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Abstract 

The ability of artificial materials to be healed efficiently, mimicking the living 

organisms, exhibits a great deal of potential advantages that can revolutionise the 

operation and maintenance of materials used in various applications. Such self-healable 

smart materials have been extensively researched in the last few decades, leading to the 

development of different physical and chemical synthesis approaches. Among these 

methods, chemical techniques based on reversible cycloadditions or disulfide bonding 

provide obvious advantages in terms of repeatability, which holds prime importance in 

determining the commerciality of the healing approach. This review compiles the recent 

advances in the field of self-healing polymers where the healing ability is introduced by 

reversible cycloaddition reactions while focusing mainly on Diels-Alder (DA) reactions. 

DA is a [4+2] cycloaddition reaction where diene and dienophile pairs are used to 

fabricate thermally reversible crosslinked networks. These covalent bonds provide the 

necessary reversibility to the healing matrix and impart the desired strength to the 

polymeric material. There is a considerable body of recent literature where DA bonding 

has been employed either on its own or along with other healing mechanisms to impart 

self-healing to polymers. However, lack of a systematic review discussing these works 

makes it difficult for a beginner to cope with advancements in this field. Most early 

studies have focused on the healing stimuli and efficiency of healing in polymers but 

with this review, we would like to explore the healing thermodynamics governing the 

rupture–repair process in DA polymers along with the use of advanced spectroscopic 

techniques to study them and their applicability in thermosets, epoxy resins, 

biopolymers, and polymer nanocomposites. Novel applications for such advanced 
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functional polymers, multifunctional healable polymers, and the outlook for future 

research, opportunities and challenges in the area are also discussed. 

Keywords: Self-healing polymers, Diels-Alder cycloaddition, Intrinsic healing, 

Functional polymers, click chemistry  
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1. Introduction 

Polymeric materials and their composites have been vastly used for different 

applications owing to their combination of favourable properties, including low cost, 

high chemical resistance, tunable thermal and electrical insulation, as well as light-

weight. Although these materials possess attractive mechanical properties, including 

appropriate fatigue resistance and fracture toughness, microcracks and other structural 

defects can still be formed under the influence of external factors involved in their 

operation.[1] In the case of polymer-based composites, the formation of microcracks in 

the polymeric matrix deteriorates the behaviour of both the reinforcing fillers and the 

matrix, which directly impacts the structure’s service life and jeopardizes the safety of 

equipment and people.[2, 3] 

To overcome this, a family of polymers with self-healing characteristics and 

ameliorated mechanical properties have been developed. These self-healing polymeric 

materials can heal the microcracks and other damages, enhancing the durability and 

extended life span of the materials, essential or beneficial for a large variety of 

applications. The self-healing properties of smart polymeric materials are based on the 

ability of those materials to perceive and repair damages, mimicking the autonomous 

self-healing ability of living organisms.[4] An ideal self-healing polymer should be 

capable of completely healing defects of any size multiple times without the need for 

external stimuli. On the other hand, the properties of the polymeric material after the 

self-healing process should be the same or preferably better than those of the material 

before the healing process.[5]  The influence of the self-healing property on the service 

life of polymeric materials is highlighted in Fig. 1. Broadly, adding a reinforcing 

material to the material matrix improves the properties and increases the service life to a 
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certain extent. However, an ideal self-healing material means the material has an infinite 

service life and can be used without the user being concerned about mechanical damage. 

Healable materials that have been produced to date with covalent bonds possess higher 

mechanical strength but provide almost similar service life as healable materials with 

labile bonds. 

Most of the existing self-healing polymers are able to repair themselves only in the 

presence of external stimuli like heat,[6, 7] mechanical force,[8, 9] light,[10, 11] 

electricity,[12] electromagnetic waves,[13] catalysts,[14, 15] pH stimulus,[16] 

oxidation-reduction[17] and/or moisture[18, 19]. Nevertheless, the literature also exists 

on some polymeric systems in which the self-healing process occurs autonomously[20-

22].  

Generally speaking, self-healing polymeric materials can be divided into intrinsic or 

extrinsic types based on the mechanism involved in the damage-repair process.[23] 

Intrinsic self-healing polymers can regain their properties immanently. In these 

polymers, the healing process is triggered by external stimuli, leading to a series of 

physical or chemical interactions at the molecular level.[24] There have been numerous 

studies to investigate the dynamic bonding mechanisms involved in these polymers, 

such as Diels-Alder bonding,[25] Michael addition[26, 27], acylhydrazone coupling[28, 

29], diselenide bonding[30-33], Schiff base[34-36], hindered urea bonding[37, 38], 

metal-ligand coordination[39-42], cyclodextrins host-guest interactions[43, 44] and 

oxime bonding[45].  In contrast, the extrinsic type of the self-healing process is based 

on the healing chemistry that is actively embedded in the polymer matrix in the form of 

microcapsules[46-48] or vascular networks[49]. The latter can be sequestrated into the 

crack planes created by the damage, thereby restoring the material's original properties. 
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Polymers that can be healed extrinsically usually provide a higher level of convenience 

since there is no need for any external stimulus for healing. However, these polymers 

often lack a repeatable and consistent healing performance, which intrinsic polymers 

can readily provide.[50] It should be mentioned that, ideally, a reversible process that 

involves the formation of strong covalent bonding is required to ensure a repeatable 

healing process in self-healing polymeric composites. Hence, to this end, cycloaddition 

reactions are considered an attractive choice for building the required stimuli-responsive 

smart polymers.[51] Despite their intriguing characteristics, there lacks a systematic 

review on self-healing polymers based on cycloaddition reactions that discuss the recent 

trends and advances in the field. The current review article outlines the applicability of 

cycloaddition reactions for instilling the self-healing mechanism to the polymers, while 

focusing mainly on the thermally reversible Diels–Alder (DA) reaction, as explained in 

the next section. 

2. [4+2] Cycloaddition for self-healing 

Diels-Alder (DA) reaction is the most well-known cycloaddition mechanism, which 

involves a concerted pericyclic reaction to introduce reversible covalent bonding into 

polymers. The DA reaction is a [4+2] cycloaddition reaction between conjugated diene 

(electron-rich) and a substituted alkene or alkyne (electron-poor), which form a 

cyclohexene adduct. Alkenes or alkynes with electron-withdrawing groups (EWG) are 

highly suitable to disseminate this characteristic due to their ability to make existing 

unsaturated groups further electron-poor. DA reaction is an addition reaction and not a 

condensation process, i.e., all the components of the products are already present in the 

reactants, making it an autonomous self-contained dynamic system. DA reaction is 

thermally reversible, as shown in Fig. 2, for which temperature can be used to control 
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the extent of reaction. Therefore, this mechanism is highly suitable for polymers as it 

does not require extreme temperatures.[52] 

Various combinations of diene and dienophile have been well documented in the 

literature.[53] However, for any compound to work as a diene and participate in DA 

reaction, it should be an s-cis conformer (double bonds are cis about the single bond). S-

cis conformers possess less thermodynamic stability as the smaller distance between 

their substituents causes steric repulsive strain in the system. Though s-trans conformers 

possess higher stability, substituent bonds are way too far to undergo a coordinated 

reaction with a dienophile.[54] Hence, compounds like furan, anthracene and 

cyclopentadiene, which possess s-cis in their structure, are considered very reactive as a 

diene, and suitable to participate in DA reaction. On the other hand, maleimide is 

widely used as a dienophile, and its reactivity towards the diene can be increased by 

introducing a partial positive charge on the sp2 carbon. This is possible if the dienophile 

has at least one EWG-like carbonyl group (C=O) or cyano group (C≡N), which can 

withdraw electrons from C=C. [55] 

2.1. Thermodynamics of self-healing in DA polymers  

When a reversible polymeric network is damaged, two local processes occur at the 

rupture site, namely chain cleavage and chain slippage.[50] Although the chain cleavage 

is considered structural damage, it forms several functional groups on the surface. These 

functional groups can contribute to the subsequent interactions taking place in the 

polymer material. On the other hand, chain slippage can lead to conformational 

changes. The phenomena of chain slippage, chain cleavage and healing process are 

described graphically in Fig. 3. A polymeric system can autonomously undergo self-
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healing if Gibb’s free energy ∆𝐺 (=  ∆𝐻 − 𝑇∆𝑆) <  0. DA reaction may be viewed 

entirely as a chemical bonding process for self-healing; however, physical aspects of 

chain flexibility and mobility also hold significant importance. Entropy changes 

positively from the initial state (virgin sample) to the final state (damaged sample) 

mainly due to the larger number of possible chain arrangements available at the newly 

created interfaces. Theoretically, due to positive entropy change and the higher density 

gradient of the chains at the interface, chain ends try to fill the void, especially when the 

distance between the interfaces is favourable. However, entropy changes are minimal in 

large polymeric chains due to limited mobility within the matrix boundaries.[23] 

Therefore, the flexibility of chains or glass transition temperature (Tg) can be considered 

indispensable factors for understanding the healing thermodynamics in polymers. 

Urban’s research group suggested that the flexibility of chains will directly influence 

several possible chain rearrangement configurations. Therefore, Flory’s flexibility 

parameter can be used to describe the localised entropy changes at the site of 

damage.[23, 56]  

A self-healing polymeric lattice with n polymeric chains was considered for this work 

by Urban and group. It was further assumed that each chain follows the self-avoiding 

walk model and possesses N segments or repeating units. Therefore, each chain contains 

(N-1) bonds and (N-2) bond angles. To determine the influence of chain flexibility on 

the value of ∆G, chains were assumed to be semi-flexible, and f was defined as the 

probability of two successive bonds which were not collinear and prone to possible 

rotation. This implied that out of total bonds present in the lattice, fn(N-2) is the number 

of bent bonds. Therefore, under ∂∆G/∂G=0 condition,  f could be written as follows: 
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𝑓 =
(𝑧−2)𝑒−𝜀 𝑘𝐵𝑇⁄

1+(𝑧−2)𝑒−𝜀 𝑘𝐵𝑇⁄     (1)

  

where z is the coordination number of the lattice unit, kB is the Boltzmann constant, T is 

the absolute temperature, and ε is the energy difference between collinear and bent 

bonds. Under the assumption of no energy changes happening due to the intermolecular 

interactions, ∆G can be given by the equation (2). 

∆𝐺 =  −𝑇∆𝑆 =  −𝑛𝑅𝑇{𝑙𝑛 𝑁 +  𝑙𝑛(𝑧 2𝑒⁄ )  +  (𝑁 −  2)𝑙𝑛[1/(1 − 𝑓 )𝑒]}       (2) 

This method mentioned above can determine the energy change of chains where both 

ends are dangling. However, for chains in which one end is anchored to another chain, 

possessing only one free end, we will have 𝑙𝑛 𝑁 = 0. In this situation, the Gibbs free 

energy for tethered chains can be given as the equation (3). 

∆𝐺 =  −𝑇∆𝑆 =  −𝑛𝑅𝑇{𝑙𝑛(𝑧 2𝑒⁄ )  +  (𝑁 −  2)𝑙𝑛[1/(1 − 𝑓 )𝑒]}     (3) 

Considering that the threshold value of f = K,  it leads to ∆G = 0. Similarly, when f > K, 

again ∆G = 0, which means the chain mobility is a spontaneous process, and healing can 

take place. However, when 𝑓 < 𝐾, chains become too rigid for healing, and external 

energy inputs are required to overcome the thermodynamic barrier. Fig. 4 shows 

changes in Gibbs free energy as the function of flexibility parameter and chain length. 

