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Smart materials with the ability to repair themselves have been the focus of different fields of science

and engineering. This mini-review provides an insight into the rapidly expanding area of research into

smart materials with self-healing properties and discusses both chemical (reversible and polymeric) and

also non-chemical (irreversible and microvascular) systems, with emphasis focused on the recent

reports in the field.

1 Introduction

One of the nature’s most striking features is its ability to self-

repair minor damage that is inflicted in one way or another, such

as cuts or bruises which are often healed with full restoration.

Engineering materials, including polymers, often have a limited

lifespan due to unavoidable degradation and unexpected damage

from constant stress and strain. In order to overcome these

issues, research in the field of self-healing polymers, defined as

a ‘‘material where damage automates a healing response,’’ is

currently an active field of study.1 This research is driven by the

possibility that future materials may not have to be replaced,

which would result in cost and efficiency savings in many

applications. Work in this area is diverse, ranging from auto-

motive industry to airplane wings; computer circuit boards and

lubricants which could all take advantage of this technology to

improve performance.

It is a challenge for polymer and materials chemists to develop

smart materials which can undergo different responses upon an

external stimulation. Smart materials have been prepared by

combining state-of-the-art engineering techniques with efficient

chemical reactions, often called click chemistry.2–4 Several

concepts have been developed to provide the self-healing prop-

erty to the material, such as microcapsule based systems,

microvascular systems and nanoreservoirs, Fig. 1.39 Composite

systems often require the contact of the crack to the nano/

microdomains that contain a crosslinker, catalyst or monomer

and initiates a polymerization that blocks or heals the crack.5

However, the irreversible systems can heal only once, which is

a potential drawback. Therefore, there is an increasing interest

on reversible systems which can break and heal repeatedly upon

external stimuli.6

Reversible systems have been based on either covalent inter-

actions, such as Diels–Alder (DA) and retro Diels–Alder (RDA)

processes, or non-covalent interactions such as hydrogen
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bonding or p–p stacking. The concept of the rational design of

stimuli responsive materials is based on the interaction of

chemical functionalities with various forms of energy such as

thermal, electrical, pressure, mechanical and electro-chemical

radiation.7–10

In this current review, we focus on systems that should repair

the damage at the microscopic level, as this is where damage

often goes unnoticed and enables the material to restore its full

mechanical properties, as opposed to macroscopic repair with

adhesives. We highlight the selected examples of the irreversible

systems in the first part, and the second part focuses on the

reversible chemical reaction mechanisms.

2 Irreversible systems

It is appropriate to begin with irreversible systems, as these were

the first developed systems for self-healing purposes. These

require healing agents to repair damage in the material. Once

healed, they cannot be reverted back to the appropriate mono-

mers.

2.1 Self-healing composites

Whilst work by White et al. was not the very first example of

a self-healing polymer (SHP), it was ground breaking11 and

stimulated further work in this area. White et al. focused on self-

healing polymer composites, where a monomer healing agent is

stored in microcapsules and dispersed through an epoxy matrix.

Upon damage, the microcapsules are punctured, releasing dicy-

clopentadiene (DCP) monomer into the matrix. On contact with

the first generation Grubbs catalyst ring opening metathesis

polymerisation (ROMP) of the DCP heals the crack thus

restoring the mechanical properties of the material, Fig. 2.

The matrix used to store the monomer microcapsules consisted

of bisphenol based epoxide to diethylenetriamine (12 : 100) curing

agent. The Grubbs catalyst used was a bis(tricyclohexyl-

phosphine) benzylidine ruthenium(IV) dichloride, and this was

embedded in wax microspheres that are solubilised by the DCP.

