+ Polyacrylate [81,84]

Zn2+ Poly(ethylene-co-butylene) [24]

Fe2+ Poly(methacrylate) [89]

Cd2+ Poly(methacrylate) [92]

Zn2+ Poly(tetrahydrofuran) [94]

Fe2+, Co2+, Mg2+, Cu2+ Poly(methacrylate) [95]

Fe3+, Co2+ Poly(dimethylsiloxane) [96]

Fe3+ Poly(dimethylsiloxane) [97]

Zn2+ Poly(dimethylsiloxane) [111]

Al3+ Poly(dimethylsiloxane) [112]

Zn2+ Poly(dimethylsiloxane) [38]

Pd2+ Polyacrylate [119]

Zn2+ Poly(dimethylsiloxane) [123]
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cheaper, multiresponsive, multifunctional, oxidation-resistant, 
and so forth. So far, over 100 publications have been devoted to 
this topic. Birkedal and co-workers have summarized the recent 
advance in their review articles.[54,55]

The understanding of metal–catechol crosslinking interac-
tions, especially their mechanical significance for self-healing 
polymers, is highly important. A few key questions can be 
asked readily: (1) what is the nature of the high strength fea-
tured by metal–catechol complexes that form in specific chem-
ical environment (e.g., pH)? (2) to what extend the selection of 
metals (and ligands) would modulate the mechanical properties 
of the complex? and (3) how would the mechanics of single 
complex be mapped to the material (e.g., a crosslinked polymer 
network) level? To address these issues, Xu presents a mole-
cule-level study of the coordination compounds.[56] The results 
show that the nature of coordinate bonds is predominantly 
electrostatic and partially covalent, which differs for different 
combination of metal and donor atoms. These crosslinks offer 
stiffness and strength near a covalent bond, depending on the 
coordination state and type of metals. By using a crosslinked 
polymer network mode with the assumption of affine deforma-
tion, the responsive mechanics of metal–catechol coordination 
can be mapped from the single-molecule level to a networked 
material.

A major challenge in Fe3+–catechol systems is to control 
the degree of catechol oxidation that occurs under alkaline 
conditions in air. Above neutral pH, catechols are readily oxi-
dized and reactive o-quinones are formed. The o-quinones 
can react with catechol, amine, and thiol groups, resulting in 
irreversible covalent crosslinks (Figure 4a). The oxidation of 
catechol will increase the mechanical strength of polymer but 
also reduce the amount of catechols needed for self-healing. 
Menyo et al. intelligently designed polymers equipped with 
a chelating 3-hydroxy-4-pyridinone (HOPO) group.[57] HOPO 
has a lower susceptibility to oxidation than DOPA due to 
the presence of electron-withdrawing aromatic groups. 
The phenolic pKa values of HOPO (pKa1 = 3.6, pKa2 = 9.9)  
is much lower as compared DOPA (pKa1 = 9.1, pKa2 = 14), 
ensuring that HOPO-based systems can form gels at lower 
pH values than in catechol-based systems. HOPO is classi-
fied as a “softer” ligand than DOPA, but it still displays high 
affinity toward hard metal ions such as Fe3+ and Al3+, making 
it an excellent replacement for DOPA in mussel-inspired  
self-healing polymers or hydrogels. The results showed that, 
in contrast to traditional DOPA gels, these oxidation-resistant 
gels are solely held together by reversible HOPO-metal  

coordination bonds, rendering the materials fully pH-
responsive and reversible. The HOPO-containing gels were 
also discovered to be extraordinarily stable toward oxidation,  
preserving their dynamic mechanical properties even after 
several months.

However, the omission of covalent crosslinks or substitution 
of DOPA by HOPO may result in poorer mechanical stiffness, 
making them unsuited for certain applications. Therefore, 
Birkedal and co-workers reported a series of double crosslinked 
hydrogels with tunable stiffness. These double crosslinked 
hydrogels are constructed by adding two different catechol 
analogues (one resistant to oxidation (HOPO) and one sensi-
tive to oxidation (tannic acid, TA)).[58] By controlling the rela-
tive amounts of HOPO, TA and M3+, the equilibrium state of 
the hydrogels can be tuned to a state that all M3+ ions coordi-
nated by HOPO, leaving TA free to oxidize and form covalent 
crosslinks. By varying the amount of tannic acid, the hydrogel 
stiffness can be tuned to be desirable for a given application 
while retaining the self-healing capabilities.

Both the catechol groups and polymer backbones can be 
modified to improve the mechanical and self-healing perfor-
mances. So far, self-healing mussel-inspired polymer have 
been prepared using alternative catechol derivatives or ana-
logues,[59–61] such as nitrocatechol, chlorocatechol, and HOPO 
(Figure 4b). There are also a few examples of the diversity of 
polymer backbones available. Recently, polyurethane[62] and 
methacrylamide[63] polymers functionalized with catechols were 
utilized to create self-healing polymers based on metal–cat-
echol chemistry. Interestingly, protein can also be used as the 
polymer backbone. Marcotte and co-workers showed that the 
properties of hydrogel films prepared from a byssus protein 
hydrolyzate can be improved by treating films with multivalent 
ions (Ca2+ or Fe3+) as a result of the formation of metal–ligand 
bonds.[64] This treatment also provide a self-healing behavior to 
the films upon deformation.

Most of the self-healing properties of typical polymers 
work under solid-state conditions. However, there are also 
some polymeric materials, such as coating layer of ships and 
waterproof glue, needed to be used in humid environment or 
even under seawater. If self-healing can be realized not only 
in the atmosphere but also in water, it would greatly expand 
the application of catechol-based polymers. Taking advantage 
of the adhesive nature of catechol chemistry in underwater 
environment, polymer that can self-heal in seawater was devel-
oped. Zhang and co-workers developed a lipophilic polymer 
which is capable of repeated autonomic recovery of strength 
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Ligand Metal ion Polymer Refs.

Cu2+ Poly(tetrahydrofuran) [124]

Fe3+, V3+, Al3+, Ti3+, Ga3+ Poly(ethylene glycol) [126]

Au (nanoparticle) Polyacrylate [128]

Table 1. Continued.
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in seawater without manual intervention. They found that 
DOPA–iron complexation is dynamic in the presence of water, 
and this dynamic manner is immobilized after removing water. 
Therefore, a water saturated lipophilic polymer containing cat-
echol–Fe3+ crosslinks exhibits dynamic coordination–disso-
ciation behavior. By taking advantage of this mechanism, the 
polymer can be remolded with the help of seawater and this 
recycled polymer is still self-healable in seawater.[65] Yoshie and 
co-workers also reported a catechol-based polymer that can 
self-heal in seawater. They found that introduction of Ca2+–
catechol or Mg2+–catechol complexes to acrylate polymers 
enhanced the mechanical properties and self-healing ability of 
the polymer.[66]

3.2. Metal–Histidine Bonds

Apart from metal–catechol interactions, the metal–histidine 
interactions have also been found to play a crucial role in the 
high toughness and self-healing property of byssal threads.[67,68] 
Inspired by this phenomenon, many research groups have 
developed self-healing polymeric materials based on metal–
histidine (imidazole) chemistry. Recently, Harrington and 
co-workers has published an excellent review article on this 
topic.[69]

Before the translation of the structure of mussel byssal 
threads into synthetic self-healing materials, several research 
groups have made continuous efforts to understand the 
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Figure 3. a) Schematic of proposed crosslinking mechanism of byssal thread cuticle. b) The pH-dependent stoichiometry of Fe3+–catechol 
complexes. c) Physical state and color of PEG-DOPA4 gels in mono- (green/blue), bis- (purple), and tris-catechol-Fe3+ (red) complexation (DOPA:Fe 
= 3:1). Insets highlight color of bis- and tris-catechol–Fe3+ crosslinked gels. a–c) Reproduced with permission.[52] Copyright 2011, National Academy 
of Sciences.
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mechanism behind the self-healing property of mussel byssal 
threads. Harrington and co-workers measured the X-ray absorp-
tion spectroscopy (XAS) of native distal threads of mussel 
byssus at the Zn K-edge in order to investigate the first and 
second shell coordination environment in Zn2+ ions.[70] X-ray 
absorption near edge structure analysis indicated a coordination 
number of 5 in Zn2+–histidine complexes, while extended X-ray 
absorption fine structure (EXAFS) analysis suggested that these 
five ligands originated on average from three histidine residues 
(each providing coordination by one nitrogen atom) and one 
aspartate residue (providing coordination by two oxygen atoms) 
(Figure 5a).[71] Moreover, EXAFS analysis of Zn K-edge spectra 
from stretched and damaged threads revealed significant 
changes in the Zn2+ coordination structure including exchange 