In this graph, the plane representing ∆G = 0 shows the equilibrium state of the polymer. 

Therefore, the healing process above this plane can occur spontaneously. On the other 

hand, repairs below this plane need an energy input, usually an external stimulus. The 

solid red curve depicts the changes in ∆G with increasing repeating units of the 

polymer.[23] 



 

10 
 

Since ΔH° and ΔS° for a typical Diels–Alder reaction are negative, the previously 

formed covalent bonds can break upon exposure of the adduct to sufficiently high 

temperatures, leading to the reverse reaction known as retro-DA reaction. When the 

adduct is cooled to lower temperatures, cycloaddition occurs again, and covalent bonds 

are recreated. The occurrence of a DA reaction leads to the breakage of three π-bonds, 

and the formation of two new sigma bonds and a π-bond, resulting in a new six-

membered ring as shown in Fig. 2. DA reaction mechanism can synthesize polymers 

with various structural arrangements like linear, branched, and crosslinked variants. 

Compliance with the energy requirements of DA reaction and providing enough energy 

to cross the thermodynamic barrier for flexibility can be fulfilled simultaneously in the 

presence of an additional value of energy. This makes the DA mechanism one of the 

most suited contenders for self-healing polymers for which Tg lies in the same range of 

the adduct’s DA temperature.[57] The design and synthesis of various polymeric 

systems using the DA mechanism is a facile route due to the “click” chemistry concept 

employed by the reaction.[58] Thermal reversibility introduced by DA reaction has been 

efficiently utilised to create building blocks for thermally reversible polymeric 

systems.[59] This has also developed novel routes to synthesise polymeric gels with 

thermally reversible capabilities.[59-62] Fabricating novel degradable hydrogels[63] 

and thermosensitive hydrogels[64-66] based on the DA reaction opened the door for 

further exploration on their use in tissue engineering and drug delivery. Apart from 

polymer gels, sustained bonding/debonding capability of DA polymers instils the 

stimulus responsiveness to various materials like organic/organic hybrids[67-71], 

organic/inorganic hybrids[72, 73], core cross-linked and thermo-responsive 

micelles[74-76], multifunctional coatings [77-79], materials for data storage[80], optical 
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polymers[72], lithography[80, 81], energy storage[82-84], contact printing[79, 85] and 

nano-porous films[86]. This review focuses on DA reaction as a simple and scalable 

tool to introduce self-healing in polymers for various applications while also suggesting 

some unexplored areas where these can be applied. 

 

2.2. Self-healing DA Polymers based on furan-maleimide groups 

As mentioned earlier, different chemicals can form DA adducts, within which the most 

prominent category is the Furan-Maleimide systems. The reaction between furan 

derivatives as diene and maleimide derivatives as dienophiles is presented in Fig. 5. The 

main advantage of DA reactions based on the Furan-maleimide pair is their ability to 

occur in a highly reversible manner under mild conditions, without any side reactions or 

need for catalysts. They are clean, efficient and simple in occurrence.[87]  

It should be noticed that maleimide possesses two electron-withdrawing C=O groups, 

which makes the C=C bond from the main dienophile ring electron-insufficient, 

increasing the reactivity of the dienophile towards the diene. Therefore, in most early 

works involving Furan-maleimide based DA reactions for thermally reversible 

polymers, diene or dienophile was attached to the polymer chains.[61, 88, 89] This 

made molecular chains longer and thereby resulted in subpar chain mobility, making it 

highly unsuitable for applications in the field of self-healing polymers.  

Wudl et al.[6] reported a self-healing polymer based on a thermally reversible DA 

reaction. In this work, a covalently crosslinked network (3M4F) was prepared using 

multifuran groups with four furan functional groups (4F) and multimaleimide monomer 

with three maleimide functional groups (3M). Upon heating to 150°C for 15 min, this 
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DA adduct displayed a debonding extent of 30%. The subsequent cooling to 80°C led to 

a DA reaction, and the polymer was completely cured. The adduct showed an average 

mending efficiency of 50% at 150°C in terms of fracture energy. The tensile strength, 

compressive strength, flexural strength, and compression modulus of the 3M4F polymer 

were superior to epoxy resins. To further enhance the self-healing properties of such 

polymers, alternative monomeric units with a lower melting point were introduced, 

which induced higher mobility in the matrix.[90] This excellent work by Chen et al. 

attracted further research in remendable polymers by DA reaction. Plaisted and Nemat-

Nasser have qualitatively studied the polymer systems used by Chen and the team 

where they found that increasing the healing time over 1 hr did not affect the healing 

properties of the material.[91] As shown in Fig. 6, the crack completely disappears after 

4 min when the sample is heated at 85 °C. Theoretically, it is supported by calculations 

based on the heat capacity and average thermal conductivity of polyamides, which 

suggests that the sample's centre should reach 85 °C within 3 min of heating. This 

conclusively shows that the time required for quick healing of the polymer is dictated 

by the chemical kinetics of the DA reaction and not by diffusion-controlled processes. 

Moreover, the repaired polymer was reported to have higher fracture resistance than the 

virgin polymer.[91]  

Following this work, many self-healing polymeric systems with Furan-maleimide based 

DA bonding have been developed. One of the recent works features an interesting 

combination of Polyurethane (PU) and Polyhedral oligomeric silsesquioxanes (POSS) 

to introduce hydrophilicity and thermal stability to PU.[92] Furan functionalised PU 

was prepared using a novel chain extender by directly reacting furfurylamine with 

furfuryl glycidyl ether (FGE). This furan functionalised PU was grafted with Maleimide 
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functionalised POSS by DA cycloaddition and resulted in a ultra-hydrophobic 

composite with a remarkable increase in its water contact angle from 84° to 141.3°. This 

was attributed to the cycloaddition between PU and highly hydrophobic POSS units 

along with increased micro- and nano- roughness. Samples with PU-POSS in a ratio of 

1:36 exhibited healing efficiency >80%.  

Feng et al. used ring-opening polymerization (ROP) catalysed by silicon alkoxide for 

FGE and carbonyl sulfide to produce a thermo-reversible triblock copolymer.[93] This 

furfuryl poly(thioether)-b-polysiloxane-b-furfuryl poly(thioether) copolymer not only 

possesses a high dielectric constant, for which it was designed but also shows tunable 

mechanical properties, self-healing ability and excellent shape-memory effect. This 

work shows a novel approach to designing self-healable advanced dielectric elastomers 

for actuated devices using DA chemistry. 

2.2.1. Self-healing epoxy resins based on furan-maleimide DA reaction 

Epoxy resin is one of the most well-known groups of thermosets and is widely used in 

several applications; for example, adhesives[94], sealants[95], paints[96], coatings and 

construction materials[97]. Epoxy resin is also commonly used in the electronics 

industry due to its excellent corrosion resistance, high resistance to heat and electricity, 

adhesion to many engineering materials, and desirable mechanical properties.[98] 

Despite these advantages, however, the disposal or recyclability of epoxy resins is 

challenging due to obvious environmental and economic considerations. Therefore, 

extending the service life of epoxy-based polymers by repeatable self-healing can tickle 

one of the most serious global environmental problems by reducing plastic waste.  
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Another environmental concern regarding polymer fabrication and processing is the 

involvement of various organic solvents and heating regimes. Liquid polymer 

precursors can offer several advantages, including the possibility of processing 

polymers in a solvent-free environment. It can also provide the option of using low-

boiling point solvents, including propanone and methanol.[99] This permits easier 

removal of solvents without the involvement of high-temperature treatments, thereby 

preventing retro-DA reaction. The occurrence of retro-DA reaction can cause 

disconnection among the bonds during the solvent removal process.[88] With this in 

mind, Liu and Hsieh formulated furan and maleimide monomers with multiple 

functionalities using epoxy precursors that remain liquid at room temperature.[99] 

Epoxy-based compounds possess desired properties like thermal and electrical 

insulation and resistance towards chemicals and solvents. Fig. 7(i) shows the SEM 

images of the sample, demonstrating that a surface fissure can be entirely healed at 50 

ºC in 24 h. This sample was intended to be used as the substrate for semiconductor 

silicon, where removability of the silicon part is essential for upgrading, salvaging, or 

reworking the components. Therefore, the ability to remove the sample from silicon 

wafers was tested. It was observed that the polymeric material could be removed 

entirely from the surface of the semiconductor material by dissolving the polymer in 

NMP for 1 h at 90 °C as shown in Fig. 7(ii). It is noteworthy that this sample could heal 

at low temperatures due to the low Tg of the monomer precursors. Removability would 

be ideal for polymers intended for such use, however, its mechanical properties and 

application at higher temperature ranges could be compromised mainly due to the low 

Tg precursors used. 
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Table 1 summarises the repair performance of self-healing epoxy resins that have been 

fabricated utilising furan-maleimide bonding based on DA chemistry. Their properties 

and performance characteristics are compared based on the synthesis method, self-

healing pathway, specific application, and the properties of various epoxy resins. 

Furthermore, Zhang et. al proved that it is possible to synthesise thermally healable 

polymers using furan-functionalized alternating thermosetting polyketones and bis-

maleimides, leading to a healing efficiency of almost 100%.[112] These polymers set 

forth some interesting properties of linear thermoplastics such as reprocessability, 

remeltability, and recyclability without changing their dynamic mechanical properties. 

This “thermoplastic” like behaviour of thermosetting polyketones is possible due to the 

reversible cycloaddition of the furan and maleimide functional groups on precursor 

chains. It is basically the bond breakage and reconnection phenomenon illusioned as 

remeltability.   This system was also studied by altering the number of furan groups and 

varying the maleimide to furan molar ratios.[113] A polymeric network based on 

PEAF2M3 with furfuryl-telechelic poly(ethylene adipate) (PEAF2) and tris-maleimide 

(M3) was produced by Yoshie et al. [114] The rDA reaction was initiated at 145°C 

within 20 min. The healing efficiency of the system was recorded at 68% based on 

tensile strength when DA reaction was allowed to occur at 60°C for one week. Du et 

al.[115] reported using the reversible DA mechanism to prepare a healable linear 

polyurethane (PU) bearing two furan groups using 4,4-diphenylmethane diisocyanate 

(MDI), poly(1,4-butylene adipate glycol), DPBM and furfuryl amine. A cut was 

introduced on the PU film using a surgical blade, and it was heated at 120 °C. The cut 

was not visible after 300 s of curing. Recovery tests yielded a healing efficiency of 80% 

for the first cycle, and it went down by 14% for the next cycle. This work was further 
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extended by the same group where a multi-furan monomer was prepared. This modified 

system could undergo self-healing at 130 °C in 300 s with a 12.4% increase in the 

healing efficiency as compared to the sample with two furan groups.[116]  

2.2.2.  Alternative stimuli sources  

Apart from the direct heat, which is often used as a stimulus for healing, other sources 

can also be utilised as the energy source to stimulate the healing process, along with 

additional elements, such as carbon materials, enabling the utilization of those 

alternative sources. Furthermore, the alternative stimuli sources based on indirect 

heating might provide advantages such as preventing the material degradation caused by 

the direct heat or devising a more convenient pathway for self-healing the material 

depending on the specific application of the polymeric compound.  

