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Abstract 

 

Development of Dual Crosslinked Polymeric Materials for Self-healing 

 

Soyoung An 

 

Daily damage such as scratches or fractures on most polymeric materials are inevitable, 

which shorten the lifespan, change/weaken the original integrity, and sometimes lead to the 

catastrophic failure of the materials. Self-healing or self-repairing is a desired property in the 

design and development of high-performance materials with their built-in ability to repair 

physical damage for various applications such as surface coatings, tissue engineering, and 

sensors. 

Intrinsic self-healing utilizing dynamic chemistry is a promising method that allows for 

the development of effective self-repairing polymeric materials. This method involves the 

incorporation of non-covalent bonds through physical interactions such as ˊ-ˊ stacking, ionic 

interaction, metal binding, and hydrogen bonding. However, the use of physical bonding has a 

major drawbackðsmall mechanical properties of prepared compounds due to the nature of the 

weak physical interaction. Another method utilizes reversible covalent bonds such as the Diels-

Alder/retro-Diels-Alder reaction, alkoxyamine recombination, urea chemistry, and disulfides. 

Although these dynamic covalent bonds can provide higher mechanical properties compared to 

the physical interactions, the self-healing behavior often can be limited and require severe 

external stimuli to achieve a complete self-repairing procedure. 

My Mastersô research aims to explore the advantages and disadvantages of covalent and 

supramolecular (physical) networks. Two novel self-healable networks were developed; one 

network designed with dynamic disulfide linkages and the other with both disulfide and 

supramolecular metal-ligand associations. Dynamic disulfide linkages are excellent candidates to 

explore in developing self-healable polymeric materials since they can be readily 

cleaved/disturbed to thiols or thiyl radicals in response to external stimuli, and then subsequently 

rebounded to induce self-repair of the damaged parts. In a similar way, the metallo-
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complex/ionic links are widely incorporated in forming self-healable polymeric networks 

because of the dynamic linkages between the ionic crosslinkers and their counter-ions.  

For the first network, we explored having poly(methacrylate)-based crosslinked materials 

for which self-healing is based only on dynamic disulfide-thiol chemistry. Such materials were 

prepared by the extent oxidation of excess thiols in the lightly crosslinked networks through 

sulfide linkages. The second system consists of a multiblock copolymer with self-healable blocks 

and a middle block. The self-healable blocks are poly(methacrylate)-based units with pendant 

disulfides linkages and/or another pendant carboxylic acids groups. The presence of two 

different pendant dynamic linkages enables the formation of polymeric crosslinked materialsð

with dual self-repairing unitsðthrough disulfide-thiol exchange and metallo-complexation with 

metal ions. It is believed that these unique designs along with their tunable self-healing kinetics 

demonstrate well the versatility of our methods to prepare self-healable polymeric crosslinked 

networks that have a promising potential for the development of multifunctional industrial 

applications.  
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Chapter 1 

Introduction  

1.1 Brief overview of my research and goals 

My Mastersô research focuses on the exploration of reversible (dynamic) disulfide 

chemistry for the development of efficient methods to synthesize advanced crosslinked 

polymeric materials exhibiting self-healability at ambient temperature with no external aids. 

Well-known synthetic techniques in organic and polymer chemistry - including free radical 

polymerization (FRP), controlled radical polymerization through atom transfer radical 

polymerization (ATRP), and post-modification methods - were combined to synthesize two new 

disulfide-crosslinked self-healable networks: 1) dual disulfide-sulfide covalently crosslinked 

networks by FRP and photo-induced thiol-ene addition and oxidation reactions, and 2) dual 

covalent disulfide- and physical metallo-complex-crosslinked networks based on a novel 

pentablock copolymer by ATRP and hydrolytic cleavage reaction. Utilizing the unique 

reversible/dynamic nature of covalent disulfide and physical metal-ligand interactions, the 

developed materials exhibit low-temperature self-healing behavior and preferable viscoelastic 

properties.  