The DCP was encapsulated in poly(urea-formaldehyde) micro-

capsules. A range of healing efficiencies is reported, peaking at

67% recovery of the virgin fracture.12 When the temperature of the

system was increased to 80 !C the average healing efficiencies rose

above 70% and peaking at 80%.12 Microencapsulation has been

shown to exhibit better healing properties than silica microspheres

and solid urea formaldehyde (UF) particles,13 and it has also been

suggested that melamine–urea–formaldehyde (MUF) polymer

shells14 show a much greater thermal stability, robustness and

improved synthetic and handling properties over UF.13,15

Specific effects of three crystal morphologies of the Grubbs

catalyst to tailor the dissolution kinetics16 and thermal properties

of the self-healed polymer have been investigated.17 It was shown

that the more rapidly dissolving polymorph gives increased

healing efficiency.17 Moore et al. reported in 2007 that both the

exo and endo isomers of DCP have relative advantages.18 The

endo isomer is commercially available, has a long shelf life, low

Fig. 2 A crack forms in the matrix where the damage occurs (top), the

crack ruptures the microcapsule, releasing the healing agent (middle), the

healing agent contacts the catalyst, and the ROMP proceeds (bottom).

Reproduced with permission from ref. 11.

Fig. 1 The self-healing concept based on carbon nanotube reservoirs. (a)

Material is damaged at the site of impact. (b) Healing agent is released

into the matrix. (c) An in situ polymerisation occurs where the crack was

formed. (d) Fully restored crack, with full mechanical properties restored.

Reproduced with permission from ref. 39.
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viscosity, and exhibits polymers with good mechanical proper-

ties. In contrast, the exo isomer polymerises 150 times faster and

has superior low temperature properties.19 The exo isomer

polymerises so fast that it gels blocking the release of further

catalyst and a mixture of the two isomers was shown to be the

best monomer composition, Fig. 3.18

Other work has shown that using a different monomer, a blend

of DCP with 5-ethylidene-2-norbornene in a ratio of 1 : 3 can

improve crack repair even further,20 with faster reaction times at

a lower catalyst loading. However, this was limited to small

cracks and showed an inability to repair multiple cracks.21 First

generation Grubbs catalysts can be more efficient and catalyse

ROMP faster than 2nd generation catalysts in this type of resins

and curing agents.22 A computational model of White et al.’s

original system has been produced,11 showing that a rest period

during healing retards the crack propagation. White and co-

workers continue to develop the methodology and have

improved it further by adding ‘‘Shape Memory Alloy’’ (SMA)

wires to the composite.23,24 The SMA wires are activated so that

they close upon self-healing, thus making the crack smaller and

greatly improving healing efficiency. The scope of the system was

varied further using a tin catalysed polycondensation of phase

separated droplets containing hydroxyl end functionalised pol-

ydimethylsiloxane (PDMS), Fig. 4.25 This type of self-healing

polymer can withstand harsher conditions and the phase sepa-

rated tin catalysed approach is far more air and water sensitive in

comparison to the conventional microcapsule system. The tin

catalyst can also withstand much higher temperatures of greater

than 100 !C, but healing efficiencies are sacrificed. A similar

reasoning was used by Yang and co-workers, who reported

a catalyst-free self-healing system encapsulating isophorone dii-

socyanate monomer for use in coatings.26 The microcapsules

showed good resistance against water, air and high temperature

and these are now being used in new self-healing technologies.

Further cost savings can be made by using a tungsten(VI) catalyst,

for the ROMP of exo-DCPD.27 Whilst it is a more environmental

friendly catalyst, healing efficiency in this initial study only

reached up to 20%, and is so far limited to one isomer of DCPD.

2.2 Microvascular polymer composites

In a similar way to the aforementioned composite systems based

on microspheres, fibre reinforced composites with intraply

matrices are prone to cracks and damage, despite fibres impart-

ing extra mechanical strength to the material. Cracks, especially

in industries where these are used e.g. aerospace, are often

difficult to detect and observe. Traditional cosmetic repair

approaches are costly and difficult and thus these systems have

several advantages over microcapsulated healing agents. For

example, it is not possible to replenish new materials to the

damaged site once the healing agent in the capsule has been used.