As the first example, an organic-inorganic self-healing composite material was 

fabricated by Park et al.[117], based on crosslinked 4F–2MEP resin and carbon fibres. 

The self-healing reaction was stimulated by an electric current, which generated 

resistive heating in the carbon fibres filler. A healing efficiency of 90% has been 

achieved by applying the electrical current for 3 h. Furthermore, in an interesting work 

by Yu et al.[118], a unique interpenetrating polymer network (IPN) was developed by a 

double-crosslinked hydrogel using a combination of DA reaction and acylhydrazone 

bond. The reversible acylhydrazone bond introduced in the DA network was a pH-

responsive covalent bond and thus imparted the self-healing feature. It was observed 

that the single-crosslinked network (SN) sample and double-crosslinked network (DN) 

samples when cut into half, were able to self-heal in 3 h at ambient temperature without 

any external intervention. Although the healing efficiency was not reported in this work, 

the SN gel was mentioned to sustain its own weight. Also, the DN gel was able to bear a 
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pulling force on the sample. The pH value was kept under 4 using HCl to demonstrate 

the pH responsiveness, which triggered a sol-gel transformation upon addition of TEA 

as shown in Fig. 8. 

Towards developing advanced materials for flexible electronics, Wu et al.[119] 

fabricated a composite material based on PU and functionalised graphene nanosheets 

(FGNS). The product offered a healing efficiency of more than 96 % in terms of 

Young's modulus, break strength and break elongation when healed using an infrared 

(IR) laser. The healing mechanism is highlighted in Fig. 9, showing a photothermal-

based healing process taking place in the matrix where FGNS absorb the IR radiation 

and release it in the form of heat. Further, Li et al.[120] utilised GO sheets’ excellent 

microwave absorption properties of GO sheets to create a self-healing PU-based 

composite. The composite material produced could be healed completely under 

microwave irradiation in 5 min. In this case, GO sheets imparted the mechanical 

strength, thermal stability, and microwave healing capabilities to the sample. The PU 

composite was reported to show an excellent dispersion of GO inside the polymer 

matrix, most likely owing to the chemical bonding between the GO and polymer matrix 

rather than mechanical interspersion. 

One of the novel mechanisms to achieve thermal triggering is magnetic hysteresis 

heating. It occurs when a ferromagnetic material is placed within an alternating 

magnetic field. Utilising this specific heating mechanism, Adzima et al.[121] developed 

a self-healing polymer using pentaerythritol propoxylate tris(3-

(furfurylthiol)propionate) (PPTF) and 1,1′-(methylene-di-4,1-phenylene) bismaleimide 

(DPBM) monomers. The polymer could fully heal when exposed to a coil of strength 

14.2 mT for 300 s. Hysteresis heating provides an added advantage over conventional 
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heating due to its self-limiting nature. Once the curie temperature of a ferromagnetic 

particle is reached, heating would be stopped, preventing irreversible thermal 

degradation during the repetitive healing process.[122] Ultrasonic waves have been 

used to develop complex self-healing materials such as concrete[123], but it has yet not 

been explored for polymers using DA chemistry to the best of our knowledge. This can 

be further explored by using covalently bonded thermoacoustic fillers or incorporating a 

combination of pressure-sensitive bonds in the polymeric matrix along with DA bonds. 

 

2.2.3. Self-healing biopolymers based on furan-maleimide DA reaction 

Several environmental and economic challenges accompany the manufacturing process 

of polymeric materials from petroleum products. Consequently, a significant deal of 

research has focused on producing chemicals and polymeric materials from biomass, 

thereby taking advantage of the rich chemistry and abundance of large natural 

molecules available in nature. For instance, Zeng et al. [124] produced a self-healing 

polymeric material by the condensation polymerization approach using two bio-based 

monomers, namely Bis(hydroxymethyl)furan (BMF) and Poly(2,5-furandimethylene 

succinate) (PFS). The self-healing efficiency of the polymer without any external 

stimuli at room temperature was reported to be 75%. The healing performance was 

enhanced using a bismaleimide crosslinking solution, leading to efficiency of over 90%. 

Such high healing efficiency at ambient conditions had not been reported prior to this. It 

could be attributed to the high level of functional groups on the surface of the bio-

derived materials. It was also found that a higher furan/maleimide ratio resulted in 

higher efficiency when self-healed or healed by solvent-assistance processes. This 

seems to be because the samples with low furan/maleimide ratios undergo very high 
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crosslinking during polymerization, which hinders chain mobility. The reported sample 

also showed good mechanical properties. It was suggested that the healing efficiency 

could further improve by increasing the reaction temperatures as the chain mobility 

increases at elevated temperatures, thereby allowing the complete connection of furan 

and maleimide moieties. 

Another biomass that attracts interest among researchers is lignin. Despite the wide 

availability of lignin biopolymer resources in nature, lignin is not widely used in self-

healing polymers due to its structural complexity and diversity.[125] In a recent work 

by Buono et al.[126], a unique derivative of soda lignin was utilised. The natural 

material used contained around 30 wt.% lignin and maleimide moieties that were 

crosslinked to lignin with furan linkers to assemble a furan-maleimide-based DA 

polymer. Polymerization of the compound took place by a green chemistry process and 

did not involve the use of solvents. Moreover, the polymer sample could be healed 

entirely at 130 ºC. This material can be modified and assessed as a potential candidate 

for UV healable protecting films by taking advantage of lignin's excellent UV 

absorption properties. 

Pectin has attracted a great deal of interest in biomedical applications due to its 

nontoxicity, anti-inflammation, antineoplastic activity and biospecific degradation. 

However, due to the presence of heteropolysaccharide branched chains that are soluble 

in water, its practicality has been limited. Li et al. [127] designed self-healing 

Pectin/Chitosan based hydrogels for drug delivery applications, and found that 

introducing DA chemistry in the composite not only leads to a significant improvement 

in the self-healing properties, but also ameliorates the cross-linking density, well-

swelling, pH- and thermo-responsiveness, drugs loading efficiency, and the 
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performance of the composite material as an efficient carrier for sustained release of 

drugs. 

 

2.2.4. Self-healing polymer nanocomposites based on furan-maleimide DA 

reaction 

The properties of self-healing polymers have improved significantly over the last few 

years due to continuous and rigorous research in this field. However, these polymers are 

not widely used because of their poor mechanical properties, low healing efficiency, 

prolonged healing time or inadequate response to external stimuli.[128] To address 

these challenges, carbon nanomaterials like graphene[129] and CNTs[130]  have been 

successfully used as fillers for the polymeric matrix. Graphene possesses excellent 

mechanical properties, electrical/thermal conductivity, photothermal properties and 

excellent response to stimuli making it an ideal filler for self-healing composites.[131] 

Graphene derivatives can exist in three forms inside the polymeric matrix: (a) attached 

to the matrix by intermolecular force, (b) attached to the matrix by hydrogen bonds or 

host-guest interactions, and (c) crosslinked with the polymer matrix by reversible 

chemical bonds.[132] Graphene physically connected to the matrix by the influence of 

intermolecular forces hinders the healing process by limiting chain mobility.[133] 

Therefore, to take full advantage of graphene’s unique mechanical properties, the 

successful interconnection of graphene materials in the polymer matrix by chemical 

bonds is essential. Li et al.[134] prepared a GO/PU thermally healable composite using 

DA reaction, where graphene oxide  (GO) was chemically bonded with in-situ 

polymerised 4,4-diphenylmethane diisocyanate and poly(tetramethylene glycol). The 

composite material was heated at 150 °C for 4 h to induce rDA and slowly cooled at 65 
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°C, leading to the progress of DA reaction with a curing time of 24 h. Under such 

conditions, artificially introduced surface cuts were almost completely healed (visually) 

but the average healing efficiency was found to be 78% in terms of breaking stress. 

Meanwhile, Lin et al.[11] exploited excellent photothermal properties of graphene to 

devise an electrically conductive self-healing PU/graphene nanocomposite with a silver 

nanowire (AgNW) network inlaid in the surface layer. The composite polymeric 

material could be healed by 808 mm NIR irradiation with a laser density of 1.0 W cm-2, 

and the healing efficiency was reported to be above 90 %. In a recent work related to the 

production of GO-based self-healing composites conducted by Lee et al.[135], 

polymethacrylate was shown to self-heal when heated at 150 °C for 2 h followed by a 

heat treatment at 50 °C for 24 h. The highest efficiency obtained was 81.228% for the 

sample containing the highest GO content (0.030 wt%). A similar concept was adopted 

by Ding et al.; where Ag anchored on CNTs was used as an active filler to produce a 

self-healable DA PU with high strength (~15.97 MPa), high healing efficiency 

(~90.1%) and enhanced thermal conductivity.[136] It was found that conductivity 

increased because Ag nanoparticles (NPs) act as a bridge to connect CNTs and reduce 

the interfacial thermal resistance. Interestingly, this additional NPs loading does not 

interfere significantly with the chain mobility, and therefore, the self-healing ability 

could still be preserved. Ag NPs have also been used in other works as independent 

fillers to impart strength and antimicrobial properties to DA based self-healing 

polymers.[137]     

Besides the bonding between the carbon filler and the matrix, it seems plausible that the 

size of the filler material could also affect the mechanical and healing properties of the 

composite. Lin et al.[138] used GO sheets of various sizes as shown in Fig. 10 (a-c), to 
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reinforce the monomer and prepare PU composites based on the reaction mechanism as 

shown in Fig. 10 d. It was found that small-sized GO (mGO) sheets are advantageous 

for improving the matrix’s mechanical and healing properties of the matrix. Moreover, 

when pristine GO (without functional moieties) was tested in nanocomposites, it was 

found to have inferior mechanical and self-healing properties (min. 10%) as compared 

to their functionalised GO counterpart. This further proves that the chemical bonds 

between graphene and the matrix improve mechanical properties as compared to 

graphene which is just physically dispersed in the polymer matrix.  

Until now, most of the reported works focused on using DA reactions for intrinsic 

healing. However, Pratama et al. [139] developed a self-healing thermoset where DA 

reaction between the furan functionalised matrix and a compatible multimaleimide 

healing agent filled microcapsules was utilised to heal the material at room temperature. 

The samples were able to heal and yielded an average healing efficiency of 71%. In a 

similar work by Ingoglia[140], microcapsules filled with individual DA monomers were 

designed to initiate the DA reaction between bis(furan) and bis(Maleimide) upon 

cracking in the polymer matrix, initiating the release of DA monomers. The 

microcapsules were made from poly(urea-formaldehyde) using emulsion 

polymerization. Hypothetically, this approach was supposed to have several advantages 

because it did not involve any organic solvents, toxic components, expensive catalysts 

or need for external stimuli. However, the concept did not show encouraging results 

when self-healing was observed on a sample by encapsulating the microcapsules in a 

PU film. The film was scratched and left for two days under ambient conditions, but no 

healing was observed. The reason for unsuccessful healing was given as the inability to 

incorporate a high weight ratio of bis(maleimide) in the polymer films. Work in 
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extrinsic healing by DA reaction was continued by Santos et al. [141], where they 

optimised the amount of DA monomer and the distribution of the microcapsules in the 

polymer matrix to maximise the healing efficiency. It was observed that bismaleimide 

with phenylacetate (PA) microcapsules having an average diameter of 150 µm provided 

a healing efficiency of 75% when the microcapsules loading was adjusted to 10%. 