1.2 Self-healing in crosslinked networks 

Numerous strategies have been proposed for developing self-repairing polymeric 

materials which can be categorized into extrinsic self-healing and intrinsic self-healing materials 

(Figure 1.1). Extrinsic self-healing approach requires the encapsulation of additional healing 

agents such as catalysts and crosslinkers in capsule-like containers (microcapsules) to form 

porous composites. Upon physical damages, the cracks break microcapsules. Additional healing 

agents are released from the microcapsules to fill damaged cracks. Then, the desired 

polymerization takes place inside the crack to initiate self-repairing. This approach can heal 

relatively large areas of damaged parts; however, self-healing is limited to a single event, since 

healing agents in microcapsules are depleted in the matrix. In contrast, intrinsic self-healing is 

the advanced method because it utilizes dynamic (reversible) linkages that are embedded to form 

dynamic crosslinked networks, allowing repeatable self-repairing. A variety of covalent dynamic 
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linkages has been incorporated in self-healable materials, including disulfide, 1, 2, 3 hindered urea, 

4, 5, 6 alkoxyamine, 7-8  diarylbibenzofuranone (a dimer of arylbenzofuranone), 9 boronic ester, 10-

12 and etc. Not only dynamic covalent linkages, but also various physical interactions such as 

hydrogen bonding, 13-16 host-guest interaction, 17 -́ˊ interaction, 18-19 and metallo-complex 

interaction 20-25 have been explored for the development of self-healable materials. Details in 

recent strategies that allow for the development of a variety of intrinsic and extrinsic self-

healable materials (or systems) are summarized in Chapter 2.  

Most self-healing materials based on covalent linkages often suffer from stiffness which 

limits the dynamic behavior of the system. Self-healing of such systems may require external 

stimuli such as heating, the aid of solvent or catalyst. Meanwhile, many self-healing materials 

based on physical interactions tend to have low mechanical strength but have a tendency to self-

repair at ambient conditions. To overcome this dilemma, a multiphase design for self-healing 

materials has been proposed in which consists of hard phase for mechanical strength and soft 

phase for autonomous self-healing. 26 Also, a dual crosslinked self-healing system using both 

supramolecular and covalent networks have been studied. 27  

 

 

Figure 1.1 Schematic illustration of extrinsic and intrinsic self-healing methods. 
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1.3 Scope of my thesis 

The purpose of my thesis is to provide detailed studies on the synthesis and 

characterization of dynamically-crosslinked polymeric materials exhibiting self-healability 

through mainly disulfide chemistry and dual metal-ligand interactions. Chapter 2 presents a 

literature review focusing on recent strategies and chemistries that have explored for the 

development of a variety of novel self-healable materials.  

Chapter 3 presents the dually crosslinked self-healable composites with sulfide and 

disulfide linkages. The sulfide linkage as permanent crosslink provides mechanical strength, 

whereas the disulfide linkage as a reversible crosslink induces self-healing in the networks. 

These crosslinked materials can rapidly self-heal micro-scale cracks (40 ï 70 µm) within 0.5 s to 

30 min at room temperature with no aid of external stimuli. They had reversible viscoelastic 

properties that show a unique self-healing elasticity. 

Chapter 4 describes the synthesis of a multiblock copolymer composed of a central 

poly(ethylene glycol) block and various functional symmetric blocks labeled with two distinct 

self-healable units: pendant disulfide linkages and carboxylic acid groups. The copolymer was 

crosslinked with dual disulfide linkages through disulfide-thiol exchange reaction and metallo-

complexation through physical metal-ligand interactions. The resulting dually-dynamic networks 

exhibit rapid self-healing at ambient condition. 

Lastly, the concluding remarks and future perspectives are discussed in Chapter 5.  
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Chapter 2 

Review of recent strategies to develop self-healable crosslinked 

networks 

 

 (This chapter is reproduced the article published in Chemical Communications, 2015, 51, 

13058-13070 with permission from the publisher) 

 

2.1 Introduction  

Three-dimensionally crosslinked polymers are effective building blocks to develop a variety 

of novel multifunctional materials for various applications in nanoscience, biotechnology, and 

industrial fields.28-36 The effectiveness of high-performance crosslinked materials is due to their 

dimensional stability, mechanical strength, thermal stability, and solvent resistance. Introducing 

the built-in ability to repair physical damage and cracks can effectively prevent catastrophic 

failure, thus extending the lifetime of materials. Consequently, the development of self-healing 

materials defined as "materials where damage automates a healing response" has currently 

attracted significant attention.37-38  

A number of strategies have been reported to develop self-healing polymers. Based on the 

nature of self-healing and external triggers applied, they can be classified into non-autonomous 

and autonomous systems. Non-autonomous self-healing polymers require external triggers such 

as light, temperature, and pH, whereas autonomous self-healing materials do not need any 

triggers to initiate the self-healing process. Alternatively, numerous strategies can be classified as 

intrinsic and extrinsic.39-40 Extrinsic self-healing involves the encapsulation of external healing 

agents, in the form of microcapsules or fibers, impregnated deliberately in the polymer matrix.41-