However, microvascular systems have been designed to mimic

the vascular system in the body. They do not provide a one time

solution for the damaged materials, instead providing a contin-

uous flow of healing agent to the site. This unique property

makes them good candidates for future smart materials.

2.2.1 Hollow glass fibres. The advantages of using fibre

reinforced polymer composites are best shown using the example

of hollow glass fibres (HGFs). These systems are inspired by

nature as they mimic the bleeding in arteries, and provide many

of the requirements outlined.28–32 Initial work on the formulation

of HGFs33 eventually formulated the first HGF self-healing

system by Bleay et al., Fig. 5.34

The ideal scenario is a resin that can be detected by absorption

or emission spectroscopy such as UV, allowing the sight of

damage to be easily detected as well as the self-healing proper-

ties.28,29 The earliest publications by Pang and Bond showed that

HGF could be produced that are UV active, with the fibres filled

with 913 epoxy resin and a fluorescent dye. The self-healing

mechanism was unclear; however, it was reliant upon the

uncured resin combining with the hardener post-impact. Two

other systems showed early signs of promise, exhibiting up to

97%28 and 93%29 restoration of original mechanical strength. The

inclusion of a UV dye enabled the detection the location and the

extent of the damage, Fig. 6.

It was shown that adding these fibres to a composite can

reduce the initial strength of the material, however, the increased

damage tolerance and subsequent repair mechanisms

Fig. 3 Whilst the exo isomer polymerises much faster, the healing effi-

ciency was 50% than with pure endo isomer (left). A mix of the two

isomers can improve healing efficiency (right). Reproduced with

permission from ref. 18.

Fig. 4 Schematic of the self-healing process: (a) self-healing composite

consisting of microencapsulated catalyst (yellow) and phase-separated

healing-agent droplets (white) dispersed in a matrix (green); (b) crack

propagating into the matrix releasing catalyst and healing agent into the

crack plane; (c) a crack healed by polymerized PDMS (crack width

exaggerated). SEM images of (d) the fracture surface, showing an empty

microcapsule and voids left by the phase-separated healing agent, and (e)

a representative microcapsule showing its smooth, uniform surface.

Reproduced with permission from ref. 25.
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compensate for this.32 The applications of these types of self-

repair technologies are focused on transport,30 and work is now

concentrating on making HGFs commercially viable by incor-

poration of resins with low viscosity, long shelf lives and no

reliability on stoichometry.31

2.2.2 Electrically conductive and resistance heating self-heal-

ing polymers. The self-healing techniques described in sections

2.1 and 2.2 are not applicable to all industrial applications,

especially in high risk situations such as deep-sea excavations.35

Williams and co-workers synthesised electrically conductive SHP

for the real time monitoring of the status of materials structural

integrity through electronic feedback mechanisms.35 This would

enable the logging of events, and enable backup systems to be put

in place, Fig. 7.

A series of multitopis N-heterocyclic carbenes (NHCs) were

synthesised as good electronic conductors. As a proof of prin-

ciple, the polymerised NHCs were scored with a razor blade,

and a noticeable smoothing was noticed after heating the

polymer to 200 !C for 25 minutes. Other work simulated and

quantified the extent of rehealing, and directed the heat source

to the exact location where healing was required.36 However,

limiting the study to NHCs and the need for solvent be present

for the healing to occur has meant that no further publications

on this topic have emerged. Indeed, resistance heating36 and the

fact that the principle could be applied to carbon fibres have led

to further research in the field.37,38 The polymers themselves

were not electrically conductive, instead based on Diels–Alder

type linkages that will be described in more detail in the next

section.