Although the maleimide moieties required for the reaction increased at higher 

microcapsule loading, the PA solvent available at the interface also increased. Higher 

PA caused more plasticization at the interface, and the solvent trapped at the interface 

reduced the healing efficiency. Hence for healing times shorter than 2 days, the increase 

in capsule loading resulted in lower healing efficiency, as shown in Fig. 11. With a 

prolonged and thermodynamically slow healing process, PA diffused from the cut 

interface to the bulk of the material, thereby providing better crosslinking between furan 

and maleimide moieties, improving the healing. Also, in terms of mechanical strength, 

if the microcapsule loading was increased above 10%, fracture loads start decreasing 

rapidly, suggesting that loadings of 10% by weight or more are favourable for strength. 

Therefore, it was suggested that the microcapsule loading should be optimised to have 

enough furan-maleimide interlinking sites but not high enough to cause excessive 

plasticisation at the interface.  

DA bonding is responsible for introducing a self-healing mechanism to the material; 

however, its role in improving mechanical/operational characteristics is insignificant 

and requires additional bonding mechanisms within the matrix to attain suitable 

properties. Sugane et al. [142] observed that when materials like furan and maleimide 

terminated, 8-armed star-shaped 3-caprolactone oligomers were used for self-healing 

matrices; the polymeric materials were mechanically incapable of retaining their shape 
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at any temperature higher than the rDA temperature. To improve the mechanical 

properties, they introduced urethane bonds that possess high thermal stability and DA 

bonds and prepared dually crosslinked 8-armed star-shaped 3-caprolactone oligomers. 

The control sample with urethane bonds but without DA bonds failed to heal at standard 

healing conditions for this material (70 ºC for 24 h). In contrast, the sample containing 

DA bonds but no urethane bonds could heal itself under the same conditions but 

deformed due to softening. However, a dually crosslinked sample was able to heal, 

retain its original shape and have an efficiency of almost 90%. More information on 

designing tailor-made and advanced DA based homopolymers, block and graft 

copolymers,  dendrimers or dendronized polymers, hybrids and bioconjugates can be 

found in the review by Tasdelen, which can inspire novel polymeric backbones for 

efficient self-healing assemblies.[143]   

2.3. Self-healing DA Polymers based on anthracene-maleimide 

The thermal reversibility of DA reaction sometimes limits its use as the desired tool for 

high-performance engineering applications. The major limitation of using furan-

maleimide moieties in the self-healing reaction is their low operating temperature as 

rDA bonds cleave at approximately 120 ºC.[51] At higher temperatures, the 

crosslinking is limited, leading to serious damage to the polymer stability and/or 

mechanical properties. Like the furan group, anthracene is a suitable candidate for diene 

due to its fixed cis conformation. Fig. 12 shows the basic cycloaddition reaction 

between anthracene and maleimide derivatives. Syrett et al. [144] produced PMMA 

with an anthracene-based DA adduct using N-(2-hydroxyethyl)maleimide to synthesise 

healable polymer stable at higher temperatures using 9-anthracenemethanol and 2-

bromoisobutyryl bromide. Polymer with anthracene-maleimide DA adduct showed 
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higher thermal stability than the control sample with furan-maleimide DA adduct. The 

polymer could be cleaved by heating to 200 ºC (rDA), and the bonds reconnected (DA) 

when the sample was slowly brought back to the original temperature. This proved the 

ability of anthracene-maleimide bonds to assist in self-healing; however, no work has 

investigated this material's self-healing properties or mechanical properties. 

Yoshie et al. [145] synthesized a self-healing polymeric network (PEAA2M3) using a 

reaction between anthryl-telechelic poly(ethylene adipate) (PEAA2) as anthracene 

source and a tris-maleimide (M3) as maleimide source. A similar polymeric sample 

(PEAF2M3) was produced using furfuryl-telechelic poly(ethylene adipate) that has 

furan-maleimide DA bonding. The  PEAA2M3 network exhibited higher thermal 

stability than PEAF2M3 due to the higher crosslinking density, similar to the results 

obtained by Syrett et al. [144]. A thermal stability study by in-situ ATR-IR 

spectroscopy while heating the sample from room temperature to 200 ºC, showed that 

PEAA2M3 possesses ≈ 50 ºC higher heat resistance than PEAF2M3. When the samples 

were given a mechanical cut and healed at 100 ºC for 7 days, a healing efficiency of 55 

% could be obtained based on tensile strength and 90% based on elongation at break. 

This work can be easily replicated with other polymers, and in situ ATR-IR can be 

effectively used with other systems for analysis. Despite excellent thermal properties, 

DA cycloaddition with anthracene as diene and maleimide as dienophile requires high 

temperatures and longer reaction time to achieve a good bonding efficiency, making it 

unsuitable for use in materials that degrade at temperatures above 150 ºC. Moreover, 

due to the decomposition of individual moieties, Anthracene-maleimide DA polymers 

fail to exhibit higher healing efficiency.[51]  Nevertheless, Heo et al. [146] prepared a 

self-healing polymer stable at high temperatures, with highly improved and repeatable 
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healing ability using anthracene-maleimide moieties. 9-anthracenemethanol and N-(2-

hydroxyethyl)-maleimide (HEM) were used as the source of anthracene and maleimide, 

respectively, and they were fully crosslinked to produce a pre-crosslinked monomer. 

Following that, hexamethylene diisocyanate (HDI) was reacted with the pre-crosslinked 

monomer in the presence of triethylamine (TEA) to break the strong hydrogen bonding 

in the diol precursor and prepare a viscous liquid monomer. This was essential to ensure 

the bulk polymer processing could be carried out without melting and in solvent-free 

environments. PU polymer samples by varying the pre-crosslinked monomer content 

(which acts as the healing agent) were prepared. A liquid monomer was used to 

assemble self-healing carbon fibre reinforced polymer (CFRP) composites using 

vacuum-assisted resin transfer moulding (VARTM). The polymer and composite 

displayed excellent thermal stability with no thermal degradation below 240 ºC. The PU 

samples with high stability also exhibited excellent self-healing properties where 

average first healing efficiency could reach as high as 94%. CFRP composites also 

showed an average first healing efficiency of up to 69%. Through mechanical testing, it 

was also demonstrated that pure and reinforced polymer’s tensile strength, stiffness, and 

hardness were similar to structural epoxy and their commercially available composites. 

This work was the first in the Anthracene-Maleimide DA-based self-healing polymers 

to display high healing efficiency. Interestingly, NMR data showed that self-healing 

occurred through the reformation of DA adducts that were mechanically damaged and 

not by thermally reversible DA reactions, as usually seen with other DA polymers. This 

aids in high thermal stability and opens pathways for high-temperature applications.  

Anthracene-Maleimide “click” partnership has been well established in earlier works; 

however, a newer diene-dienophile pair has recently emerged, promising ultrafast 
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healing at lower temperatures (~130 °C) than conventional anthracene-maleimide 

systems. Mondal et al. [147] used reversible addition-fragmentation chain-transfer 

(RAFT) polymerisation to prepare 2-hydroxyethyl methacrylate (HEMA) and methyl 

methacrylate (MMA) copolymers. The hydroxyl pendants on the methacrylate 

copolymers were used to attach anthracene derived fluorescent compounds followed by 

the DA bonding of 1,2,4-triazoline-3,5-dione (TAD) to these aromatic ends. This 

system showed a promising healing efficiency of ~80% when heated for 5 hrs. 

2.4. Self-healing DA Polymers based on Cyclopentadiene 

The Diels-Alder reaction yields a bridged bicyclic compound when a conjugated diene 

is locked in an s-cis conformation such as 1,3-cyclopentadiene. As two rings can share 

two nonadjacent carbons, cyclopentadienes(CPDs) can act as a diene and 

dienophile.[148] This seems to be advantageous when viewed from the perspective of 

developing self-healing composites as it can facilitate healing by a single functional 

component. Cyclopentadienes undergo dimerization to produce dicyclopentadienes 

(DCPDs), which can be converted back to cyclopentadiene through retro-DA reaction 

by thermal treatment, as shown in Fig. 13. [55] 

The earliest work on developing thermally reversible DA polymers based on 

cyclopentadiene was done by Kennedy et al. [149] to produce reversible 

polyisobutylenes. Murphy et al. [150] successfully developed a single-component 

thermally re-mendable polymeric network using CPDs. In this work, DCPD 

dicarboxylic acid was subjected to bislactonization with a diol, resulting in a cyclic 

diester compound with DCPD attached. This cyclic diester compound forms a linear 

polymer with DCPD moieties when it undergoes ring-opening polymerization. The 
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CPD groups are responsible for interlinking through DA reaction and forming a 

crosslinked network. Self-healing is believed to occur through a rupture-repair process 

involving the dissociation of DA adducts by retro-DA reaction (120 ºC) and re-joining 

of the network by DA reaction (150 ºC). Visual inspection of the polymeric samples by 

optical instruments shows complete closure of the crack; however, fracture mending 

efficiency is found to be 40-60%. One of the monomers (monomer made with 

diethylene glycol) used by Murphy’s group was further studied by Park et al. [151] to 

understand the healing processes.  The samples were cured on graphite/epoxy laminate, 

and healing was stimulated by electrical resistive heating.  It was observed that 

microcracks could heal at 70-100 ºC within a few minutes. DCPD containing chemicals 

have been actively used to produce resins, such as hydrocarbon resins[152] and 

unsaturated polyester resins[153]. This could have a great potential for developing 

single-component DCPD based self-healing epoxy resins with longer service life.  

Interestingly, cyclopentadiene also undergoes hetero-DA reaction with dithioesters, and 

it has been substantially used to functionalise polymers made via RAFT 

polymerization.[154-157] Oehlenschlaeger et al.[158] utilised this diene-dienophile 

combination and prepared a self-healing system by using dyanodithioester and 

cyclopentadiene pair. This system displayed repetitive cyclability, did not require any 

external catalyst to heal and showed no damage when treated between 40-120 ºC for a 

short time. Samples were shown to heal completely in 10 mins at 120 ºC and 1 kN 

pressure in a hot press. Apart from the complete healing ability of this material under 

high temperatures, the mechanical properties of this material could be tuned by 

adjusting the healing temperature. This work was the first to report self-healing 

materials with such tuneable properties, making their application possible in various 
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disciplines. Not only the properties of this polymeric network could be very easily 

adjusted at moderate temperatures, but it could also be done in a very short time, 

thereby making it more desirable for engineering applications.  