of amino acid ligands with water and increase of coordination 
bond lengths. Healed threads, however, showed a shift back 
toward a native coordination structure. Thus, the results from 
XAS strongly support that metal–histidine interactions act as 
reversible sacrificial bonds. On the other hand, Messersmith 
and co-workers determined the equilibrium metal-binding 
constants of metal–histidine complexes by dilute solution 
potentiometric titration of monofunctional histidine-modified 
methoxy-PEG molecules.[72] Interestingly, they observed that 
the relaxation dynamics of histidine-based metal coordination 
compounds were uncorrelated with the equilibrium constants 
measured, but were correlated to the expected coordination 
bond dissociation rate constants. Using the same polymer 
unit but introducing multiple, kinetically distinct dynamic 
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Figure 4. a) Reaction chemistry of catechols and quinones. Reproduced with permission.[55] Copyright 2016, Wiley-VCH. b) Structure of some catechol 
derivatives.
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metal–ligand coordination bonds, Holten-Andersen and co-
workers found that the relaxation time(s) and viscoelastic 
response of such hydrogels could be fine-tuned by combining 
different amounts of several different metal ions into the gels, 
based on their different  supramolecular bond lifetimes.[73] By 
tuning the relative concentration of two types of metal–ligand 
crosslinks, they demonstrated that a control over the mate-
rial’s mechanical hierarchy of energy-dissipating modes under 
dynamic mechanical loading, and therefore the ability to engi-
neer the viscoelastic properties of these materials, can be real-
ized by controlling the types of crosslinks rather than by modi-
fying the polymer itself. Recently, the binding affinity (Ka), the 
complex stoichiometry (N) and the thermodynamic parameters 
(ΔH and ΔS) of histidine–zinc interactions were investigated 
in detail via isothermal titration calorimetry (ITC).[74] With this 
approach, the influence of metal ions and substituent groups 

can be revealed, and the metal–ligand ratios can be determined. 
All these results enable a better understanding of the zinc–
histidine interactions and can be later utilized for the detailed 
analysis of the self-healing ability of synthetic histidine rich 
copolymers.

Taking advantage of the dynamic reversibility of the metal–
histidine or metal–imidazole interactions, further investiga-
tions have been reported aiming to incorporate these inter-
actions into synthetic polymers for the design of healable 
polymers. A first approach was presented by the Guan group 
using the weak Zn2+–imidazole interactions (Figure 5b).[75] 
The weak crosslinking resulted in excellent healing proper-
ties within minutes at room temperature. Furthermore, the 
mechanical properties could also be improved by utilizing a 
phase-separating graft copolymer containing both polystyrene 
as well as poly(acrylate). The phase separation led to metal 
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Figure 5. a) Mussel byssus healing and hierarchy. Reproduced with permission.[71] Copyright 2016, Elsevier Ltd. b) Design concept for the multiphasic 
spontaneous self-healing materials using Zn2+–histidine ligand interaction as the dynamic motif. Reproduced with permission.[75] Copyright 2014, 
American Chemical Society.
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complex-rich domains as well as regions without any supramo-
lecular junction.

The incorporation of histidine moieties into synthetic poly-
mers/polymer networks can be a quite challenging task due to 
the presence of different reactive functionalities of the histidine 
(i.e., COOH, NH2, imidazole). Therefore, the utilization of 
protecting groups might be required. Schubert and co-workers 
designed a methacrylate-based histidine monomer featuring a 
trityl group at the imidazole unit in order to enable a sufficient 
functionalization.[76] The protecting group could also be depro-
tected after polymerization resulting in histidine-containing 
copolymers. The extent of the healing depended on the structure 
of the chosen histidine (with or without protecting group), on 
the comonomer (lauryl or butyl methacrylate) as well as on the 
chosen Zn2+ salt (acetate, chloride, or nitrate). This approach fea-
tured a high structural comparability to nature due to the utiliza-
tion of histidine instead of imidazole; however, the processing 
to films (instead of threads) as well as the lack of hierarchical 
structure is still a significant difference from the natural system.

The imidazole ring in histidine contains two nitrogen atoms 
and can coordinated to a wide variety of divalent transition 
metal ions (Zn2+, Ni2+, Cu2+, Fe2+, Co2+, Mn2+) via one or both 
of the deprotonated N atoms.[77] This is pH dependent since the 
nitrogen needs to be deprotonated (i.e., histidine is unable to 
bind metal under acidic conditions). So far, in addition to Zn2+, 
Ni2+, and Cu2+ have also been frequently utilized for the compl-
exation to construct self-healing polymers.[78–80] By crosslinking 
an imidazole-containing brush copolymer system with the dif-
ferent divalent cations and in different stoichiometry, Guan and 
co-workers demonstrated that the bulk mechanical response of 
these materials under both static and dynamic loads are influ-
enced significantly by the L/M stoichiometry and coordination 
number of the metal complex.[79] These results indicate that it is 
possible to engineer desired mechanical properties in a metal-
lopolymer with a high degree of tunability by simply changing 
the type and amount of added metal.

The substitution groups on histidine moiety may have sig-
nificant influence on the self-healing behavior. Harrington and 
co-workers have found that aspartate plays a key role for the 
self-healing behavior of the mussel byssal thread.[68] Inspired 
by this phenomenon, Schubert and co-workers studied the 
effect of aspartate in synthetic systems containing zinc(II)–
histidine.[81] In their work, n-lauryl methacrylate-based copoly-
mers containing histidine and aspartate are synthesized and 
crosslinked with zinc(II) acetate. The thermodynamic param-
eters extracted from ITC test revealed that the aspartate acts 
also as ligand moiety and influences the complex formation, 
resulting in a lower binding affinity. Consequently, the intro-
duction of aspartate results in better healing ability and if the 
content is high enough, the mechanical performance is also not 
affected, showing the benefit of the aspartate moieties on those 
supramolecular systems.

While His–metal interactions are clearly implicated as a 
main driver of the healing process, the higher order hierar-
chical structure, which is a nearly omnipresent feature in bio-
logical materials, has also been proved to be responsible for the 
improved mechanical performance and self-healing behavior of 
Mussel byssus.[82,83] Taking both the reversible metal–histidine 
interactions and the hierarchical structure as inspiration for the 

design of synthetic analogs, Schubert and co-workers synthe-
sized multi-phase polymer containing different histidine-rich 
block copolymers via reversible addition–fragmentation chain 
transfer polymerization. The hard domain was mimicked using 
polystyrene and the soft domain consists of n-butyl acrylate 
(BA) as well as histidine moieties as ligands. The block copoly-
mers were crosslinked using different Zn2+ salts. The self-
healing mechanism of the resulting polymers was related to the 
viscoelastic response of the hard block upon heating (first step) 
and the increase of the polymer chain mobility after the revers-
ible cleavage of the metal–ligand interactions (second step).[84] 
Recently, Harrington and co-workers bioengineered metal–his-
tidine coordination sites into a heterodimeric coiled coil (CC). 
These CC-forming peptides serve as a noncovalent crosslink 
for poly(ethylene glycol)-based hydrogels and participate in the 
formation of higher-order assemblies via intermolecular metal–
histidine coordination bonds as a second crosslinking mode. 
As both the CC and the Zn2+-histidine crosslinks are reversible, 
this directly results in a hydrogel with two self-healing modes. 
The additional crosslinking and self-healing mode allow for 
reversibly and dynamically tuning the viscoelastic properties 
(i.e., the relaxation time) of the hydrogel as a function of the 
Zn2+ concentration.[85]

3.3. Metal–Pyridinyl Bonds

Pyridinyl ligands are one kind of the most widely used neutral 
ligands in literature. Owing to its Lewis basic character rooted 
in its nitrogen lone pair, they can form metal complexes across 
the metals in the periodic table. Pyridine is a weak monoden-
tate ligand having capability to bind metal in different pro-
portions to produce a wide range of metal complexes.[86] The 
further design of pyridinyl ligand by fusing two or more pyri-
dine moieties results in chelating multidentate ligands, such as 
bipyridine, phenanthroline, terpyridine, and other multidentate 
ligands containing pyridine groups. Such multidentate ligands 
generally have much higher binding affinity toward a variety of 
interesting transition as well as rare earth metal ions, due to 
the chelating effect.[87,88]

In 2011, Rowan and co-workers presented the first self-
healing polymer based on a linear metallopolymer.[24] In 
their study, poly(ethylene-co-butylene) was functional-
ized with two 2,6-bis(1′-methylbenzimidazolyl)pyridine 
moieties at the termini and the subsequent addition of 
zinc di[bis(trifluoromethylsulfonyl)imide] or lanthanum 
tri[bis(trifluoromethylsulfonyl)imide] led to a linear metallopol-
ymer. This metallopolymer showed self-healing behavior if illu-
minated by UV light with a wavelength corresponding to the 
absorption band of the polymer. In this case, energy transfer led 
to heating of the polymer to 220 °C. The proposed mechanism 
of the self-healing process is based on the reversibility of the 
metal–ligand interaction as well as the breakage of metal com-
plex clusters. The cleavage of the metal complexes increases the 
mobility of the polymer, which leads to a dynamic motion of 
the polymers and to the self-healing of inflicted damage. Sub-
sequently, the complexes (and clusters) will be reformed upon 
cooling, resulting in an immobilization of the mobile phase 
and a (complete) healing of the scratch (Figure 6).