2.2.3 Carbon nanotubes. Single walled carbon nanotubes

(SWCNs) have emerged as a very attractive polymer additive.39

SWCNs can provide both mechanical strength and electrical

conductivity with very low loadings. Another excellent property

of SWCNs is that they can be used as nanoreservoirs for healing

agents where the catalytic trigger molecules are either wrapped

around the SWCNs or are dispersed in the matrix, Fig. 8.39 The

advantage of using the SWCN in comparison to nanocapsules is

that they also bring an additional mechanical strength to the

material. However, there are several factors which will determine

the amount of healing agent that can be stored in the SWCN.

These are the SWCN diameter, length, orientation, dispersion,

loading density in the matrix, type of the matrix and the healing

agent. Nevertheless, following the intelligent optimization of

these parameters, SWCN reinforced materials are promising

candidates for advanced application, although these materials

are still in the development phase.

2.2.4 Microvascular systems. Self-healing materials with

microvascular networks have been studied by Sottos et al.40–42

They mimicked the capillary network in the dermis layer of the

Fig. 5 Schematic diagram of smart repair concepts considered for

polymer matrix composites. Reproduced with permission from ref. 34.

Fig. 6 Optical micrograph of cross-section through impact damaged

hybrid solid glass/hollow glass/epoxy laminate. Reproduced with

permission from ref. 28.

Fig. 7 Concept of an electrically conductive, self-healing material. Electrical resistance increases upon formation of a microcrack, as the total number

of electron percolation pathway decrease. As the microcrack is the source of the resistance increases, the generation of heat as localised at the fracture

point. Reproduced with permission from ref. 35.
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skin to form a microvascular substrate which was coated with

a brittle epoxy coating, Fig. 9. They investigated the mechanical

behaviour and the healing efficiency of the healed materials,

initially achieving healing efficiencies of approximately 30–70%,

increasing to 70–80% in later studies.42 A dual network con-

taining system has been formed that independently supplied

multiple healing agents to a given damaged site. The damaged

materials could recover a minimum of 50% of their initial

mechanical properties even after 30 continuous healing

cycles.40,41

3 Reversible self-healing smart materials

Irreversible smart materials were the first type of self-healing

polymers reported, however, their applications are limited, and

involve relatively complex systems. Reversible systems are

synthetically more applicable, and are able to undergo multiple

repair cycles even upon damage at the same site. These do require

an external stimulus, and as a consequence do not undergo repair

autonomously. The reversible systems are reported in covalent

and non-covalent sections.

3.1 Thermo-responsive Diels–Alder based polymeric smart

materials

Diels–Alder (DA) cycloadditions are a convenient route for the

formation of carbon–carbon bonds via a facile reaction under

undemanding conditions, a ‘‘click’’ reaction.43–45 Diels–Alder

cycloadditions are thermoreversible reactions, which is ideal for

the synthesis of mendable polymers, as it does not require

delivery of an additional chemical, such as a catalyst. This

feature has been exploited in the preparation of self-healing

polymers carrying functionalities, either as the polymer chain-

end (i.e. pendant ends) or in the monomeric repeating units.

Furthermore, the reverse DA reaction does not involve free

radicals, thus limiting side reactions that might prevent refor-

mation.46 There are a number of examples where Diels–Alder

(DA) moieties, a diene and dieneophile have been incorporated

into polymers, perhaps the most common being the furan–mal-

eimide based DA system.47 Other work in the 1990s concentrated

on using bis-furans and bis-maleimides to prepare crosslinked

thermally reversible polymeric networks, however, these systems

had low degrees of polymerisation and poor reversible proper-

ties.48–53 The incorporation of furan–maleimide moieties into

polymers by Stevens and Jenkins,54 and independently by Craven

was presented prior to the technology being used for self-healing.