2.5. Self-healing DA Polymers based on fulvene and cyanoolefin/dichloromaleic 

Acid 

The main motive behind studying Fulvene based systems was to explore DA adducts 

with thermal reversibility at room temperature. Reutenauer et al. [159] used fulvene as a 

diene and cyanoolefin as a dienophile to develop a polymeric system with self-mending 

properties. Developing such polymeric materials was challenging as it needed precursor 

monomers having either two tricyanoethylenecarboxylate or two dicyanofumarate 

moieties. Preparing such monomers through a synthetic route is challenging due to their 

high sensitivity s nucleophiles. This problem was addressed by producing molecules 

with limited solubility. The authors designed a synthetic approach in which the 

monomer solubility was controlled to maintain enough supply in the solution to form 

the polymeric chain but low enough to easily precipitate the chains for purification. 

Bis(fulvene) was prepared by reacting 4-cyclopenta-2,4-dienylidenpentanoic acid and 

poly(ethylene glycol) (PEG 400) while DA dynamers were synthesized using 

bis(fulvene) and bis(tricyanoethylenecarboxylate). PEG in the form of polydispersed 

polyethylene spacer played an important role in obtaining polymeric chains with such 

high flexibility. This system exhibited excellent reversibility at room temperature. Self-

healing tests were carried out by making a cut on a thin film, and the pieces were 

mechanically placed together at room temperature. It was observed that pieces joined 

together in just 10 s and were able to withstand mechanical elongation stress.  
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In another work, a dextran based self-healing cytocompatible hydrogel was prepared by 

Wei et al. [160] using fulvene-modified dextran as the base polymer and 

dichloromaleic-acid-modified polyethene glycol as a cross-linker. The self-healing 

behaviour was studied by making a cut on hydrogel disks and keeping the cut pieces 

joined together for 7 hrs at 37 ºC. It was observed through scanning electrochemical 

microscopy (SECM) and optical microscopy that segments were completely 

reconnected, and scratches completely disappeared in 7 hrs. Healing efficiency was 

determined by analysing the scratch depth at different healing times using the following 

equation:  

((𝐷𝑒𝑝𝑡ℎ0ℎ – 𝐷𝑒𝑝𝑡ℎℎ𝑒𝑎𝑙𝑒𝑑)/𝐷𝑒𝑝𝑡ℎ0ℎ)    (4) 

The healing efficiency was found to be 99%. This was the first research work that 

successfully used SECM for in situ analysis of the self-healing behaviour of hydrogels. 

This technique appears to be quite advantageous for understanding the healing 

mechanism and for fine-tuning the bonding characteristics to modify the 

healing/thermal properties. Furthermore, the use of low-temperature healing ensures 

that it can be easily used and repeated for temperature-sensitive materials like 

hydrogels. Although the synthesis route is relatively complicated compared to furan-

maleimide DA adducts, this can see broad applicability in the biomedical field and can 

inspire such polysaccharide hydrogels that can be used as injectable carriers obviously 

after appropriate toxicity considerations.  

There exists a colossal library of petro-based dienes such as butadiene [161], pyrrole 

[162] or even bio-sourced dienes such as muconic acid [163], myrcene [164], farnesene 

[165], cardanol [166] and sorbic acid [167]. Vegetable oils such as conjugated linoleic 
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acid could also be used as dienes due to their high unsaturation in the alkyl chain[168]. 

However, most other vegetable oils do not possess the conjugated double bond 

necessary for cycloaddition to take place, which makes them more suitable for 

dienophile than diene. Furthermore, compounds such as vinyl ketone derivatives[169], 

itaconic acid [170], citraconic acid [171], quinones [172] and triazolines [173] are some 

examples of novel dienophiles that have been previously used to form DA adducts. The 

abundance of possible dienes, dienophiles and their combinations make the enumeration 

of diene-dienophile pairs inexhaustible. However, the use of such novel combinations in 

the synthesis of self-healing polymeric systems remains unexplored to the best of our 

knowledge.  

3. Reversible photo-crosslinking for self-healing polymers 

Apart from (4 + 2) cycloaddition, which is induced by thermal stimuli, certain other 

compounds like cinnamate [174-177] and coumarin [178, 179] derivatives can undergo 

photo-induced (2 + 2) cycloaddition reaction. During this reaction, two unsaturated 

groups like cinnamoyl undergo cycloaddition and form a cyclobutane ring or its 

derivative. This reaction can also occur in the reverse direction, resulting in the 

formation of original cinnamoyl structures during crack origination and propagation. 

[174] However, this reaction occurs only under the photo-induced stimulus and not 

under thermal stimulus as per Woodward-Hoffman rules due to a very high activation 

energy barrier under thermal control.[180] Photodimerization and photocleavage of 

coumarin and cinnamate are shown in Fig. 14. These cinnamoyl based polymers can 

undergo self-healing like DA adducts, where bonds are disconnected when cracks are 

induced and regenerated in the presence of a photo stimulus. Application of UV 

irradiation to heal the polymer provides obvious advantages of shorter healing times, 
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higher efficiency, applicability in polymers with low Tg and ability to heal larger 

surface areas. [175] 

Oya et al. [175] used cinnamoyl-telechelic poly(butylene adipate) (PBAC2) and a tetra-

cinnamoyl linker (C4) to prepare a polymeric network that could heal under UV 

irradiation. Cinnamoyl functionalities of the precursor adducts were used to form the 

polymeric network by bonding under UV irradiation (λ = 300–400 nm) using (2 + 2) 

cycloaddition. The healing behaviour of the samples was analysed by UV-vis 

spectroscopy. It was observed that when the crack was induced, cinnamate dimers along 

the interface of the crack dissociated into cinnamate monomers. When the sample was 

irradiated with 300-400 nm UV for 10 min at 60 ºC, it led to re-dimerization of the 

cinnamate monomers and crack healing could be achieved. UV-vis showed that 

complete chemical recovery of the polymer occurred after the UV irradiation. 

Thymine based self-healing linear polymers with photo-reversible characteristics were 

studied by Abdallh et al. [181] Bis-butyl thymine monomers were crosslinked by 

irradiating UV light at 302 nm. Thymine moieties provided the polymeric matrix with 

photo-reversible capabilities via (2 + 2) cycloaddition. Healing was achieved by 

applying UV irradiation at a wavelength less than 240 nm. It was suggested that the 

reaction occurs due to the depolymerisation under photocleavage and UV, which 

reduces the Tg. The dropping in Tg increased the chain mobility within the matrix and 

made the material less hard. The mechanical properties were almost entirely recovered 

after healing. However, Tg of the healed sample was slightly lower than the virgin 

sample, most likely due to the misalignment of polymer chains at the healing site. This 

work can be used to develop temperature-sensitive polymer coatings and polymeric thin 

films, which can be self-healed at room temperature by UV irradiation. However, 
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limited information is available about the mechanical characteristics of the polymer 

matrix before and after healing, which makes it hard to evaluate the new materials for 

potential applications. Moreover, analysing the repeatable healing characteristics of the 

sample at the same location and studying its effect on the Tg would be advantageous to 

understanding the healing behaviour for long-term use.  

Self-healing materials based on cycloaddition reactions suffer difficulty in scale-up 

mainly due to the use of speciality monomers/precursors. Kim et al. [182] aimed at 

solving the applicability issue by preparing healable microcapsules made out of 

homopolymers that heal a crack by initiating a photochemical (2 + 2]) cycloaddition 

reaction while being dispersed in any polymer matrix. Photopolymerization and 

suspension polymerization was used to prepare microcapsules using 1,1,1-tris 

(cinnamoyloxymethyl) ethane (TCE) and 1,1-di(cinnamoyloxymethyl) ethane (DCE) 

monomers. Each microcapsule contained TCE and DCE monomers which act as the 

healing agent. These microcapsules could be formed by suspension polymerization, 

where only the outer shells underwent polymerization because of limited light 

penetration. Microencapsulation offers only one-time healing at any point, mainly due 

to material discontinuity between the healing agents encapsulated inside the shell and 

the shell material, which limits their wide application. Discontinuity was resolved by 

using TCE-co-DCE monomers in a poly(TCE-co-DCE) shell, and it was shown through 

FTIR that this system was capable of repeatable healing action at a single site. The 

mechanism for repeatable healing is summarized in Fig. 15. This work opens pathways 

to create uniform polymeric matrices by utilising microencapsulation and cycloaddition 

reactions together. It also created a repeatable polymer network by eliminating the 
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individual disadvantages of both approaches, which could be widely used in self-

healing coatings and paints.  

Utilising photo-crosslinking for self-healing polymers is not limited to (2+2) 

cycloaddition reactions; a considerable body of literature exhibits the use of anthracene 

and its derivatives to develop photo-reversible bonds based on (4+4) 

cycloaddition.[183, 184] In the case of (4+4) cycloaddition, two unsaturated molecules 

with carbon fragments are connected by four atoms to form an eight-membered ring. 

This cycloaddition cannot be triggered thermally due to the same reasons discussed 

earlier for the (2+2) cycloaddition process. (4+4) cycloaddition is considered the most 

reliable photo triggered reaction even when compared to (2+2) cycloaddition of 

coumarin and cinnamate due to its ability to remain stable against hydrolysis and 

isomerization reactions.[185] It also offers a facility to control the occurrence of radical 

polymerization when different substituents are added to positions 9 and 10. During the 

(4+4) cycloaddition of anthracene, generally, both head-to-head and head-to-tail dimers 

are produced, as shown in Fig. 16. Still, the former is not usually reported or practically 

used due to stability issues.[186] Anthracene and its derivatives use long-wave UV 

irradiation (>350 nm) to undergo  (4+4) cycloaddition, which can be reversed by 

exposure to short-wave UV light (<300 nm).[183]  

Connal et al. prepared core crosslinked star (CCS) polymers with low Tg using an 

orthogonal patterning technique.[187] This CCS polymer was an anthracene-

functionalised poly(methyl acrylate) that displayed high photo-reversibility due to 

anthracene ends. These films were not studied for their healing ability, the extent of 

reversibility or tensile properties. However, they seem to be a suitable candidate for 
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stable and porous self-healing films because of their reversibility and significant 

mechanical properties.  

Hyperbranched polyglycerol with anthracene moieties(PG-An) was used to synthesise 

self-healing polymers based on (4+4) cycloaddition by Froimovicz et al.[188]. After 

introducing a surface cut on the polymer sample, 254 nm light was irradiated on the site 

for 15 mins to cause de-crosslinking and regenerate the macromonomer. When this 

material was further kept in the dark environment overnight, the PG-An sample could 

fill in the crack, which was attributed to its low Tg of 56 °C. Final curing of the material 

(crosslinking of the network) was done by irradiating with higher wavelength light (366 

nm) to regenerate the polymeric network. The dendritic self-healing nanometre-size 

building block showcased in this work promises a potential application in hydrogels, 

coating, inks, and smart materials. It is essential to highlight that the healing process is 

repeatable, and the photo healing process could be simultaneously applied to a large 

area in a short duration. 

Supramolecular polymers produced by employing host-guest interactions using 

pillar[5]arene and imidazole were investigated by Xu et al. [189]. They produced double 

dynamic polymeric structures containing covalent bonds based on anthracene. The 

advantage of producing such double dynamic polymers includes de-crosslinking by 

dissociating either the host-guest complexes or both the host and anthracene dimers 

(which can be easily controlled by the extent of heating). Since the polymers are bonded 

both on the molecular and supramolecular levels, their response to external stimuli is 

much better than conventional dynamic polymers, where the reversibility is limited 

either on molecular or supramolecular levels. More studies on the healing characteristics 

and mechanical properties would give a better idea about its potential application. 
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However, this work is an excellent example of smart materials where fine-tuning the 

responses to external stimuli is possible. This double dynamic combination of bonding 

could be tested on other host-guest systems.  