42 When cracks or damages occur, the contents encapsulated in these containers are released to 

fill the disrupted parts, which then begin self-repairing either by polymerization or chemical 

reactions. In contrast to extrinsic self-healing occurring in a single event, intrinsic self-healing is 

repeatable and occurs in multiple events. Intrinsic self-healing materials are designed with 
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reversible crosslinks, and self-healing is accomplished by bonding upon mechanical damage to 

the system.43-44 When the damage is below the critical limit, the damaged portion can be rejoined  

with the aid of either chemical crosslinking through dynamic covalent bond formation45 or 

physical crosslinking through supramolecular (non-covalent) interactions.19 This article reviews 

the recent advances in the design and development of crosslinked materials exhibiting self-

healability, with a focus on the synthesis and methodology of intrinsic and extrinsic self-healing 

polymers reported in recent years. 

2.2 Intrinsic self-healing methods utilizing reversible chemical crosslinking methods 

The design of these materials involves the incorporation of dynamic covalent bonds as 

crosslinkages in self-healable networks. These reversible linkages are later utilized through the 

reformation of covalent bonds to reattach the fractured materials caused by mechanical forces 

(i.e. cracks or cuts). Unlike physical crosslinking methods based on supramolecular interactions, 

the chemical crosslinking methods utilizing reversible covalent bond formation provide higher 

mechanical strength and dimensional stability. These features can be advantageous in the 

development of tough self-healable materials. Figure 2.1 illustrates several reversible dynamic 

linkages and chemistries that have been explored for the development of novel reversible self-

healable materials.  
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Figure 2.1 Reversible dynamic linkages and chemistries that have been explored for the development of 

novel reversible self-healable materials. 

 

2.2.1 Redox disulfide chemistry 

Disulfide linkages (SS) are cleaved to the corresponding thiols either under a reducing 

condition in the presence of reducing agents such as phosphines or through thiol-disulfide 

exchange reactions in the presence of thiols.46-47 They can also be cleaved to the corresponding 

thiyl radicals under conditions such as thermal scission,48 mechanical stress,49 or 

photoirradiation.50 Reversibly, the formed thiols or thiyl radicals are utilized to reform disulfide 

bonds by several reactions: oxidation of thiols, thiol-disulfide exchange reaction, and 

recombination of thiyl radicals. Further, disulfide linkages can be exchanged through disulfide 

metathesis (or disulfide rearrangement) catalyzed by phosphine,51 tertiary amine,52-53 or photo-

irradiation.54 These unique redox chemistries enabling the reformation of dynamic disulfide 

bonds have been utilized in the design and construction of disulfide-containing self-healable 

materials.1-3, 55-58   
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Polysulfide-crosslinked epoxy-based thermoset materials with a glass transition 

temperature (Tg) of -35 ̄ C were synthesized by polycondensation via a click-type epoxy-thiol 

reaction of an epoxy resin bearing disulfide linkages and a polythiol. These materials are 

designed to have multiple disulfide linkages positioned in long side chains tethered from 

crosslinked networks; this enables the enhanced mobility of disulfide linkages in damaged areas 

(i.e. cracks or scratches). Initial cuts disappeared and mechanical strength was fully restored 

within 1 hr at 60 ̄C.1, 55 In addition, not only the number (or density) but also the mobility of 

disulfide linkages available within polymeric network are important parameters that significantly 

influence self-healability through disulfide redox chemistry.56 

Methacrylate-based disulfide-crosslinked materials were synthesized by atom transfer 

radical polymerization (ATRP) for the chain extension of a disulfide-functionalized 

dimethacrylate from star-shaped core-crosslinked copolymers as macroinitiators. The materials 

are composed of core-crosslinked stars bearing poly(butyl acrylate) arms, with the average 

number of arms per star-shaped core = 23, which are crosslinked with dynamic disulfide linkages 

at their branched peripheries. Sol-gel transition through a reduction-oxidation process allows for 

the preparation of reversibly disulfide-crosslinked star-polymer networks. As seen in Figure 2.2, 

atomic force microscopy (AFM) analysis shows a decrease in the depth of cuts over the time, 

suggesting the occurrence of self-healing at room temperature.2 

 

Figure 2.2 Chemical structure of disulfide-crosslinked star-shaped copolymer (left) and time dependent 

change of height mode AFM image for cut on the surface of reversibly disulfide-crosslinked star-polymer 

network (right): 3D images (a), 2D height mode images (b), and evolution of damage depth for 12 min at 

two positions (c).2 Copyright 2012 American Chemical Society. 