Adv. Mater. 2019, 1903762
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A second example of self-healing metallopolymers based 
on metal–terpyridine bonds was described by Hager and co-
workers.[89] They used poly(alkyl methacrylates) as the polymer 
backbone. The terpyridine monomer was copolymerized with 
alkyl methacrylates. The amount of the crosslinking units 
can be readily adjusted therefore the thermal and mechanical 
properties of the resulting polymer networks are tunable. Fe2+ 
was selected as the metal center because the stability of Fe2+–
bis-terpyridine complexes is higher if compared to the corre-
sponding Zn2+ complex, but not as strong as the Ru2+ analogue. 
An insoluble and very hard polymer films was obtained after 
drying. Such polymer can be healed upon heating to 100 °C. 
Interestingly, they showed that decomplexation is not the main 
process for the self-healing process. By contrast, the ionic inter-
actions between the charged complexes and the counter ions 
(i.e., sulfate) are the basic principle of the self-healing behavior 
of such crosslinked metallopolymer networks (comparable 
to ionomers). However, such conclusions were not supported 
by the data from quantum mechanical/molecular mechanical 
simulations and Raman spectroscopy performed by Kupfer 
and co-workers.[90] The Raman signal originated from free ter-
pyridine ligands increased upon heating while the binding of 
the clusters is still quite strong at elevated temperature. There-
fore, a healing mechanisms based on partial decomplexation of 
the crosslinking complexes is suggested. In a following study, 
Hager and co-workers explored the structure-property relation-
ship of these terpyridine complex based metallopolymers by 
variation of the corresponding metal salts.[91] They found that 

a crossover of G′ and G″ was presented for the scratch healing 
metallopolymers but not for materials displaying no healing 
under the investigated conditions. Therefore, they can corre-
late the supramolecular bond life time (τb) determined from 
rheological analysis to the extent of macroscale scratch healing. 
They also found that the coordination chemistry based on the 
interaction of the counter anion with the metal center is crucial 
for the self-healing process.

To further decrease the healing temperatures, Hager and 
co-workers chose Cd2+–bis-terpyridine complexes as a model 
system for self-healing properties within metallopolymer net-
works.[92] The Cd2+–terpyridine interaction is weaker as com-
pared to other transition metal ions with terpyridine (e.g., 
Fe2+, Ru2+, Ni2+). However, the Cd2+–terpyridine complexes 
still feature a sufficient stability when compared to the weak 
and highly dynamic Zn2+ complexes. The crosslinking with a 
Cd2+ halogenide (i.e., chloride, bromide as well as iodide) leads 
presumably to the formation of ionic clusters consisting of the 
metal complexes and corresponding counter ions. The pres-
ence of these clusters contributes to the healing of these net-
works. They found that Cd2+ acetate crosslinked polymers have 
much better self-healing properties (i.e., lower healing tem-
perature (75 °C), faster healing, the same mechanical proper-
ties) than all other investigated metallopolymer networks. Bao 
and co-workers studied the effects of counter anions on the 
dynamic mechanical response in polymer networks crosslinked 
by metal–bipyridine coordination bonds.[93] They found that 
when coordinating anions (such as NO3

−) were used, the metal 
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Figure 6. a) Structure of the photohealable metallosupramolecular polymers. b) Surface temperature of the polymer on irradiation under the same 
conditions, as a function of time. c) Optical healing of the polymer. a–c) Reproduced with permission.[24] Copyright 2011, Springer Nature.
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complexes behave as ineffective crosslinkers. If the anions are 
noncoordinating, such as OTf− and CF3SO3

−), the metal com-
plexes showed improved interaction strength and can improve 
the mechanical properties.

The tridentate ‘‘click’’ ligands 2,6-bis(1,2,3-triazol-4-yl)pyri-
dines (BTP) are a versatile alternative to terpyridine ligands. 
The tridentate BTP ligand has been reported to coordinate 
well to transition metal ions such as Zn2+, Ni2+, Fe2+, Ru2+, 
and lanthanide metal ions such as Eu3+. Coordination typically 
led to stable 1:2 (metal:ligand) complexes in the case of transi-
tion metal ions and 1: 3 (metal: ligand) complexes in the case 
of lanthanide ions. By using copper-catalyzed azide-alkyne 
cycloaddition (CuAAC) and thiol-ene double “click” reactions, 
Weng and co-workers synthesized a ligand macromolecule 
carrying multiple BTP ligand units in the main chain.[94] The 
incorporation of metal ions into the ligand macromolecules 
resulted in the formation of transient networks crosslinked 
by metal–BTP complexes and sometimes their aggregates as a 
consequence of microphase separation. Owing to the dynamic 
nature of the metal–ligand interactions, the materials exhibit 
self-healing behavior under saturated toluene atmosphere.

Considering that bidentate ligands generally have much 
lower binding energies with metal ions as compared to 
tridentate ligands, using bidentate ligands for designing 
self-healing polymers would decrease the self-healing tem-
peratures. Hager, Schubert and co-workers developed a 
copolymer consisting of attached bidentate triazolepyridine  
(TRZ-py) ligands and a low glass transition temperature (Tg) 
lauryl  methacrylate backbone. The polymer is crosslinked with 
different Fe2+ and Co2+ salts. The resulting materials exhibit 
promising self-healing performance within time intervals of 
5.5 to 26.5 h at moderate temperatures of 50 to 100 °C.[95] Our 
group incorporated a triazole ligand into poly(dimethylsiloxane) 
(PDMS) backbone and used Fe3+-triazole coordination bonds as 
the crosslinking interactions. The as-prepared polymer can be 
stretched to 3400% strain at low loading speed (1 mm min−1). 
When damaged, the polymer can be thermally healed at 60 °C 
for 20 h with a healing efficiency of over 90%.[96]

To realize autonomous and reversible healing at room tem-
perature, we placed strong metal–ligand binding sites adjacent 
to weak binding sites in a single pyridinyl ligand, 2,6-pyridin-
edicarboxamide, which resulted in highly dynamic metal–
ligand interactions (Figure 7). The weaker bonds can readily 
break and re-form, which is favorable for energy dissipation on 
stretching and self-healing on being damaged, with the metal 
ions still maintained near the ligands by the stronger interac-
tions, which allows a rapid bond re-formation. The as-prepared 
material can be stretched to 45 ± 2 times its original length and 
recovered on releasing the strain. Even in the absence of any 
additives to promote the healing process, such as plasticizers or 
solvents, or of external energy, the film displays excellent self-
healing properties down to a low temperature of −20 °C.[97]

3.4. Metal–Carboxylate Bonds

Carboxylic acids exist widely in nature. Important examples 
include the amino acids (which make up proteins) and acetic 
acid (which is part of vinegar and occurs in metabolism). 

A metal carboxylate is formed when a metal atom replaces 
hydrogen atoms in the carboxyl group of a carboxylic acid. The 
carboxylate ion has one negative charge delocalized within it, 
and each oxygen atom has two lone pairs disposed at 120° to 
the CO bond and in the plane of the carboxyl group. Carboxy-
late groups can bind with metal atoms through ionic bonding, 
monodentate, bidentate or polydendate coordination and various 
bridging modes as shown in Figure 8.[98] Both the ionic bonding 
and coordination interactions have been utilized in self-healing 
polymers.