Since this time there has been a series of publications using

a similar concept,55–58 and have eventually developed into prac-

tical chemistry of mendable systems using DA technology.59,60

Despite the initial principle being published in 1979, it was not

recognized until 1990 that Saegusa and co-workers developed

a thermally ‘‘mendable’’ polymeric DA network.55

Initial work56 was not targeted for the specific use of synthe-

sising self-healing polymers, instead the formation of poly-

oxazoline hydrogels.56 These were prepared by formulating furan

and maleimide pendant end groups on the polymeric chains and

then an intermolecular DA reaction between the furan-modified

poly(N-acetylethylenimine) (PAEI) and maleimide-modified

PAEI proceeded,55 Fig. 10.

Stevens also varied the system by crosslinking polystyrene with

maleimide based end groups with di-2-furfuryl adipate.61 This

Fig. 8 Molecular model of carbon nanotube and organic molecules for

the self-healing system. Reproduced with permission from ref. 39.

Fig. 9 (a) Schematic diagram of a capillary network in the dermis layer

of skin with a cut in the epidermis layer. (b) Schematic diagram of the

self-healing structure composed of a microvascular substrate and a brittle

epoxy coating containing embedded catalyst in a four-point bending

configuration monitored with an acoustic-emission sensor. (c) High-

magnification cross-sectional image of the coating showing that cracks,

which initiate at the surface, propagate towards the microchannel

openings at the interface (scale bar " 0.5 mm). (d) Optical image of self-

healing structure after cracks are formed in the coating (with 2.5 wt%

catalyst), revealing the presence of excess healing fluid on the coating

surface (scale bar " 5 mm). Reproduced with permission from ref. 42.

Fig. 10 Example of a crosslinked network with furan and maleimide

pendant end groups.6,55
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posed problems when attempting the reverse DA reaction at

150 !C as the furfuryl adduct is thermally unstable at this

temperature.61 Gandini and co-workers discovered the same

problem investigating the DA/RDA process using N,N0-methyl-

enediphenylbismaleimide (MDPBM) with copolymers of methyl

methacrylate and 2-furfuryl acrylate.62 Changing the diene to

pendant 2-furfuryloxy moieties with a MDPBM cross-linking

agent, and using 2-methylfuran as a trap to capture released

MDPBM, enabled the reverse DA to proceed at 130 !C with no

side reactions.58 Gandini and co-workers followed up these initial

studies by making thermally reversible elastomers using mal-

eimide pendant PDMS, crosslinked with a difuran derivative.

A DA crosslinked polymer synthesized for the specific use of

self-healing was prepared by Wudl et al. in 2003, using furan- and

maleimide-based monomers crosslinking along the polymer

backbone.63–65 It was shown that fractured polymer materials,

heated to 120 !C, exhibited 83% recovery of the polymers orig-

inal strength. Crucially, this fracture/repair cycle could also be

repeated, making this the first real DA polymeric system exhib-

iting thermally responsive self-healing behaviour. This and other

work from various authors,66–70 for example self-healing den-

drimers,69 polyamides,70 and film lithograpthy,66 have paved the

way for a number of recent articles with specific applications.