Furthermore, a recent study produced a UV-light responsive and healable pendant using 

anthracene-functionalised Poly(ethylene-co-propylene), also known as EPR rubber, by 

coordination polymerization, which displayed a high conversion yield of ≈90% and 

reversibility of ≈70%. Healing efficiency based on tensile strength was calculated to be 

82.9% for a sample containing 5.7 mol% anthracene.[190] 

4. Self-healing polymers based on other reversible mechanisms 

Apart from cycloaddition reactions, self-healing polymers based on the reactions 

initiated by disulfide groups have been investigated. Various mechanisms such as 

disulfide exchange[191], reduction-oxidation[192], thiol-disulfide exchange[193] and 

radical-mediated disulfide fragmentation[194] have been employed to produce 

reversible bonding. These disulfide functional moieties can either be subsumed into the 

main chain or attached as a cross-linker on the side chain[195]; however, the most 

commonly used approach is to prepare self-healing networks by using multifunctional 

thiols. Disulfide based reversible polymers have been reported to heal by heating[196, 

197], UV light[198, 199], redox[192], pH stimulus[200]. For instance, a recent study by 

Guo et al. [201] demonstrated polydimethylsiloxane (PDMS) polymers which consisted 

of weaker H-bonds and stronger disulfide bonds. The PDMS sample was able to heal 

under universal conditions, including room temperature healing (healing time of 10 

mins and efficiency of 93% ± 3%), refrigeration (4 °C), freezing (−20 °C), ultralow 

(−40 °C) temperatures, in a supercooled saline solution (30% NaCl solution at −10 °C 
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with 89% efficiency), and strong acid/alkali environment (pH = 0 or 14 with 88% and 

84% efficiency). Disulfide based self-healing polymers are favoured by the easy 

availability of monomeric materials and crosslinking agents, relative simplicity in 

fabrication and utilisation of various external stimuli. However, thiols' sensitivity to 

oxygen[202] has always prompted disquiet as thiols will oxidise over time and result in 

the loss of the self-healing ability of the material.  

Supramolecular polymeric systems can contain H-bond or π-π stacking interactions 

within and between the chains, which reinforce and strengthen the matrix. H-bonds are 

reversible connections that can be ruptured when heated at temperatures (40-50 ºC) 

much lower than other thermally reversible bonds.[203] This is mainly because of the 

low binding energy of H-bond interactions (5–30 KJ mol−1). Initially, self-healing 

rubber based on H-bond was reported where low Tg of rubber favoured healing at 

temperatures of H-bond rupture. This is ideal for thermally reversible hydrogels and low 

Tg polymers, which could not withstand high rebonding temperatures of the DA 

reactions or other covalent bonds.[204-208] However, the materials healed by hydrogen 

bonds possessed poor creep and solvent resistance due to the absence of necessary 

covalent bonds.[209] In the view to resolve this problem, hybrid supramolecular 

networks containing both H-bonds and covalent bonds were produced. In light of a 

recent work reported by Cummings et al. [210], it was corroborated that materials with 

stronger H-bonds (dynamic non-covalent bonds)  should be favoured compared to those 

with more hydrogen bonds to produce materials with better mechanical properties. This 

can be effectively utilised in hybrid dynamic networks. π-π stacking interactions 

demonstrate properties similar to H-bonds and can form a network of bonds at ambient 

temperatures. These interactions need temperatures higher than H-bonds but lower than 
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other covalent counterparts for debonding/bonding.[211] Some works with π-π stacking 

interactions have reported healing efficiency as high as 100%, but this comes at the 

expense of lower Tg and poor mechanical strength, which is also a problem with H-

bonds.[211, 212] 

Commendable work has been done in utilising multiple healing mechanisms in synergy 

to improvise the healing behaviour of thermosets.[213, 214] In a recent work by Xu et 

al., Covalent adaptable networks (CANs) were developed, which boast the easy 

reprocessability of thermoplastics and the excellent mechanical properties of thermosets 

Schiff base and DA adducts in the same matrix.[215] Schiff base provides excellent 

mechanical strength to the network. Meanwhile, the crosslinking density of this network 

decreases at higher temperatures by dissociation of DA bonds, which permits chain 

mobility and rearrangement of networks. This helps in smooth reprocessing and 

efficient self-healing. Furthermore, these CANs are postadjustable (modify properties 

after synthesis) as the degree of DA adduct reconnection can be controlled by heating. 

This unique approach shows the advantages of linking associative and dissociative 

dynamic chemistry for self-healing. 

Singha’s group utilised double dynamic covalent bonding with DA cycloaddition and 

disulfide metathesis to impart some interesting properties to polymers. In one of the 

works, dual-healable PU was prepared using 4-aminophenyl disulfide and FGE as the 

chain extender.[216] PU produced by such double bonding displayed excellent tensile 

strength (39.5 MPa) and noteworthy self-healing efficiency (98%). In another work by 

the same group, a similar mechanism was utilised to impart thermal and UV-triggered 

self-healing to carboxylated nitrile rubber (XNBR).[217] This technique also makes 
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recycling such rubbers quite straightforward, without significant loss in their 

mechanical properties.  

PDMS is a widely studied polymer for self-healing applications mainly due to its wide 

use in medical devices, wearable electronics, waterproofing sealing, heat resistant 

lubricants and other useful applications. [218] DA based PDMS has been synthesised in 

earlier works where cycloadduct can be formed by DA (60-80 C) and broken by rDA 

(120-140 C).[219, 220] The main problem with such materials is the loss of their 

mechanical integrity above rDA temperatures, where the material begins to display 

flowability. To tackle this problem, Yilmaz et al. [221] synthesised a self-healable 

PDMS matrix with reversible DA bonding and permanent hydrosilylation. The 

incorporation of a permanent network by hydrosilylation maintains the mechanical 

integrity of the PDMS network even when the DA cycloadduct is broken. Chemical 

degradation and ageing under proton irradiation (by simulating geostationary 

environments) were studied to analyse its suitability for satellite applications where the 

material is not easily accessible for replacement.    

5. Experimental and computational characterization of self-healing polymers with 

reversible bonds 

Typically, the self-healing properties of polymers are analysed by measuring their bulk 

mechanical properties, such as fracture toughness and tensile strength, before and after 

healing.[222] This gives a beneficial insight into the healing extent and changes in the 

domain of physical properties. Some specialised techniques such as Tapered Double 

Cantilever Beam (TDCB)[223], scratch volume analysis[224], ballistic impact[225] and 

scratch healing analysis[226] have also been used successfully for evaluating the 
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healing processes in polymers on a mechanical scale. However, in addition to 

mechanical characterization, advanced spectroscopic characterizations have been used 

to shed light on mechanisms of the healing process and the related mass transport 

phenomena in reactions that involve reversible chemical bonding. The summary of 

these analytical techniques is shown in Fig. 17. 

The atomic force microscopy (AFM) can monitor the mass transport during healing 

when acquisition time is sufficient to allow for the AFM scan.[227] AFM has also been 

successively used to create nanoindentations by the AFM tip and then characterising the 

healing qualitatively.[228, 229] In contrast to AFM, several other imaging techniques 

such as scanning electron (SEM)[99], optical microscopy[15, 230] and optical 

profilometry[231] have been explored in prior studies. Although these techniques 

provide valuable information regarding the degree of healing, limited quantitative 

information can be obtained based on visual observation.  

Raman[232] and infrared spectroscopy[233] are among the most commonly used 

techniques employed to determine local molecular events, and consequently, the 

progress of reversible reactions. Different forms of IR spectroscopy, such as FT-IR[113] 

and FTIR-ATR[124], have been successfully employed to monitor healing in DA 

polymers. This is usually performed by detecting the presence of reactants, 

intermediates, or products, and it is made possible by sufficient spatial resolution 

provided by these techniques. For example, Zeng et al. focused their FT-IR study on the 

1700 and 1730 cm-1 bands, representing the vibrations due to carbonyl stretching in the 

maleimide crosslinker and poly(2,5-furandimethylene succinate) (PFS) chain 

respectively. An increase in these peaks' intensity with respect to the unreacted 

maleimide bond at 700 cm-1 was used to indicate the reaction’s progress.[124] 
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Moreover, previous works using non-resonant Raman scattering[234, 235] and Surface-

enhanced Raman scattering[236] prove their potential candidacy as tools for advanced 

in situ monitoring of thermally reversible DA reactions.  

As an alternative technique, the temperature-dependent 13C solid-state nuclear magnetic 

resonance (SSNMR) spectroscopy was used by Wudl’s team[6] to show the reversible 

DA adduct formation while heating an intrinsic type of healing polymer. SSNMR also 

provides useful information about the polymer chain flexibility[237], which can be 

escalated to understand the effect of molecular behaviour on self-healing. More 

advanced NMR techniques are being developed for more accurate characterization of 

progress in self-healing. These techniques, however, need to be further developed 

before wider application as standard techniques to characterise healable polymeric 

systems.[238, 239] For example, electron paramagnetic resonance (EPR) spectroscopy 

can have better time scales (μs-ps). Still, it lacks the sensitivity required to detect 

extremely low radical concentrations, commonly prevalent in products with higher 

healing times.[240, 241] Davydovich et al. [238] have successfully used Nuclear 

Overhauser effect spectroscopy (NOESY) and correlated spectroscopy (COSY) 2D 1H 

NMR to detect self-healing in hydrophobic copolymers.  

Another advancement in the field is the modification of magic angle spinning (MAS) 

NMR spectroscopy which is a powerful method for analysing polymeric materials. 

Unfortunately, the sensitivity of MAS-NMR spectroscopy is not sufficient for 

monitoring the healing process. However, the sensitivity of magic angle spinning 

(MAS) in SSNMR can be drastically improved using dynamic nuclear polarization 

(DNP) SSNMR spectroscopy. When SSNMR was used to investigate the structural 

elucidation of polymeric chain endings, it was found that signals from chain ends were 
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scarce. However, such signals could be distinctively identified in DNP SSNMR mainly 

because of the enhanced sensitivity (almost by a factor of 10).[242] Characterising the 

chain ends is crucial for the self-healing reaction since dangling chains at the rupture 

site dictate the healing process occurring at the molecular level. These advanced NMR 

techniques have also been used to study various polymeric systems[243-246], including 

microporous polymers [247]. Therefore, it seems acceptable to explore these techniques 

further to gain a better insight into molecular events occurring at the site of rupture. 