Compared with the relatively weak π…π interactions and 
hydrogen bonds, ionic interactions between noncoordinating 
metal ions (such as Na+, Li+, Ca2+) and carboxylate anion show a 
higher aggregation strength. Therefore, ionomers (a subgroup 
of polymeric material that bear up to 15 mol% of ionic groups 
within the polymer) have improved tensile strength, fracture 
resistance, toughness, and flexibility. The properties of the 
ionomers depend on their material structure (which is strongly 
influenced by the utilized ion pairs), the ion content (neutrali-
zation level), and the elastic behavior of the main chain. Fun-
damental work from both Fall and Kalista have shown the 
 potential for self-healing after damage by high impact (i.e., bal-
listic penetration).[99,100] Thin films of poly(ethylene-co-meth-
acrylic acid) (EMAA) ionomers (Figure 9a) were bombarded 
with projectiles, which completely passed through the material. 
After damage, the resulting hole closed very fast and only a 
small scar at the puncture site remained. These findings started 
several investigations on utilizing this unique self-healing 
capacity for healing layers in space vessels and navy aircraft 
fuel tanks or in medical applications.[101] Several earlier studies 
about the mechanism proposed that a two-stage mechanism/
healing process takes place after the projectile goes through 
the material.[102,103] During impact, the material close to  
the bullet hole is heated to temperatures of ≈92 °C (above the 
melting temperature) as a result of viscous dissipation. After 
the projectile has passed through the material, the elastic 
properties of the materials cause a “flip back” of the polymer 
to the pre-impact position during the first stage. The molten 
polymer in the impact zone now has the possibility to rebound 
and close the hole. The subsequent slow second stage results 
in a completely sealed film through reorganization of the 
polymer chains. Consequently, the unique combination of 
elastic rebound and viscous reflow of EMAA copolymers and 
other ionomers  enables the self-healing response. Further work 
from Varley and van der Zwaag pointed out that the penetration 
of a bullet triggers three contiguous events in the ionomer: an 
initial elastic response, an inelastic response, and then pseudo-
brittle failure (Figure 9b).[104–106] Many factors, including pro-
cessing conditions, phase morphology, ionic content, polymer 
architecture, etc., play an important role on the self-healing 
response of ionomers.[107–109] Garcia and co-workers correlated 
the network dynamics, supramolecular reversibility, and the 
macroscopic surface scratch healing behavior for a series of elas-
tomeric ionomers.[110] Results based on temperature dependent 
dynamic rheology with simultaneous Fourier transform infrared 
spectroscopy (FTIR) analysis clearly indicate that the effective 
supramolecular bond lifetime (τb) is an important parameter 
to ascertain the ideal range of viscoelasticity for good macro-
scopic healing. According to self-healing experiments based on 
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macroscale surface scratching, a supramolecular bond lifetime 
between 10 and 100 s results in samples with complete surface 
scratch healing and good mechanical robustness.

When carboxylate groups were incorporated in the polymer 
matrix and coordinating metal ions were used, coordination 
bonds were dominant as the crosslinking sites. By careful selec-
tion of metal ions, polymers with intriguing properties can be 
obtained. Our group designed a PDMS polymer crosslinked 
by abundant Zn(II)–carboxylate interactions (Figure 10).[111] 
The as prepared polymer is very strong and rigid at room  
temperature although the Zn(II)–carboxylate interaction is quite 
weak (with association constant of 4.10 × 104 m−1), indicating 
that weak bonds can lead to materials with excellent mechanical  

strength if they are sufficiently abundant and arranged in an 
ordered manner. As the coordination equilibrium is  sensitive 
to temperature, the mechanical strength of this polymer rap-
idly and reversibly changes upon heating or cooling. The 
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Figure 9. a) Synthesis of the sodium ionomers of poly(ethylene-co-meth-
acrylate acid) (EMAA) (x + y = m). b) Schematic representation of the 
self-healing process during high-energy impact. a,b) Reproduced with 
permission.[104] Copyright 2008, Elsevier Ltd.Figure 8. Different binding modes of a metal with a carboxylate ligand.

Figure 7. a) Schematic illustration of the [Fe(Hpdca)2]+ moiety undergoing reversible rupture and reconstruction during tensile stretching (using a 
force F) of the films. b) Photographs of a film (with an Fe(III) metal to H2pdca-PDMS ligand molar ratio of 1:6) before and after stretching. c) Optical 
images of the healed film before and after stretching. a–c) Reproduced with permission.[97] Copyright 2016, Springer Nature.
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soft-rigid switching ability σ, defined as G′max/G′min, can reach 
8000 when ΔT = 100 °C. Based on these features, this polymer 
exhibits fast thermal-healing properties. The choice of metal 
ions and the metal-to-ligand molar ratio has a significant effect 
on the performance of the material. Metal ions with good 
coordination ability with carboxylate groups (such as Fe3+ and 
Cu2+) form solid powders that are not moldable, while those 
with weak coordination ability with carboxylate groups (such 
as Na+) form liquid like gels. Interestingly, Zhang and co-
workers used main-group aluminum ions to crosslink carboxyl-
modified polysiloxanes and obtained an elastic network with 
self-healing and reprocessing properties.[112] It should be noted 
that these polymers are quite distinct from ionomers. On the 
one hand, the fraction of ionized units is significantly higher 

than 15 mol% which is the higher limit of ionomers according 
to IUPAC definition).[113] On the other hand, data from IR 
spectroscopy, small-angle X-ray scattering (SAXS) analysis, and 
energy-dispersive X-ray spectroscopy revealed significantly dif-
ferent features from those of ionomers.[111,112] Moreover, the 
characteristic order-to-disorder transition (Ti) of ionic clus-
ters[114] for ionomers disappeared in the polymers crosslinked 
though metal–carboxylate coordination bonds.[111]

The metal–carboxylate interactions can be combined with 
other reversible covalent bonds or non-covalent interactions to 
derive self-healing polymers with excellent mechanical proper-
ties. Oh and co-workers synthesized a novel ABCBA-type penta-
block copolymer (P5-COOH) consisting of a poly(ethylene 
glycol) (PEG) middle “C” block and self-healable symmetric 
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Figure 10. a) Synthesis and structure of PDMS–COO–Zn polymer. b) Schematic structure of the polymer network at different temperatures. Repro-
duced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[111] 
Copyright 2018, The Authors, published by Springer Nature.
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blocks.[115] The self-healable blocks comprise of polymeth-
acrylates with pendant disulfide linkages (PHMssEt) in two “B” 
blocks, and poly(methacrylic acid) (PMAA blocks) in two “A” 
blocks. The block copolymers dissolved in organic solvents were 
crosslinked with covalent disulfide linkages formed through 
disulfide exchange reactions of PHMssEt blocks and metal–
ligand supramolecular crosslinkages formed between pen-
dant carboxylic acids (COOH) with ferric (Fe3+) ions. The dual 
crosslinked networks exhibit excellent self-healing elasticity 
and dual self-healing upon macroscale damages at multiple 
times. Yang and co-workers reported a nanocomposite hydrogel 
crosslinked by hydrogen bonds and dual metal–carboxylate 
coordination bonds (between Fe3+ and carboxylic groups from 
PAA and carboxylated cellulose nanofibrils, respectively).[116] 
These hydrogels display excellent fracture strength (1.37 MPa), 
fracture elongation (1803%), and toughness (11.05 MJ m−3), 
fast self-recovery (95.7% recovery ratio within 60 min) and 
self-healing property (94.2% healing efficiency at 25 °C for 
48 h) that are superior to the counterparts without the ions. 
The excellent performance primarily stems from the hydrogen 
bonds and ionically crosslinked metal–carboxylate coordination 
compounds that acting as sacrificial bonds to dissipate energy 
within the supramolecular network.

3.5. Other Type of Metal–Ligand Bonds

In addition to the metal–catechol, metal–histidine, metal–
pyridinyl, and metal–carboxylate bonds, there are some other 
type of metal–ligand bonds which have been shown to be effec-
tive to construct self-healing polymers.

Pincer ligands are chelating agents that binds tightly to 
three adjacent coplanar sites in a meridional configuration. 
Depending of the donor atoms in the pincer ligands, these 
compounds are denoted as PCP pincer complexes for those 
compounds having phosphorus in their structures, SCS for 
those containing sulfur, etc. Complexes of pincer ligands have 
been employed as crystalline switches, as sensors and most 
commonly as catalysts for many important reactions.[117] A 
mechanistic advantage of metal–pincer complexes is that their 
dynamic response, which is related to the kinetics of ligand 
exchange, can be varied independently of the thermodynamics 
of complexation. Craig and co-workers observed that intro-
ducing less sterically demanding ligands in Pd2+ pincer-type 
coordination compounds can accelerate the ligand exchange 
process, while maintaining the thermodynamics stability. Thus 
two homologous reversible polymers in which the equilibrium 
structures are nearly identical exhibit distinct dissociation 
dynamics (differ by ≈2 orders of magnitude).[37] By combining 
the dynamic metal–pincer interactions with covalent crosslinks 
in a hybrid gel, they observed that the metal–pincer interactions 
are able to dissociate and re-associate in conjunction with an 
applied strain.[118] Recently, Schubert and co-workers made fur-
ther efforts by converting SCS pincer–palladium complex into 
a metallopolymer featuring self-healing ability (Figure 11a).[119] 
By using a multivalent pyridine crosslinker, they obtained 
a polymeric network which can be completely healed upon 
heating at 100 °C for 3 h (scratch sizes: 14.9 µm depth and 
30.4 µm width).