 

More recently, novel dual-sulfide-disulfide crosslinked materials (s-ssPxNs) based on 

linear methacrylate copolymers were developed by utilizing a combination of photo-induced 
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thiol-ene radical addition and oxidation. As illustrated in Figure 2.3, permanent sulfide-

crosslinkages retain the integrity of self-healable s-ssPxN materials with high mechanical 

strength upon physical damage, while dynamic disulfide crosslinkages ensure rapid and room 

temperature self-healing in cracks. Methacylate copolymers having pendant vinyl groups were 

synthesized by free radical polymerization (FRP) followed by post-modification. They were then 

mixed with a polythiol in a non-stoichiometric balance to form lightly crosslinked networks 

having excess thiols (sPxNs) upon UV irradiation. Subsequent oxidation on sPxNs yielded dual 

s-ssPxNs with self-healable disulfide linkages. The resulting s-ssPxN networks exhibit the 

occurrence of rapid self-healing within 30 seconds to 30 minutes, as well as self-healing 

elasticity with reversible viscoelastic properties.59
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Figure 2.3 Illustration of a novel method utilizing click-type photo-induced thiol-ene radical addition and 

oxidation to synthesize dual sulfide-disulfide crosslinked networks (s-ssPxNs) (a), evolution of 

microscope images (b) and kinetics of self-healing (c) over time at room temperature for dual s-ssPxN 
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with different cut sizes of 43 µm wide (upper) and 73 µm wide (middle), compared with a control of 

sPxN with no disulfide (bottom). Copyright 2015 Wiley Interfaces. 

2.2.2 Diels-Alder (DA)/retro -DA chemistry 

DA reaction is a thermally-induced [4+2] cycloaddition of a diene and a dienophile. 

Furan group and maleimide groups are generally used as typical diene and dienophile, 

respectively. The resulting DA adduct undergoes a cleavage reaction (called retro-DA reaction) 

at high temperatures, re-generating the corresponding diene and dienophile. They then reform 

DA linkages. This reversible DA/retro-DA reaction has been utilized for the development of 

thermally-induced, self-healable materials. Various approaches that have been explored can be 

classified based on the chemical structures of polydienes and polydienophiles for step-growth 

polymerization through polyaddition.   

Approach I utilizes the direct polyaddition of small molecules of polydienes and 

polydienophiles at a moderate temperature (º 60-80 ̄ C).60-61 As illustrated in Figure 2.4, 

thermally remendable crosslinked materials were synthesized by polyaddition of a four-arm 

furan-labeled monomer (4F) and a three-arm maleimide-labeled monomer (3M). The rate of 

polymerization increased with an increasing DA reaction temperature. For the resulting DA-

crosslinked materials, the healing efficiency of cracks through retro-DA reactions was 50% at 

150 ̄ C and 41% at 120 ̄C.60 Single-component DA-crosslinked polymeric materials were 

synthesized by polyaddition of a bifunctional monomer functionalized with cyclopentadiene 

acting as both diene and dienophile. The monomer was generated by the retro-DA reaction of the 

corresponding dicyclopentadiene-based monomer. The mending efficiency of the network was 

40-60%.62 These materials were further used to enhance interlaminar properties in epoxy-based 

composites. An introduction of a plasticizer into DA-crosslinked materials can enhance the 

reformation efficiency of DA-adducts followed by retro-DA reaction. For example, the use of 

benzyl alcohol as a plasticizer allows for the improvement of self-healing recovery in DA-

crosslinked materials composed of a polyfunctional furan and 1,1¡-(methylenedi-4,1-

phenylene)bismaleimide (BM). Such enhancement is attributed to an increase in free volume and 

molecular mobility of the polymeric network.63 Details on the synthesis and self-healing of DA-

based crosslinked materials have been summarized in a review.64 
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Figure 2.4 Illustration of Polycondensation through DA reaction of a four-arm furan-labeled monomer 