Broadband dielectric spectroscopy (BDS) is another promising technique that has also 

been substantially used to study the dynamics of polymeric materials.[248-250] BDS 

measures the dielectric properties of materials within a broad frequency range of 10-2 to 

109 Hz, and it is usually performed under isothermal or isochronal conditions. When 

polymeric systems are subjected to dipole polarization, motional processes occur on 

different timescales, frequencies, and temperatures, which highly depend on the 

morphology and microstructure of the polymers.[251] Therefore, this technique offers a 

unique approach to expressing polymer chain mobility as a function of polymer 

morphology or architecture, which can effectively study chain mobility at the cleavage 

site, particularly for composites. Hernandez et al.[252] employed BDS to investigate the 

self-healing in natural rubber under isothermal conditions.[252] Their results show that 

it is only possible to measure the dielectric signal if the sample is healing (no reliable 

data was obtained from cleaved samples). Also, they observed variation in the dielectric 

loss at the healed surface, which was attributed to nanoscopic irregularities. These 

results disagreed with the optical microscopy observations, which suggested the 

complete healing of the material. Nevertheless, there have been comments on this work 

in the literature, suggesting that proving the self-healing is insufficient since the crack 
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healing in work could also be attributed to the tackiness of natural rubber.[253] Further 

evidence to prove the self-healing was later provided by Hernandez and his team in later 

work.[254] However, the authors still confirm that the reliability of BDS for evaluating 

the healing state requires further studies in future.  

Thermal characterization techniques such as differential scanning calorimetry (DSC) 

and thermogravimetric analysis (TGA) can also provide valuable information on 

molecular events that occurred in the polymeric matrix under the thermal stimulus.[146] 

Concerning self-healing materials, DSC combined with TGA has been used to 

determine the thermal stability of the materials.[135, 146, 255, 256] As breaking and 

reformation of reversible covalent bonds require considerable energy, the related events 

can be easily detected by observing the exothermic and endothermic peaks in DSC 

isotherms which correspond to each direction of DA cycloreversion. The temperature of 

rDA and DA reactions is highly dependent on the DA moieties, interfacial properties, 

and the polymer structure, making thermal analysis an effective approach to studying 

the self-healing reactions. Moreover, kinetic modelling of the DSC or microcalorimetry 

data can be useful to determine the optimum kinetic parameters, supporting the 

understanding of the reaction enthalpies and entropies.[257]  Scattering techniques such 

as X-ray or neutron scattering offer a possibility to study the structural changes in the 

molecular structures as a function of temperature and time. In the past, X-ray scattering 

has been used to study different polymers with hydrogen bonds[258, 259] and even 

metallopolymers[260]; however, neutron scattering has not been applied to healing 

polymers. It does have great potential to study dynamic processes by real-time 

monitoring of the healing reaction at the molecular level, with the ability to provide 

more details than X-rays.[261]  
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Along with experimental characterisation methods, computational methods have also 

been used to study self-healing materials. The computational methods focus either on 

the prediction of healing phenomena or on providing a logical explanation of the 

observed healable behaviour.[262, 263] These are efficacious in determining the 

materials' dynamic properties during the healing process, which cannot be easily 

measured experimentally. When healing under the stimulus, dynamic crosslinked 

polymeric networks can undergo bond remodelling and interfacial chain diffusion.[33, 

264] Bond remodelling conveys that the strong bonds remain intact and contribute 

largely to the strength of the material. However, labile bonds provide the necessary 

adaptability to the structure, and they are mainly responsible for self-healing.[265] 

Various models such as lattice spring models[266, 267] and Bell model[268, 269] have 

been developed to provide the necessary understanding of healing in crosslinked 

polymers based on bond remodelling. In the lattice spring models, particles are 

considered as point-like masses known as nodes, connected by Hookean springs and 

follow newton’s second law of motion.[270] In the Bell model, bond rupture and 

formation are a function of forces on each node[269].  

Despite their usefulness, the healing mechanisms represented by stimuli-responsive 

models, like those explained above, often do not delineate any information about the 

loss of continuum in the matrix. Wang and co-workers[271] explained this issue by 

coalescence of the interpenetrating network model and network alteration theory, 

thereby proposing a mechanism of interfacial healing in crosslinked polymers. As the 

model selection would highly depend on the number of labile bonds per node-to-node 

interaction, the selection of the model considering the bond structure is of utmost 

importance.[265]  
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Moreover, these models also fail to explain the healing phenomena in composite 

materials where distribution and morphology decide the bonding characteristics. This 

limitation can be utilised to develop models useful to understand healing in 3D 

heterogeneous structures in the future. Other models such as continuum damage-

healing[272] and cohesive crack growth and healing[273] have also been developed to 

deal with microencapsulation based extrinsic healing polymers. However, a detailed 

discussion on models for extrinsic healing is beyond the scope of this review. 

6. Discussion and Outlook 

Reversible cycloaddition reactions are among the most promising healing mechanisms 

due to their ability to efficiently heal many polymeric systems and simultaneously 

improve other mechanical properties by forming strong covalent bonding. Through this 

review, we aimed to accentuate the contribution of DA chemistry in the field of self-

healing polymers by providing a complete overlook of its mechanism, thermodynamics 

relevant to polymeric healing, novel combinations, advanced production approaches and 

a cumulative guide to analyse such polymers. A combination of features that can be 

imparted by DA bonding includes, but is not limited to, the relative ease of 

manufacturing, repeatable self-healing behaviour, better mechanical properties and 

recyclability. Moreover, with the increasing need for smarter materials that can perform 

several roles, it is important to design self-healing materials with multi-functional 

properties. This will open the door for a set of new applications for self-healing 

polymers in the electronics, automotive and aerospace industries. This will also 

motivate profound research in stimuli-responsive healing materials, which can be 

translated into advanced smart materials, for example, sensor applications. Research 
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into bio-compatible self-healing polymers shall provide a fertile ground for developing 

a new generation of medical implants and synthetic tissues. 

DA based self-healing approaches increase the longevity of polymeric materials to a 

great extent. However, these techniques carry with them a fair share of constraints that 

limits their progress. A large portion of the research activities in this field has been 

carried out by using specialized monomers and precursors which are not commercially 

available. Also, for completing the healing reactions, new complex strategies were 

developed to manipulate their molecular structure, thermodynamic properties, 

placement of functional groups and even control the termination of chain ends. Such 

systems are not very likely to replace their counterparts with non-healing ability in the 

near future since the current polymeric materials often exhibit advantages such as low 

cost, simple processing, and acceptable mechanical properties. Wide commercial use of 

self-healing polymers would only be achieved if the commonly used commercial 

polymers were transformed into self-healable materials through affordable and simple 

technologies without scarifying the mechanical properties. It is also essential to divulge 

the possibility of fine-tuning materials' mechanical and healing properties under the 

required circumstances.   

This brings us to analyse the feasibility of existing processing techniques to be escalated 

for producing self-healable polymeric macromolecules.  The classic processing routes in 

polymer chemistry, such as injection moulding, blow moulding, thermoforming,  and 

extrusion are still not fully compatible with the designed self-healing systems and needs 

further modifications before they can be employed for large scale production. Several 

approaches are currently under consideration to make the traditional polymer processing 

methods suitable for self-healing systems. However, with increasing demands for more 
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complex systems such as multifunctional polymers, layer-by-layer composites, gradient 

materials, bioplastics, and recycled plastics, research efforts are increasingly focused on 

developing novel processing methods. For example, a self-healable bending soft 

pneumatic actuator was synthesized by forming strong covalent bonds using the DA 

mechanism at the multi-material interface by heat-cool cycles.[274] Some attempts are 

reported on using 3D printing techniques for self-healing polymers.[275] However, 

much research is required to enhance the efficiency and effectiveness of the healing 

mechanism, particularly to overcome the layer-by-layer nature of 3D printing.[276] 

New techniques such as photopolymerization-based 3D printing, used by Yu and his co-

worker to fabricate a self-healing PDMS shoe may provide a stepping stone for large 

scale production of self-repairable polymer.[277] The use of cutting-edge automation 

techniques along with better control systems is expected to accelerate the processing 

technologies and produce more tailored objects. Furthermore, newer technologies like 

cure-on-command (including but not limited to UV curing, electron beam curing and 

magnetically induced curing) [278] and DA reversible thermostats (DART) 3D printing 

[279] could provide the necessary ladder needed for the commercialization of healable 

materials.  

The appropriate use of material characterizations, including mechanical testing 

techniques, imaging, and spectroscopic methods, is essential to characterise the self-

healing properties of polymers. These techniques need to be further optimised and/or 

developed to be able to provide sufficient sensitivity required to characterise the healing 

processes. For example, more studies on the structure-properties relationship are 

essential to understand the effect of morphology on self-healing, like the recent study by 

Raffa et al. [280] on DA based Styrene and Furfuryl Methacrylate composite. However, 
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if non-destructive computational testing methods are developed, which could reliably 

simulate the polymer morphology, crack propagation and healing phenomena, it is not 

hard to envision its direct impact on time and involved costs. Developing in-situ 

measurement and real-time monitoring of the healing process are required and are 

expected to gain more attention in the future. The ex-situ characterizations currently 

used to investigate the self-healing materials are “post-mortem” in nature, meaning that 

the healing process is stopped after set time intervals, and samples are analysed after 

cooling/washing using different spectroscopic and physical techniques. However, in a 

dynamic process like materials healing, stopping the reaction may not be possible, and 

the process may continue anyway. Therefore, the ex-situ technique is missing valuable 

information about the intermediate steps of the healing process. Further, preparing the 

samples for spectroscopic or physical characterisation of functional macromolecules 

requires very high precision, which may result in degradation or elimination of 

functional groups from the chains, giving misleading information on the healing 

mechanism. In-situ investigations can detect structural changes during the chemical 

healing process. Surprisingly very limited studies can be found in the literature using in-

situ techniques, like the one by Vilatela and his team, where they monitor the click 

chemistry healing reaction of rubber composite by continuous dynamic mechanical 

analysis(DMA). [281]  

Although widely accepted, it is inarguable that these polymers still need external 

thermal stimuli for healing, restricting their applications. If such polymers can utilise a 

combination of low-energy weak bonds and high-energy covalent bonds in their matrix, 

it would be possible to achieve stimuli-free repeatable self-healing with very high 

efficiency. It should also be mentioned that phenomenal improvements in the properties 
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can be achieved by adding an appropriate filler material to the matrix. However, there 

are still challenges in understanding the surface interactions of such materials on the 

microscopic level. Due to this, surface and morphological studies will become 

increasingly important with the rise of 2D materials as potential candidates for fillers. 

This enables us to incorporate DA functional groups, not just on the polymeric 

backbone chain but also anchored on fine materials dispersed evenly in the matrix. The 

recent advancements in the green and low-cost preparation of high-quality carbon 

nanomaterials[282], including graphene nanosheets with high electrical/thermal 

conductivity values[283] can provide opportunities for the development of 

thermally/electrically conductive self-healable polymers in future without the use of 

expensive noble metal NPs. The application of other 2D materials, such as MXene 

phases [284], transition metal chalcogenides [285] or even transition metal oxides [286] 

can impart valuable properties to the composite like sensing ability while also 

participating actively in the self-healing process. One recent example has been the 

incorporation of Ti3C2 MXene with self-healable polymers [287], leaving a very large 

number of 2D materials left to be studied for self-healing polymer applications in 

future. 