Zhang et al. utilized Diels–Alder technology in polyketones and

bis-maleimides,59 the first example of Diels–Alder chemistry

being used for a specific purpose: recycling thermoset polymers,

Fig. 11. The systems employed exhibited 100% healing efficien-

cies with multiple cycles, Fig. 12.59 Similar work used DA

chemistry to synthesise self-healing epoxy-amine thermosets, but

whilst the cycles could be repeated on multiple occasions, unlike

the earlier work, healing efficiencies only reached 21%.60

Although the furan–maleimide DA reaction is popular other

chemical reactions have also been exploited. Dicyclopentadiene

(DCPD) based on DA polymeric networks have been under

investigation for many decades. The advantage of this monomer

is that it acts as both a diene and a dieneophile,6 and it also has

varying properties depending on its stereochemistry, as

previously mentioned. The sequence of events that has evolved

since its first use as a monomer in a DA based network, by Stille

and Plummer, has been relatively brief.71 Takeshita et al.72

incorporated DCPD monomers in a reversible crosslinked

network whilst Kennedy has been the first to demonstrate DCPD

in a thermally reversible crosslinked network. The retro Diels–

Alder reaction on the CP terminated polymers occurred at

215 !C, and reformed its original shape after heating at 170 !C

over three cycles.73,74 However, these reports were not specifically

concerning SHPs and are thus outside the scope of this article

with no further reports in the literature. Wudl and Bergman have

reported DCPD polymers and their specific use of self-healing.6

The thermal stability of other DA linkers is much stronger than

those previously mentioned, and as such the other DA based

systems are rarely reported in the literature. Anthracene based

crosslinked networks have been reported,75–77 but until 2009,

none demonstrated self-healing capabilities.78

It is clear that DA chemistry is popular for self-healing systems

and the number of reports in this area has grown very rapidly.79

To date the majority of reports have been focused on crosslinked

networks formulating polymer gels and thermoset matrices.

Recently, we have developed self-healing polymers that can be

prepared by living radical polymerisation,78 so that the scope of

industries and applications is broadened. It is shown in this

report that it is possible to prepare SHPs that bring all the

benefits of living polymerisation, monodisperse polymers with

tailored architecture and molecular weight, Fig. 12.

In order to investigate the self-healing property, two poly-

merisation initiators and one crosslinker were prepared using

DA chemistry. The linker shown exhibited excellent cleavage

properties, with 50% reformation occurring upon the reheating

cycle. However, the facile nature in which this linker cleaved can

be problematic for practical applications. Changing the alcohol

to 9-anthracenemethanol gave the Diels–Alder linkage higher

thermal stability. The forward DA reaction is highly efficient

when using 9-anthracenemethanol, and the small amount of

cleavage occurring is reforming in the cooling cycle. To

Fig. 11 Schematic of the Diels–Alder (DA) and retro Diels–Alder

(RDA) reactions between PK-furan and bis-maleimide. Reproduced with

permission from ref. 59.

Fig. 12 1H NMR of polymer (i) prior to heating, (ii) cleaved polymer

following heating and (iii) reformed polymer. GPC data of (i) polymer

(black), (ii) cleaved polymer (red) and (iii) the reformed polymer (blue).

Reproduced with permission from ref. 78.
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investigate other polymer architectures, the same principle was

applied to arm first stars, however, this time it was the shear

quantity of linkages that enabled the Diels–Alder bond to

constantly cleave and reform throughout the heating process.

An alternative self-healing system based on living polymeri-

sation techniques is microencapsulated glycidyl methacrylate

(GMA) monomer healing agent that is contained within a poly-

(methyl methacrylate) (PMMA) matrix.80 The living nature of

the PMMA means it can be reinitiated upon cracking of the

matrix, releasing the GMA monomer forming a block copolymer

which is covalently attached to the interface. In effect, the GMA

acts as an initiator, thus no external catalyst is required. The

polarity of the GMA is similar to that of PMMA, facilitating

wetting on the surface of the matrix initiating the copoly-

merisation. Full healing of the test system was achieved after 21

hours at ambient temperature.80

3.2 Dynamic covalent transitions

Deng et al.81 reported a new type of self-healing ‘‘dynamic’’

covalent system, using polyacylhydrazones. These polymers,

so-called ‘‘sol–gels,’’ are able to revert back their monomeric

state, by changes in either temperature, pH, or solvent, Fig. 13.

The authors carried out a condensation of acylhydrazines at

either end of a poly(ethylene oxide) (PEO) (A2) with aldehyde

groups in tris[(4-formylphenoxy)methyl]ethane (B3) to form

a crosslinked network of acylhydrazone bonds. These undergo

cleavage under mild acidic conditions and reformation upon

increasing the pH. The dynamic character of these polymers

was used to reshape the polymer gel back to its original state

following degradation.