Schiff base are the compound containing azomethine group 
(HCN). They are condensation products of ketones or 
aldehydes with primary amines and were first reported by 
Hugo Schiff in 1864. Schiff bases are common ligands in coor-
dination chemistry. The imine nitrogen is basic and exhibits 
π-acceptor properties. Schiff bases are enzymatic intermediates 
where an amine, such as the terminal group of a lysine residue, 
reversibly reacts with an aldehyde or ketone of a cofactor or 
substrate. The formation of a Schiff base is a reversible reac-
tion and generally takes place under acid or base catalysis, or 
upon heating. The formation is generally driven to the comple-
tion by separation of the product or removal of water, or both. 
Most Schiff bases can be hydrolyzed back to their aldehydes 
or ketones and amines by aqueous acid or base. Therefore, 
many self-healing polymer based on reversible imine have been 
reported in the literature.[120–122] However, self-healing polymer 
based on metal Schiff base complexes remain sparse. We syn-
thesized two PDMS polymers crosslinked by different Zn(II)-
diiminopyridine coordination compounds (PDMS–NNN–
Zn and PDMS–MeNNN–Zn, respectively) and studied the 
structure-property relationship.[123] The two crosslinking Zn(II)-
diiminopyridine complexes are similar in coordination modes, 
but differ in coordination dynamics. As manifested by ITC, rhe-
ology, and tensile experiments, we confirmed that the coordina-
tion bond in PDMS–MeNNN–Zn polymer films is weaker but 
more dynamic. Consequently, the PDMS–MeNNN–Zn polymer 
has poorer mechanical strength but higher stretchability and 
better self-healing properties. Therefore, it is concluded that 
the mechanical robustness of a polymer is determined by the  
thermodynamic stability of the crosslinking sites. The more 
stable of the crosslinking sites, the more robust of the polymer. 
By contrast, the self-healing properties of a polymer are deter-
mined by the kinetic lability of the crosslinking sites as labile 
crosslinking sites are favorable for self-healing. We then 
designed and synthesized a polymer containing thermody-
namically stable whilst kinetically labile coordination complex 
to address this conundrum (Figure 11b).[38] The Zn-Hbimcp 
(Hbimcp = 2,6-bis((imino)methyl)-4-chlorophenol) coordination  
bond used in this work has a relatively large association con-
stant (2.2 × 1011) but also undergoes fast and reversible 
intra- and intermolecular ligand exchange processes. The as-
prepared Zn(Hbimcp)2–PDMS polymer is highly stretchable 
(up to 2400% strain) with a high toughness of 29.3 MJ m−3, 
and can autonomously self-heal at room temperature. Con-
trol experiments showed that the optimal combination of 
its bond strength and bond dynamics is responsible for the 
material’s mechanical toughness and self-healing property. 
Recently, You and co-workers also reported a self-healing 
polymer with excellent mechanical properties.[124] The key 
in their design is the Cu–dimethylglyoxime–urethane (Cu–
DOU) coordination compounds (Figure 11c), which build a 
strong crosslinking site in polyurethane elastomer with the 
reversible oxime bonds and hydrogen bonds. The as prepared 
polymer demonstrates the highest reported mechanical per-
formance for self-healing elastomers at room temperature, 
with a tensile strength and toughness up to 14.8 MPa and  
87.0 MJ m−3, respectively.

Metal–phosphate binding plays important roles in diverse 
biological and pathological processes. Interactions between 
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metal ions and nucleotides, for example, have major roles in 
genetic events such as DNA replication and transcription.[125] 
The metal–phosphate binding has also been utilized for the 
specific separation of phosphorylated proteins known as Phos-
tag. Aoyagi and co-workers developed a rapid self-healable 
and biocompatible hydrogels using the selective formation 
of metal–ligand interactions between selected metal ions and 
phosphate end groups of PEG (Figure 11d). The gelation and 
gel properties including rheological properties can be tuned by 
the careful selection of metal ions, branch numbers, and tem-
perature. They also demonstrated a gel–sol/sol–gel transition 
by switching the redox states of Fe3+/Fe2+ ions.[126]

Thiolate are ligands that can be classified as soft Lewis bases. 
Therefore, thiolate ligands coordinate strongly to metals that 
behave as soft Lewis acids as opposed to those that behave as 

hard Lewis acids. The amino acid cysteine 
has a thiol functional group, consequently 
many cofactors in proteins and enzymes 
feature metal–cysteinate cofactors. Although 
many metal–thiolate bond are quite strong, 
they are also very dynamic, thus favorable 
for self-healing.[127] Cong and co-workers 
reported a hydrogel network constructed 
from gold nanoparticles (NPs) and poly(N-
isopropylacrylamide) (PNIPAm). This 
hydrogel exhibits rapid and efficient self-
healing properties using the dynamic Au-SR 
coordination interaction as a healing motif 
(Figure 11e).[128] The modified gold NPs act as 
large crosslinkers and enable the formation 
of a well-defined highly branched network. 
Despite their high water content (90%) and 
extremely low content of gold nanostructures 
(750 ppm), the resulting hybrid hydrogels 
afford much enhanced mechanical strength 
of >1 MPa at high elongation (>20). More-
over, remarkable notch insensitivity can 
also be observed. The hydrogels with 1/3 
notches exhibit large extensibility 18 times 
their original length as a result of efficient 
energy dissipation by dynamic and highly 
branched gold NP crosslinks. Owning to 
the combination of the optothermal proper-
ties of gold NPs and reversible bonding of 
Au-SR self-healing, an optimal healing effi-
ciency of nearly 96% in 1 min is realized by 
the surface reconstruction of polymer chains 
and gold NPs in the damaged spots under 
near-infrared laser irradiation. Dupin and co-
workers obtained a dynamic hydrogels which 
was readily prepared by injecting simulta-
neously aqueous solutions of commercially 
available HAuCl4 and 4-arm thiol-terminated 
polyethylene glycol [(PEGSH)4], resulting in 
a network containing a mixture of Au(I)–thi-
olate (Au–S) and disulfide bonds (SS). While 
the dynamic properties of the hydrogel were 
closely dependent on the pH, the mechanical 
properties could be easily tuned by adjusting 

(PEGSH)4 concentration and amount of Au–S bonds, as judged 
by dynamic rheology studies. Permanent Au–S/SS exchange 
at physiological pH conferred self-healing behavior and fre-
quency-dependent stiffness to the hydrogel.[129]

4. Functional Self-Healing Polymers Based on 
Coordination Bonds

 In the early stages of research on self-healing materials, the 
healing process was exclusively based on the restoration of 
mechanical properties after mechanical damage (e.g., cracks, 
scratches). However, in order to meet the need of specific 
application, additional functionalities or properties should be 
introduced. Therefore, self-healing functional materials have 
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Figure 11. a) Palladium–pincer coordination compounds as crosslinker for self-healing 
polymer. Reproduced with permission.[119] Copyright 2016, Wiley-VCH. b) Zinc–diiminopyridine 
coordination compounds as crosslinker for self-healing polymer. Reproduced under the terms 
of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecom-
mons.org/licenses/by/4.0/).[38] Copyright 2019, The Authors, published by Springer Nature. 
c) Cu–dimethylglyoxime–urethane (Cu–DOU) coordination compounds as crosslinker for self-
healing polymer. Reproduced with permission.[124] Copyright 2019, Wiley-VCH. d) Iron–phosphate 
coordination compounds as crosslinker for self-healing polymer. Reproduced with permission.[126] 
Copyright 2013, Royal Society of Chemistry. e) Gold–thiolate interactions as crosslinker for self-
healing polymer. Reproduced with permission.[128] Copyright 2017, Elsevier Ltd.
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been receiving more and more attentions in recent years. The 
healing of these materials resulted not only in recovery of the 
mechanical properties, but also in restoration of functions. 
Self-healing of conductivity was an early example in the con-
text of functional self-healing materials. Moore and co-workers 
investigated the restoration of conductivity based on the release 
of a conductive healing agent from microcapsules.[130,131] Bao 
and co-workers developed bulk conductive self-healing com-
posite, which consisted of inorganic metal particles as conduc-
tive fillers and an organic supramolecular polymer as host.[132] 
Later, more novel functionalities or properties such as shape 
memory,[133–137] sol–gel transition,[16,138] adhesion,[139,140] and 
antibiofouling[141] property have been introduced to self-healing 
systems in order to broaden the scope of their applications in 
energy, drug delivery, tissue adhesion, cell culture, etc. Some 
self-healing functional devices, such as lithium batteries,[142,143] 
supercapacitors,[144] solar cells,[145] and electroluminescent 
devices,[146] have also been demonstrated. Several excellent 
reviews have been published on the topic of self-healing func-
tional materials and devices.[147–149]