Despite this profound research in the field of self-healable DA based polymers, not 

much attention has been levied to the actual reaction temperatures for DA and retro-DA 

reactions. These temperatures are not just based on the basic reaction mechanism but are 

also affected by monomeric precursors, their functionalisation, their interaction, and the 

thermodynamics of the DA adduct formed. A large body of literature exists where DA 

cycloaddition has been used to form reversible polymers; however, thermodynamic data 

on the reversible retro-DA is usually absent and this makes it difficult to identify their 
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most suited area of application. For instance, anthracene cycloaddition has been studied 

for a long time, but there exists a huge discrepancy in the reported temperatures for retro 

DA reaction (ranging from 50 °C to 200 °C). This inconsistency is further fuelled by 

many works in this field that do not report the presence of exo and endo isomers, which 

are usually formed simultaneously. A better understanding of the temperature scale of 

diene-dienophile interactions will aid in designing polymers better tailored to specific 

needs. For instance, polymers for aerospace applications should be capable of healing at 

higher temperatures, while those required for biomedical applications need to be healed 

at temperatures under 40 °C. 

Furthermore, the negative impact of chemicals used in these processes on the 

environment cannot be neglected. Most cycloaddition reactions need organic solvents 

and other chemicals that might be harmful to the environment. Hence, further attention 

should be levied to the construction of molecular systems based on the principles of 

green chemistry. This can be done by replacing the chemicals and reagents involved in 

the reaction with environment-friendly alternatives. Procuring diene and dienophile 

pairs from nature will lead to newer combinations of interest for polymer chemists. 

Natural polymeric precursors such as lignin, cellulose and even vegetable oils have been 

extensively studied in the past, but there is an inexhaustible library of polymers 

available in nature that are yet to be explored. This article provides a comprehensive 

overview to nurture the technological development in the field of self-healing polymers 

based on cycloaddition reactions which not only cater to the engineering demands but 

also ensure the safety of the user and environment.  

Conclusion  
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In this review, first, we described the possible pathways available to produce self-

healing polymers and explained the importance of such healable materials on the 

product lifecycle. Following that, we discussed the fundamentals of DA reaction and 

various diene-dienophile pairs in terms of their thermodynamics, physical 

damage/healing phenomena, and their applications in variegated classes of polymers. 

Among the self-healing polymers, specific attention was paid to those polymers that 

exhibit healing properties based on thermal and photo-crosslinking mechanisms. The 

photo-activation can provide valuable opportunities since the healing process occurs in 

the absence of heat, which is generally more challenging to be applied. Finally, an 

outlook was provided on the suitable analytical and computational tools available to 

gain necessary insight into self-healing polymeric materials' properties and underlying 

healing mechanisms. 
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Fig.1 The schematic representation of the serviceable lifetime of materials with and without 

incorporating self-healing properties. 

 

  



 

89 
 

 

 

Fig. 2 Stereochemistry of Diels-Alder reaction. 
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Fig. 3 Chain cleavage and chain slippage in the polymer matrix 
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Fig. 4: Changes in Gibbs free energy as a function of repeating units and Flory's 

flexibility parameter. Republished with permission of Royal Society Of Chemistry, from 

Ref. [23]; permission conveyed through Copyright Clearance Center, Inc. 
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Fig. 5 Furan-Maleimide based DA reaction 
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Fig. 6. In-situ photos of representative healing treatment of 2MEP4F occurring at 85 ºC. The 

left panel shows the orientation of the sample with respect to the camera. The right panels 

show the sequence of photos during the treatment: (A) 0 min; (B) 2 min; (C) 4 min; and (D) 

15 min. Reprinted from Ref. [91] with permission from Elsevier. 
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Fig. 7 Epoxy-based self-healing polymers used on Silicon substrate i) The assessment of the 

remendability of the epoxy-based self-healing polymers. SEM micrographs of (a) the pristine 

crosslinked adducts, (b) knife-cutting sample, (c) thermally self-repaired sample (50 °C; 12 

h), and (d) thermally self-repaired. ii) Removability of epoxy  (a) Trimaleimide-Trifuran 

adduct encapsulated silicon wafer. (b) This sample was washed with NMP at 90 °C, after 

which the polymer was removed. Reprinted from Ref. [99] with permission from John Wiley 

and Sons. 
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Fig. 8 The self-healing interpenetrating polymer network (IPN) with pH-responsive covalent 

bonds. (A) Sol−gel transition property of single-crosslinked network (SN) hydrogel used in 

the self-healing polymer: (I) SN hydrogel; (II) the hydrogel (1 mL) 10 min after adding 40 μL 

HCl; and (III) after 20 min; (IV) 25 min after adding 66 μL TEA into the solution self-

healing. (B) The self-healing property of SN (a−c) and DN (d−f) hydrogel. Reprinted 

(adapted) with permission from [118]. Copyright 2015 American Chemical Society. 
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Fig. 9 Illustration of the self-healing process of FGNS-PU-DA nanocomposite 

influenced by IR laser irradiation. Graphene acts as a conducting medium for 

photothermal conversion which provides a stimulus for healing. Reprinted (adapted) 

with permission from [119]. Copyright 2017 American Chemical Society. 
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Fig. 10 (a,b, c) SEM images of different sizes of GO, and (d) their influence as filler in the 

mechanism involved in the preparation of PU composites. Reprinted from Ref. [138] with 

permission from Elsevier. 
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Fig. 11 Healing efficiency, η (%) vs. healing time (days) for modified fracture toughness 

samples with varying microcapsule content. Adapted from Ref. [141] 
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Fig. 12 Anthracene-Maleimide based DA reaction 
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Fig. 13 Reaction mechanism of DA reaction based on cyclopentadiene 
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Fig. 14 Photodimerization and photocleavage of (a) coumarin and (b) cinnamate 
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Fig. 15 Repeatability of self-healing. (a-e) Schematics of core-shell-like microcapsules to 

repeatedly heal the crack. (f) FT-IR spectra for each step of repeated cracking and healing 

process shown in (a-e) Adapted from Ref. [182] 
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Fig. 16 (4+4) cycloaddition of anthracene 
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Fig. 17 Summary of analytical techniques to study self-healing in intrinsic polymers.  

ü shows that the method is suitable and verified in the literature   

û indicates that the technique is unsuitable or lacks sufficient evidence to prove its suitability 

 

 

 

 

Analytical 

Technique

Determine 

mechanical/

chemical 

properties

Measure 

healing 

efficiency

Identify 

mechanism 

of healing

Smaller 

samples can 

be analysed

Non-

destructive

TDCB ✓ ✓   

Tensile Testing ✓ ✓   

Scratch healing  ✓ ✓ ✓ ✓

Fracture mechanics ✓ ✓ ✓  

Ballistic impact  ✓   

Scratch volume  ✓  ✓ ✓

DSC ✓  ✓ ✓ ✓

TGA ✓   ✓ 

X-ray scattering ✓  ✓ ✓ ✓

Neutron scattering ✓  ✓ ✓ ✓

Optical microscopy  ✓ ✓ ✓ ✓

Optical profilometry  ✓ ✓ ✓ ✓

SEM  ✓ ✓ ✓ ✓

AFM ✓ ✓ ✓ ✓ ✓

IR ✓  ✓ ✓ ✓

Raman ✓  ✓ ✓ ✓

SSNMR ✓  ✓  ✓

DNP SSNMR ✓  ✓  ✓

EPR ✓   ✓ ✓

COSY ✓  ✓  ✓

NOESY ✓  ✓  ✓

BDS ✓ ✓ ✓ ✓ ✓

Mechanical Testing 

Techniques

Thermal 

Characterization and 

Scattering Techniques

Imaging Techniques

Other Spectroscopic 

Techniques
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Table 1. Properties of various self-healing epoxy resins fabricated based on furan-maleimide DA adduct 

 

System 

Self-healing 

Pathway 

Self-

healing 

efficiency 

Healing 

conditions 

Preparation 

method 

Original mechanical 

properties 

Suitable 

application 

Reference 

Novolac epoxy 

resin 

Heat - 

130 ºC (10 

min) + 60 ºC 

(2 h) 

Solution 

mixing 

Storage modulus: 2.37 

GPa 

Electronics, 

packaging 

 [100] 

DGEBA-FGE-

PACM 

Healing agent 70% 

Thermally: 

90 °C (1 h); 

Agent: 10 

µL DMF + 

25 °C (12 h) 

Solution 

mixing 

Fracture toughness: 920 

Jm-2, Tangent modulus 

of elasticity: 3.3 GPa 

Load bearing 

applications 

 [101] 
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DGFA-

DPMBMI 

Heat 77% 

125 ºC (20 

min) + 80 ºC 

(72 h) 

Solution 

mixing 

Young’s modulus: 2.5 

GPa, Tensile strength: 

53 MPa, Elongation at 

break: 1.5 %, Flexural 

modulus: 4.6 GPa, 

Flexural strength: 110 

MPa 

Adhesives, 

binder, coatings 

 [102] 

DGEBA Heat 83.80% 

120˚C (30 

min)+ 90˚C 

(24 h) 

Solution 

mixing 

Elastic modulus: 4.89 

GPa 

Adhesives, 

coatings and 

structural 

applications 

 [103] 

DGEBA Heat 

Highest at 

122 % 

150 °C (5 

min) 3 times 

Solution 

mixing and 

batch 

extrusion 

- FRP composites  [104] 
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DGEBA-FFR-

BMI 

Heat 

Semi-IPN 

and DA 

polyadduct 

samples: 

80 and 

95% 

130 ºC (30 

min ) + 60 

ºC (12 h) 

Solution 

mixing 

Flexural strength: Semi-

IPN: 96.96 Mpa, DA 

polyadduct: 5.675 MPa 

Shape memory 

materials 

 [105] 

Melamine Heat - 

120 °C, 65 

°C (15) min 

Solution 

mixing 

- 

Surface coating 

in wood-based 

materials 

 [106] 

DPMBMI-

Carbon 

nanotube(CNT) 

Heat 

103.4% ± 

14.3% 

120 °C (30 

min) 

Solution 

mixing 

Highest Shear Modulus: 

2.12 MPa 

Adhesives, 

binder, coatings 

 [107] 

EpF- Multi-

walled CNT 

(MWCNT) 

Heat 79.82% 

140 °C (16 

h)  

Solution 

mixing 

Tensile strength: 70.3 

Mpa, Elongation at 

Smart materials 

in electronic and 

 [108] 
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break: 8.2%, Toughness: 

3 MJ/m3 

engineering 

fields. 

FGE-

DPMBMI-

GNS 

Infrared 

Lamp 

Higher 

than 85% 

IR 

irradiation at 

0.2 Wcm-2 

(20 min) 

Solution 

mixing 

Maximum tensile 

modulus:14.52±0.45 

MPa 

Transport 

industries, 

electronics 

 [109] 

NH2-

MWCNTs/DA-

epoxy 

NIR light 77% 

Visible light 

healing (30 

s) 

Solution 

mixing and 

batch 

extrusion 

Tensile strength: 22.1 

MPa 

Adhesives, 

binder, coatings 

 [110] 

B-GNPs in 

HPM 

Heat 87±5 % 

130 °C (2 h) 

to form 

retro-DA 

bonds+80 

°C (2 h) 

Solution 

mixing 

Tensile strength: 5.63 ± 

0.24 MPa Tensile 

modulus: 1651 ± 125 

GPa 

Polymer 

nanocomposites 

for engineering 

applications 

 [111] 
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