3.3 Hydrogen bonding

Covalent bonds utilize atoms as building blocks to form

molecules and contain relatively high energy in comparison to

non-covalent bonds, 35–135 kcal mol#1, 2–20 kcal mol#1,

respectively. Therefore, a large amount of energy (heat or light)

is required to break and reform covalent bonds, which is

apparently a major drawback for other self-healing

mechanisms, such as Diels–Alder. In contrast, non-covalent

bonds, namely ionic, hydrophobic, metal coordination and

hydrogen bonds, use molecules and ions to form assemblies

with low kinetic stability.82 Therefore, low energy required

reversible self-healing materials have been designed successfully

in the last decade.

The concepts of supramolecular polymerization and hydrogen

bonding in between the macromolecules have been investigated

by Meijer and Sijbesma et al.82–88,89 More than a decade ago, the

formation of exceptionally stable DDAA dimers of a simple

ureidopyrimidinone (Upy) derivative was reported. Ureidopyr-

imidinones may exist as dimers of 4[1H]-pyrimidinone and pyr-

imidinol tautomeric forms by a stable dimerization of the linear

array of four hydrogen bonds. Dimerization via both DDAA

(donor–donor–acceptor–acceptor) and DADA (donor–

acceptor–donor–acceptor) array is possible, Fig. 14.90,91 These

units can be incorporated into a polymer chain by various

techniques, such as using a functional initiator or post-poly-

merization modifications.92,93 Hawker and Kramer et al. used the

controlled incorporation of Upy units along the backbone to

independently tune the macroscopic material properties such as

stiffness and resistance to creep.

A further approach has been demonstrated by Leibler et al.

using the hydrogen bonding to construct self-healing elastomers

without applying heat or catalyst.94–96 They designed a system

which crosslinks via hydrogen bonds, Fig. 15. When the polymer

is broken or cut, it can be simply repaired by bringing together

the fractured ends for as little as few minutes to self-heal

autonomously at ambient temperature.

This process is reproducible and the healed materials

showed reasonably conserved mechanical properties after

several repetitions. However, it is crucial to bring the ends of

the material together as quick as possible to obtain sufficient

self-healing as the hydrogen bonding units may react with the

closest ones in their section. It is also noteworthy that this

system is based on dimers and trimers of fatty acids, from bio-

renewable resources, and their mixture prevents crystallization

and warrant the rubbery property at high temperatures,

Fig. 16.

Fig. 13 Construction of covalent cross-linked polymer gel based on

reversible covalent acylhydrazone bond. Reproduced with permission

from ref. 81. Fig. 14 Different tautomeric forms of 6[1H]-pyrimidinone monomer.
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3.4 Self-healing ionomers

Ionomers are thermoplastic ionic polymers, consisting of

hydrocarbon chains bearing carboxylic acid groups that are

either partially or completely neutralized with metal or quater-

nary, ammonium ions.97 It is usual for up to 20 mol% of ionic

species to be incorporated into the structure of the organic

polymer.1 Ionomers are advantageous since they can be synthe-

sized using commercially available starting materials.1,6 These

polymers are unique and their aggregates that have profound

mechanical and physical properties, and are especially useful in

ballistics1 and other commercial applications.98,99 These include

sports equipment, coatings, ballistics and packaging.6,100–102

However, as with many such reversible interactions, there have

been little publications specifically related to self-healing poly-

mers.1,103

The mechanism of healing is different from composite based

systems, as there is no specific healing agent, the ionomer’s

morphology accommodates its self-healing capability, activated

by high impact. It was reasonable to assume that the healing

process occurred via thermal reversibility of the ionic interaction,

and original hypothesis suggested this was the case.6,104 However,

similar results and impact fractures were seen with Nurcel!,99

a product that is made via hydrogen bonding. The elastic nature

of these polymers provides its self-healing process, Fig. 17.