While significant progress has been made in the area of 
self-healing materials using metal–ligand coordination, func-
tions and applications of materials containing metal–ligand 
coordination remain relatively less explored. Self-healing poly-
mers can have a lot of functions due to the presence of both 
metal ions and/or functional organic ligands. By careful selec-
tion of the combination of ligand and metal ion, it is possible 
to tune the reversibility and dynamic property of the bond. 
Such systems can be employed to make stimuli  responsive 
 self-healing polymers. The occurrence of semi-occupied 
d-orbitals gives rise to some of the most prominent properties 
including strong absorption, high efficient emission and tun-
able redox states. The splitting of the d-orbitals in a ligand field 
of appropriate symmetry and strength can give rise to mag-
netism and thermally or photoinduced spin transition and spin 
crossover phenomena. Moreover, the metal ions in the self-
healing polymers can function as catalytic center which may 
lead to unexpected catalytic performance.

4.1. Luminescence

Luminescent materials have attracted a lot of attention because 
it can be utilized for a variety of applications such as optical sen-
sors and light-emitting diodes (LEDs). Moreover, the luminescent 
behavior provides a probe for the investigation of photoreactions, 
such as artificial photosynthesis. The photoluminescence of 
metal complexes is particularly interesting due to their diversified 
excited states, including metal-centered charge transfer, ligand-
to-metal charge transfer, metal-to-ligand charge transfer, ligand-
to-ligand charge transfer, metal-to-metal charge transfer, and 
ligand-centered (or intraligand) charge transfer excited states.[31,32] 
Recent research efforts are aiming to develop luminescent metal 
complexes with high emission quantum yields, long emission 
lifetime, and good stability. Endowing self-healing materials with 
luminescent property would lead to healable luminescent films, 
coatings and light emitting devices, etc.

Gunnlaugsson and co-workers developed a multitopic ligand 
containing both pyridine-2,6-dicarbox amide and picolinic acid 

groups. By coordination through pyridine-2,6-dicarbox amide 
moieties, such ligand forms 3D self-assembly units in either 
1:2 or 1:3 stoichiometries with lanthanides (Ln) ions. Upon 
addition of further equivalents of Ln, these self-assembly units 
would form higher order metallosupramolecular polymers via 
coordination of terminal carboxylic acids groups. When swelled 
with methanol, the metallosupramolecular polymers turn into 
supramolecular gels. The gels are highly luminescent with red 
(Eu3+) or green (Tb3+) emission depending on the lanthanide 
ion used. Moreover, such gels show instantaneously self-healing 
without external stimuli upon cutting. The emission from the 
gel clearly aided in the visual observation of the healing prop-
erties.[150] They also synthesized a series of 2,6-bis(1,2,3-tri-
azol-4-yl)pyridine (btp) ligands and found that the ligand with 
tricarboxylic acid formed a strongly red luminescent healable 
metallogel upon coordination with Eu3+ (Figure 12).[151]

Li and co-workers prepared a novel responsive hydrogels by 
simply doping lanthanide complexes into a polymer hydrogel, 
poly(2-acrylamido-2-methyl-1-propanesulfonicacid) (PAMPSA). 
The resulting hybrid hydrogels can be readily processed into 
a range of shapes. Both the on–off luminescence switching 
and the healable properties are simultaneously achieved in the 
resulting responsive hybrid hydrogels. They exhibit effectively 
self-healing performance without any external stimulus and 
reversible “on–off” luminescence switching triggered by expo-
sure to acid–base vapor. The key to this on–off luminescence 
switching behavior is that the protonation of the organic ligands 
competes with full coordination to Ln3+ and that incomplete 
coordination affects the luminescence yield. The high proton 
strength in the resulting hydrogels makes the doped lanthanide 
complexes unstable, and ammonia (or triethylamine) vapor can 
dramatically decrease the proton strength through neutraliza-
tion, driving the full coordination of the ligand to Ln3+.[152]

4.2. Dielectrics

 Dielectric layers are essential components in electronic devices. 
The quality of the dielectric layers is of utmost importance for 
the performance of the whole device. High dielectric strength, 
transparency, and pinhole freeness are required for the dielec-
tric layers. One advantage of introducing metal–ligand coordi-
nation bonds into dielectric layer is that their high polarizability 
can effectively increase the dielectric constant, which is a 
desirable feature for gate dielectric materials to reduce oper-
ating voltage. Moreover, the pinholes can be largely reduced 
due to the self-healing properties.

Bao and co-workers developed a self-healing polymer system 
for dielectric layer (Figure 13).[153] The self-healing dielectric 
elastomer is achieved by the incorporation of metal–ligand 
coordination as crosslinking sites in PDMS polymers. The non-
polar PDMS matrix is important for dielectric application as it 
reduces ion mobility and ionic effects that may be caused by 
intentional incorporation of ions. The ligand is 2,2′-bipyridine-
5,5′-dicarboxylic amide, while the metal salts investigated are 
Fe2+ and Zn2+ with various counteranions. The kinetically 
labile coordination between Zn2+ and bipyridine endows the 
polymer fast self-healing ability at ambient condition. When 
integrated into organic field effect transistors (OFETs) as gate 
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dielectrics, transistors with PDMS polymers crosslinked by 
FeCl2 or ZnCl2 salts exhibited increased dielectric constants 
compared to PDMS without metal complexes crosslinking sites 
and demonstrated hysteresis-free transfer characteristics. This 
is due to that the low ion conductivity in PDMS and the strong 
columbic interaction between metal cations and the small Cl− 
anions can prevent mobile anions drifting under gate bias. 
Fully stretchable transistors with FeCl2–PDMS dielectrics were 
fabricated and exhibited ideal transfer characteristics. The gate 
leakage current remained low even after 1000 cycles at 100% 
strain. The mechanical robustness and stable electrical per-
formance proved its suitability for applications in stretchable 
electronics. On the other hand, transistors with gate dielectrics 
containing large-sized anions (BF4

−, ClO4
−, CF3SO3

−) displayed 
prominent hysteresis due to mobile anions drifting under gate 
bias voltage.

Using self-healing elastomers as dielectric substrates, self-
healing capacitive sensor can be readily obtained. Jia and co-
workers reported a dielectric substrate material based on a com-
bination of dynamic coordination bonds (europium-β-diketone 
interactions) and hydrogen bonds in a multiphase separated 

network.[154] The polymer network forms a microphase-sepa-
rated structure and exhibits a high stress at break (≈1.8 MPa) 
and high fracture strain (≈900%). Additionally, it is observed 
that the substrate can achieve up to 98% self-healing efficiency 
after 48 h at 25 °C, without the need of any external stimuli. A 
stretchable and self-healable dielectric layer is fabricated with 
this dual-dynamic bonding polymer system and self-healable 
conductive layers are created using polymer as a matrix for a 
silver composite. A stretchable and self-healable capacitive 
touch pad was finally fabricated.

4.3. Stimuli-Responsiveness

 Studies of stimuli-responsive behavior at the molecular 
scale can help elucidate the foundations of biological func-
tion, as well as enabling the design of new materials capable 
of changing one or more of their properties in response to 
an external stimulus, such as pH, light, or the presence of a 
chemical species. So far, investigations of stimuli-responsive 
behavior have attracted the attention of chemists from many 
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Figure 12. Self-assembly formation, luminescence, and self-healing property of Eu3+ and Tb3+ metallo-supramolecular polymers. Reproduced with 
permission.[151] Copyright 2015, Royal Society of Chemistry.
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subdisciplines.[49] The embedded functionalities of self-healing 
polymer based on coordination bonds, either on the metal com-
plex site or on the organic ligand, allow responsiveness to sev-
eral and, sometimes, orthogonal stimuli, including chemical, 
optical, mechanical, and electrical ones. In this manner, stim-
uli-responsive self-healing materials become accessible.