(4F) and a three-arm maleimide-labeled monomer (3M) to form DA-crosslinked materials.60 

 

Approach II involves the synthesis of polymethacrylates bearing pendant furan groups by 

chain-growth polymerization of a methacrylate functionalized with a furan group. Random 

copolymers having pendant furan groups were synthesized by controlled radical polymerization 

methods including ATRP65-67 or reversible addition fragmentation chain transfer (RAFT) 

polymerization.68 The resulting copolymers were crosslinked with BM through DA reactions. 

FT-IR technique was used to investigate thermal reversibility of the resulting DA-crosslinked 

networks by monitoring a decrease in a peak for furan rings (1010 cm-1) for DA reaction and a 

disappearance of a peak for C=C vibration (1630 cm-1) for retro-DA reaction. The DA linkages 

were disrupted to the corresponding diene and dienophile at 100 ̄C, and then restored upon 

cooling down to room temperature. Scanning electron microscopy (SEM) images  show that the 

distinctive cracks made on the surface of networks were completely healed upon heating at 120 

C̄ for 4 hrs.67 Further, ABA-type triblock copolymers consisting of a soft poly(2-ethylheyxyl 

acrylate) in the middle (B block) and a glassy and hard poly(furfuryl methacrylate) at the ends (A 

blocks) were synthesized by ATRP. The resulting polymers formed DA-crosslinked networks in 

the presence of BM crosslinker. Similar results of thermally-driven self-healing behavior on 

damaged films were observed (Figure 2.5).69  
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Figure 2.5 Schematic illustration of DA and retro-DA reaction occurred in reactive mixtures consisting of 

a ABA triblock copolymer having pendant furfuryl groups with 1,1¡-(methylenedi-4,1-

phenylene)bismaleimide for thermally-driven self-healing.69 Copyright 2010 American Chemical Society. 

 

Approach III involves the synthesis of liner polymers having pendant furan groups by 

post-modification of polybutadiene,70-71 polyamides,72 or polyketones73 with furfuryl amine. For 

example, furan-functionalized polyketones were synthesized by Paal-Knorr reaction of the 

polyketones with furfuryl amine. The resulting polyketones were then mixed with BM to form 

DA-crosslinked materials at 50 ̄C. Repeatable self-healing of the materials through retro-DA 

reaction was observed at 110 ̄C within <30 min.73 

Other approaches have also been reported to synthesize self-healable materials; including 

DA-crosslinked networks based on epoxy resin by polycondensation74-75 and DA-labeled block 

copolymer at the block junction by ATRP.40  
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2.2.3 Hindered urea chemistry 

Urea bonds bearing a bulky group on the nitrogen atom can dissociate into the 

corresponding isocyanate and amine; they then reversibly form the urea bonds.4 This dynamic 

hindered urea chemistry has been explored in the development of catalyst-free, low-temperature 

crosslinked self-healing of poly(urethane-urea) containing hindered urea bonds (HUBs). As 

illustrated in Figure 2.6, the HUBs in cuts were involved in the reverse process of typical urea 

bond formation, leading to the occurrence of autonomous repairing for 12 hrs at 37 ̄C.5 This 

chemistry has been further explored to synthesize hydrolyzable polyureas bearing HUBs.6  

 

a bc

 

Figure 2.6 Schematic illustration of self-healing process (a), chemical structures and ratios of 

components used for the synthesis (b), and selected snapshots during the course of self-healing 

experiments of HUB-based crosslinked poly(urethane-urea) materials (c). TMPCA: 2,2,6,6,-

tetramethylpiperidinylcarboxyamide, TBEU: 1-(t-butyl)-1-ethylurea, and DEU: 1,1-diethylurea.5 

Copyright 2014 Nature Publishing Group. 