3.5 p–p Stacking

A further non-covalent interaction, p–p stacking, has been used

in the synthesis of self-healing smart materials.105 A supramo-

lecular polymer system of pyrenyl terminated polyamides (Mn "
6 kDa, Mw " 10 kDa) are intercalated into the chain folds of

a polyimides (Mn " 16 kDa, Mw " 27 kDa). 1H NMR and

viscometric studies used to show intercalation, against a variety

of control experiments involving the single components. Films

formation is a direct result of this interaction, with a measurable

tensile strength. The viscosity melt fell 5 orders of magnitude

after heating the film between 35 and 60, showing that the

interaction, as expected, was thermoreversible much the same as

hydrogen bonded and Diels–Alder systems. The cut film was

reformed by pressing the pieces together and briefly heating to

80 !C; this exhibited full recovery of modulus strength so fast that

the recovery mechanism could not be measured. Heating at 50 !C

was required for the kinetics of the recovery to be monitored.105

Fig. 16 Schematic representation and molecular structures of materials

used in Leibner’s self-healing rubber. Reproduced with permission from

ref. 93.

Fig. 17 Friction causes melt. Elastically rebounds. Polymer still molten,

able to reform at the damage site. Reproduced with permission from

ref. 1.Fig. 15 Self-healing polymers by gently pressing them towards each

other for few minutes at room temperature. Reproduced with permission

from ref. 93.

Fig. 18 (a) Components 1 and 2 afford a p–p-stacked supramolecular

polymer, while 3 and 4 are control materials lacking either, in 3, the

chain-folding triethylenedioxy-diimide motif or, in 4, the terminal pyr-

enyl residues. (b) Schematic showing the potential for non-covalent cross-

linking of polyimide chains by multiple intercalation of p-electron-rich

pyrenyl end-groups (red) into designed polyimide chain-folds (blue).

Reproduced with permission from ref. 105.
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The cycle was repeated on the same film 3 times, a key feature for

industrially practical self-healing polymers, Fig. 18.

4 Conclusions

The progress made on the fabrication of smart materials since the

turn of the millennium has been remarkable. The original self-

healing principle has expanded across the whole scientific world,

from chemistry to engineering. The original systems developed in

2001 have been expanded upon and improved constantly. Similar

types of composite based networks were reported, such as hollow

glass fibres, and the field has gone from proof of principle to real

life practical applications in the space of a decade.

Chen and Wudl placed one of the most crucial milestones that

really set the chemical and polymer based self-healing systems

alight, as this showed chemists any reversible interaction could

possibly be used to synthesise mendable polymers. Whilst Diels–

Alder chemistry has been the most common, many other

reversible networks have been developed, like hydrogen bonding

and ionomers; commercial products have now been developed.

We foresee that these types of networks will continue to be

improved in the next decade.

However, there are a number of potential candidates for future

work—in theory any reversible linker. The key factor for the

successful self-healing polymers is to have a system that can

reverse in nature, i.e. thermal and light.

The disulfide bond is a common and reversible interaction,

with simple redox chemistry.106–108 The reversibility of the

disulfide bond is evident in DNA replication. Matyjaszewski and

Tsarevsky108,109 and Armes et al.110,111 have been developing

disulfide containing polymers for work on biodegradable poly-

mers. The first time they were used for crosslinked polymers was

in 1993107 and since then Matyjaszewski108,109 has published

papers showing the reversible nature of the disulfide bond in

polymer networks. In reality, any system requires both reducing

and oxidising agents to be present, seriously affecting the

marketability of a disulfide based self-healing system. Nitroxide

mediated polymerisation112 could be favoured, the formation of

the stable free radicals is a thermal rather than chemically

induced process.113,114 The radicals formed upon decomposition

are stable and are readily reformed. Photocleavable polymers are

also desirable, as the natural source of light could serve as the

healing agent. Such photocleavable linkers have already been

incorporated into polymers and shown their reversibility115,116

but not been used for specific use of SHP.
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