Ge and co-workers reported a humidity-responsive, self-
healing, colorful polyelectrolyte multilayer (PEM) composite by 
immersing chitosan (CS)/poly(acrylic acid) (PAA) PEM film in a 
cobalt chloride solution.[155] The cobalt ions (Co2+) form Co-CS/
PAA complexes through coordination with amine groups in chi-
tosan, thus tailoring the intermolecular hydrogen bond formed 
between CS and PAA, and endowing the PEM composite with 
good swelling capacity, wettability, and self-healing ability. On 
the other hand, some cobalt chloride can also be absorbed in 
the PEM composite and lead to moisture responsiveness due 
to the different color of CoCl2 with different amounts of crystal 
water. Therefore, when the humidity is above the corresponding 
values, the sample changes color to pink; when the humidity is 
below the corresponding values, the sample changes its color to 
blue and the color change is reversible.

By utilizing the solvatochromic properties of Co2+ com-
plexes, we also obtained a healable PDMS polymer that can 
change color upon dipping into solvents.[156] In this work, 
we incorporated a cobalt(II) triazole coordination complex 
into a PDMS matrix (denoted as Co-TIA-PDMS). Upon being  
damaged, the polymer film can be healed via heating. Moreover,  
the color of the film changed from blue to light pink upon  
dipping into water or methanol due to the change of the coor-
dination number of Co2+ from 4 to 6. More interestingly, owing 
to the reconfiguration of the Co2+–Ntriazole coordination bond 
during the solvent-induced chromic process, the damaged 
film can be healed at room temperature if the cut surface were  
pre-treated by dipping into methanol solvent (Figure 14).

Birkedal and co-workers designed a self-healing multi-
responsive system by attaching DOPA to an amine-func-
tionalized polymer.[157] The degree of polymer crosslinking 
can be controlled through changing the pH value due to the  
pH-dependent DOPA/iron coordination chemistry. This leads to 
the formation of rapidly self-healing high-strength hydrogels when 
pH is raised from acidic toward basic values. Moreover, the 
hydrogels display the maximum mechanical strength at a pH 
close to the polymer’s isoelectric point (pI) value, which in this 
case is close to the pKa value of the amine side groups. When 
the pH is below the polymer’s pI value, the polymers are highly 
charged, facilitating the formation of a hydrogel. As the pH is 
increased from acidic to basic conditions, the stoichiometry of 
the complex bond changes from a mono- to bis- to tris-complex 
leading to increased polymer crosslinking and an increased 
mechanical strength. Simultaneously, but at a different rate, the 
amines will start to deprotonate making the polymer less hydro-
philic. Therefore, the hydrogel structure is expected to collapse 
at a pH close to the polymer’s pI (and the amine pKa) value 
even though the Fe3+–DOPA crosslinks still maintains. Conse-
quently, the mechanical strength of the hydrogel will decrease. 
Thereby, contrary to existing Fe3+–DOPA systems, the design 
of this multi-pH-responsive hydrogel allows for the mechanical 
properties to be adjusted to match a number of applications by 
selecting the polymer based on its side-chain pKa value.

Yin and co-workers constructed a self-healing supramo-
lecular gel network from low-molecular-weight monomers 
by multiple orthogonal interactions based on the host–guest 
interactions between dibenzo-24-crown-8 (DB24C8) and diben-
zylammonium salts, the metal–ligand coordination interactions 
between terpyridine and Zn(OTf)2, and between 1,2,3-triazole 
and PdCl2(PhCN)2. The topology of the networks can be easily 
tuned from the monomer to the main-chain supramolecular 
polymer and then to supramolecular networks. The gel not only 

Figure 13. a) The synthetic route of metal salts crosslinked PDMS. b) Schematic of the OFET device structure in a top-gate bottom-contact geometry 
on rigid substrate (silicon wafer). a,b) Reproduced with permission.[153] Copyright 2017, American Chemical Society.
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shows multiple-stimuli responsiveness such as temperature, 
pH, and competitive ligands but also exhibits self-healing prop-
erties because the formation of the gel network is totally based 
on reversible noncovalent interactions.[158]

Weng and co-workers prepared a series of metallosupramo-
lecular gels by using a ligand macromolecule containing the 
tridentate 2,6-bis(1,2,3-trizol-4-yl)pyridine (BTP) ligand unit syn-
thesized via CuAAC ‘‘click’’ chemistry in the main chain. Such 
polymer chains were then crosslinked with transition metal 
ions and/or lanthanide ions. Due to the supramolecular and 
dynamic nature of the metal–BTP complexes, the gels exhibited 
multi-responsive properties and repeatable autonomic healing 
ability. Gel-sol transition and emission quenching-recovery 
were observed upon heating/cooling or addition/removal of 
chelating ligands. When the gel was cut and then brought 
into contact, self-healing process occurred readily. This cut-
ting and healing cycle can be repeated several times.[159] Later, 

they incorporated the tridentate ligand 2,6-bis(1,2,3-triazol-4-yl)
pyridine (BTP) and covalent mechanophore spiropyran (SP) 
units into a polyurethane backbone. Upon coordinating with 
transition or lanthanide metal salts, metallosupramolecular 
films with phased-separated soft/hard morphology are formed. 
The Zn2+-containing material can self-heal in the presence of 
solvent and fully restore its mechanical properties. The metallo-
supramolecular films also exhibit color changes in response to 
mechanical scratch due to the ring-opening of spironapthoxa-
zine side groups to form merocyanine. Therefore, this polymer 
is capable of sensing damage (Figure 15).[160]

4.4. Shape Memory

 SMPs have received more and more attention for their poten-
tial applications in sensors, actuators, and biomedical devices. 

Figure 14. a) The solvatochromic property and solvent-assisted healing of Co–TIA–PDMS polymer. b) The proposed self-healing mechanism after 
dipping into methanol. a,b) Reproduced with permission.[156] Copyright 2015, Royal Society of Chemistry.
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Materials are defined to exhibit shape-memory properties if 
they are able to fix a temporary shape and recover back to their 
“remembered” permanent shape when exposed to an external 
stimulus. These materials typically consist of two distinct types 
of crosslinking: a reversible “crosslink” responsible for holding 
the temporary shape and a nonreversible crosslink used to fix 
the permanent shape. Metal–ligand interaction can also be 
used as the temporary switching segments for SMPs, taking 
advantage of various mechanisms that can switch the inter-
actions on and off. A useful feature of a metal ligand bond is 
that its association–dissociation kinetics are highly dependent 
on the metal ion, making it potentially useful in designing spa-
tioselective plasticity if the distribution of metal ions can be 
controlled.[50]

Zhou and co-workers developed an isonicotinate functionalized 
polyester (PIE) polymer which contains pendant pyrazinamide 
groups (Figure 16).[161] The pyrazinamide could be coordinated 
with Cu2+ ions to form a physically crosslinked network, which 
possessed excellent shape memory and high self-healing func-
tions under a mild condition. In this polymer network, the pyrazi-
namide groups located in polymer side chains provide a ligand 
effect with the absorbed Cu2+ ions and in turn endow the polymer 

with shape memory function. The self-healing property mainly 
resulted from the restructuring of the coordination bonds and the 
rearrangement of polymer molecular chains on the cut surfaces.

Xia and co-workers reported a poly(n-butyl acrylate-co-
methyl methacrylate) polymer bearing a side group 2,6-bis(10-
methylbenzimidazolyl)pyridine ligand, which is dynamically 
crosslinked by the metal salt zinc trifluoromethanesulfonate to 
obtain the metallosupramolecular polymer. The shape recovery 
and healing is achieved upon application of a thermal or light 
stimulus due to the specific metal–ligand interactions which 
not only serve as an “inert” crosslink network at low tempera-
ture to produce the shape recovery, but also dissociate at high 
temperature for healing. The healing rate is quick and the 
healing efficiently is close to 90%.[162]

Shape-memory function can be used to improve the self-
healing performance of materials, which is termed as shape 
memory assisted self-healing (SMASH) materials. The self-
recovery of SMASH materials is initiated with the shape 
recovery to drive the cracks closer, and then the healing 
process takes place in the damaged region. Mather and co-
workers prepared SMASH polymers by introducing self-
healing thermoplastic agents (linear poly(ε-caprolactone) 

Figure 15. a) Multiple BTP ligand units (blue) and covalent mechanophore molecules SP (orange) are incorporated into the polymer backbone to 
afford ligand macromolecule. b) The proposed microscopic mechanism during tensile stretching of the films. a,b) Reproduced with permission.[160]  
Copyright 2013, Royal Society of Chemistry.
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(l-PCL)) into a shape memory crosslinked poly(ε-caprolactone) 
network (n-PCL). Upon heating, shape recovery of n-PCL 
brought cracks closer to each other and then the diffusion 
of l-PCL chains crossing the cracks led to rebonding of the 
cracks. Complete healing could be obtained with over 25 wt% 
l-PCL in the material.[133] The same strategy was also used to 
prepare self-healing coatings by electrospinning thermoplastic 
poly(ε-caprolactone) (PCL) fibers into a shape memory epoxy 
matrix.[134] The cracks on this corrosion-resistant coating 
closed and re-sealed after 10 min of heating at 80 °C and no 
rust was formed on the coated metal. Prez and co-workers 
also reported thermoset polyurethanes with the ability to self-
heal under mild temperature conditions, by making use of a 
Diels–Alder shape-memory assisted self-healing approach.[136] 
However, so far there is no report on SMASH polymers based 
on coordination bonds.

4.5. Soft Actuators

 The development of soft actuators able to mimic expansion–
contraction functions, undergo directional motion, is of great 
importance and is particularly difficult to achieve. Light-powered 
soft-actuators are especially interesting because of the possibility 
to remotely trigger and spatiotemporally control the action with 
high precision. To date, light-induced soft actuators are usually 
based on host–guest interactions, liquid-crystalline materials, 

crystals, or polymers containing photoswitchable units (such 
as diarylethene or azobenzene moieties) which can be switched 
either between two energy minima (bistable systems) or from 
the ground state to a light-promoted, far-from-equilibrium state 
with concomitant variation of the molecular geometry.[163]

Laponnaz and co-workers demonstrated a light-powered 
soft-actuators based on metallopolymers formed by zinc(II)–
terpyridine coordination bonds (Figure 17).[164] The large 
equilibrium constants between zinc(II) cation and terpyridine 
ligand provide the thermodynamic driving force toward supra-
molecular polymerization. Introduction of diazobenzene moie-
ties into the backbone of the ditopic terpyridine ligands, which 
is able to act as a photoinduced switch between a trans and a 
cis conformation, is expected to allow large molecular geom-
etry variation as a consequence of the conformational change, 
that is, the light-triggered response. Furthermore, introduction 
of rigid π-conjugated small phenylene ethynylene moieties in 
the ditopic terpyridine allowed modulation of the solubility 
and π…π stacking ability of the resulting supramolecular 
metallopolymeric organogelator. Upon irradiation of the 
organogel in a 1 × 1 cm quartz cuvette with a light source at 
λexc = 365 nm, a continuous macroscopic contraction of the 
gel is observed. The gel contracts by a value as high as 85% 
of its initial volume and the contraction is accompanied by a 
concomitant release of an excess of the solvent mixture. The 
photoisomerization process cannot be reversed by simply irra-
diating the contracted gel with visible light at λexc = 450 nm. 

Figure 16. Shape-memory and self-healing properties of copper–polyester polymer. Reproduced with permission.[161] Copyright 2015, Royal Society of 
Chemistry.
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However, upon solvent removal and dissolution in DMF, the 
photoresponsive metallopolymer can be thermally isomerized 
back to the trans form and thus reused. Moreover, pieces of the 
gel can undergo self-healing upon placing the broken faces of 
the gel into close contact for only 15 min.

4.6. Catalytic Property

Sustainable catalysts based on earth-abundant elements are 
considered as economical alternatives to precious-metal-
bearing catalysts and could be impactful for many applica-
tions. Self-healing sustainable catalysts, which in addition to 
their “green” characteristic can spontaneously repair them-
selves without the need of applying heat, pressure or elec-
trochemical bias, are particularly desirable for numerous 

large-scale chemical processes. The presence of metal ions in 
self-healing polymers based on coordination bonds will also 
integrate interesting catalytic properties into the assembly 
structures. The healing of catalytic properties can be function-
ally or mechanically.

Zhou and co-workers reported two metal–organic gels 
based on coordination between Fe3+ and ditopic or tritopic 
pyridine ligands. The metal–organic gel derived from ditopic 
ligand was composed of 3D network of nanofibers, while the 
gel derived from tritopic ligand was constituted of sponge-like 
structure with amorphous phase. Rheological analysis showed 
the gel consisting of nanofiber networks displayed self-healing  
property. The gels were used as catalysts for selective ethylene 
dimerization, and the optimum catalysis results of the gel with 
nanofibers reached the maximal catalytic activity of 1.48 × 105 g 
(mol Fe h)−1 with C4 yield more than 90%, whereas the 

Figure 17. Structure and light-powered actuating property of zinc(II)–terpyridine metallopolymers. Reproduced with permission.[164] Copyright 2016, 
Wiley-VCH.
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sponge-like gel only gave 38% C4 products at the same condi-
tion. The higher dimerization selectivity of the former Fe3+ gel 
was attributed to its regular assembly structure and lower steric 
hindrance of the surface metal sites.[165]

Stylianou and co-workers reported a self-healing catalyst, 
named SION-X, for the hydrolytic dehydrogenation of ammonia 
borane (AB, NH3BH3) (Figure 18).[166] SION-X, with the chem-
ical formula of CuII

2[(BO)(OH)2](OH)3, is the synthetic form of 
the mineral Jacquesdietrichite and, following in situ reduction, 
catalyzes the release of almost all three equivalents of hydrogen 
(H2) from one equivalent of AB. During the reaction, the Cu2+ 
ions in SION-X are reduced to Cu0 nanoparticles, and after the 
reaction, following exposure to air, they are oxidized re-forming 
SION-X. As a consequence, the catalytic activity of SION-X 

toward the production of H2 from AB remains unchanged 
over many cycles. The self-healing catalysis of SION-X in the 
absence of any extra energy input gives a new perspective in 
heterogeneous catalysis for energy-related applications.

5. Conclusions and Perspective

Herein, we have listed the features of coordination bonds and 
summarized the various metal–ligand interaction being uti-
lized in constructing self-healing polymers. We also gave some 
examples on the functional self-healing polymers based on 
coordination bonds. It is clear that the presence of metal–ligand 
complexes may give self-healing polymers many unique and 

Figure 18. Structure and catalytic properties of SION-X. Reproduced with permission.[166] Copyright 2019, Royal Society of Chemistry.
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interesting features. The mechanical strength can be adjusted 
through the fine tuning of coordination bond strength. In 
some cases, a thermodynamically stable whilst kinetically 
labile coordination complex can be obtained, thus conundrum 
between mechanical properties (modulus and toughness) and 
dynamic self-healing can be addressed. The dynamic nature of 
the metal–ligand interactions also gives the self-healing poly-
mers with stimuli responsive functions. The presence of metal 
ions or functional ligands introduces additional chemical and 
physical properties, such as luminescence, dielectric, shape 
memory, and catalytic properties.

It is evident that more and more efforts have been devoted 
to self-healing polymers based on coordination bond during 
the past decades. However, the field is still far from the stage 
of maturity. Many existing studies only focus on the synthesis 
of polymers and characterization of the self-healing properties, 
and only a few researches attempt to derive consistent and 
quantitative relations between the coordination bond dynamics 
and the self-healing properties. Some studies have investigated 
the thermodynamic and kinetic behavior for model coordi-
nation complexes in solution, or performed ITC studies on 
diluted polymer solutions, and tried to correlate these para-
meters to the self-healing behavior. However, the healing pro-
cess takes place in the solid state, while the polymer chain 
dynamics also play an important role on the self-healing pro-
cess. Thus, the translation of the knowledge on model com-
plexes to the macroscopic self-healing is not that simple and 
more detailed characterizations of the polymeric films should 
be performed.

Moreover, while significant progress has been made in con-
structing self-healing materials using various metal–ligand 
coordination, functional self-healing polymers remain largely 
unexplored. Herein, selected key examples of functional healing 
materials based on the reversible formation of metal–ligand 
bonds are described. We can foresee that other fascinating and 
even more sophisticated examples will be anticipated in the 
near future. In particular, control over the interplay between 
self-healing properties and other functions can be judiciously 
engineered and managed. These advanced, “smart” materials 
may find valuable applications as wearable and recyclable opto-
electronic devices and drug-delivery carriers, in tissue engi-
neering, artificial muscles, and other biomedical applications, 
as well as in catalytic systems.

It has to be emphasized that in general, although fabricating 
advanced self-healing materials via new microstructures or 
combined interactions is essential to promoting the progress of 
self-healing materials, endowing the self-healing materials with 
special functions is much more important to broadening the 
application of the self-healing materials. Through the efforts 
of this community, self-healing materials are gradually moving 
from restoring mechanical and structural properties to the 
healing of their functions.
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