 

2.2.4  Other reversible chemistry 

Thiuram disulfide (TDS) moieties were introduced into polyurethane-based crosslinked 

materials. When exposed to visible light, TDS units underwent radical reshuffling with 

neighboring TDS units to reform disulfide bonds through radical transfer reaction or radical 

crossover reaction. This disulfide reshuffling induced self-healing on damaged areas. Their self-

healing behavior was followed by cutting a cylindrical sample into two pieces, which were 

contacted under visible light at room temperature. After 24 hrs, the ruptured pieces were re-
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annealed together, exhibiting similar mechanical properties as before the physical damage.76 In 

addition, alkoxyamine,7-8 diarylbibenzofuranone (a dimer of arylbenzofuranone),9 

trithiocarbonate,77 acylhydrazone,78-80 and imine,81 as well as olefin metathesis,82 boronic ester,10-

12 and coumarin dimer83 have also been explored for the development of intrinsic self-healing 

materials. 

2.3 Intrinsic self-healing methods utilizing reversible physical crosslinking 

The methods utilize non-covalent interactions, typically hydrogen bonding, ́ -ˊ, metal 

complexation, ionic, and host-guest interactions. The formed physical crosslinks are easily 

disrupted in response to external stimuli such as pH, temperature, heat, and mechanical stress. 

Such physical disruptions are restored to their original interactions due to the unique reversibility 

of the physical crosslinks.  

2.3.1 Hydrogen bonding interactions 

Hydrogen bonding strategy for the development of self-healable supramolecular 

materials requires the introduction of hydrogen bonding motifs as donors and acceptors into 

polymers as in pendant chains, in arms, or at chain ends. Widely-explored hydrogen bonding 

motifs include 2-ureido-4-pyrimidinone (Upy)84 and secondary amide groups. Thymine/2,6-

diaminotriazine,85 urea moieties,86 and carboxylic acids87-88 have also been used. These groups 

enable the formation of reversible supramolecular crosslinking networks through their 

intermolecular hydrogen bonding. Upon physical damages, the supramolecular crosslinks are 

disrupted; however, they can be reformed because of their unique reversibility. Monofunctional 

and difunctional Upy-conjugated poly(ethylene glycol) (UPy-PEG) was synthesized by a facile 

conjugation of UPy and PEG. The mixture of these conjugates self-assembled in water to form 

fibril -embedded hydrogels. Their structural and mechanical properties, as well as self-healability, 

were regulated by varying the ratios of monofunctional to crosslinking difunctional UPy-PEG.89  

A concern for most self-healable materials utilizing hydrogen bonding interactions is 

their weak mechanical strength due to the use of soft polymers as self-healable matrix. A 

promising strategy that has been proposed to overcome this challenge is the incorporation of hard 

domains into soft supramolecular polymeric matrix containing hydrogen bonding motifs. The 

presence of hard domains provides toughness and mechanical strength, while soft matrix 
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promotes the mobility of hydrogen bonding groups for self-healing. For example, well-controlled 

bottle brush polymers were synthesized by a combination of FRP and ATRP. They consist of 

polystyrene (PS) backbone (high Tg) as a hard phase and polyacrylate amide (PA-amide) brushes 

(low Tg) as a soft phase. The brush polymers collapsed into core-shell nanostructures, which 

further assembled to two-phase nanostructures. They consist of hard polystyrene domains 

microphase-separated in a soft matrix, which contains secondary amide groups that are capable 

of forming dynamic supramolecular networks, having both hydrogen bond donor and acceptor 

functionalities. The resulting supramolecular assembly was reversibly broken and reformed, 

affording spontaneous self-healing behavior (Figure 2.7).90 Diblock copolymers synthesized by 

RAFT polymerization consist of a hard PS block and a soft poly(n-butyl acrylate) (PBA) block, 

functionalized with an UPy motif at one end, thus forming PS-PBA-UPy. Dimerization of two 

UPy units allowed for the synthesis of well-controlled ABA triblock copolymers, thus forming 

PS-b-PBA-(UPy-UPy)-PBA-b-PS. These copolymers formed a microphase-separated 

thermoplastic elastomers of hard PSt domains in PBA soft matrix with reversible hydrogen 

bonding interactions to afford dynamic self-healing properties.91 Similar approaches have also 

been  reported, including ABA triblock copolymers with pendant amide groups in the A blocks,26 

core-shell particles having amide groups in arms,13 and polyurethanes having UPy groups.15  
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Figure 2.7 Schematic illustration of hydrogen-bonding brush polymer consisting of polystyrene backbone 

(high Tg) as a hard phase and polyacrylate amide brushes (low Tg) as a soft phase and its supramolecular 

assembly to form two-phase microstructures, consisting of hard polystyrene domains microphase-

separated in soft matrix containing secondary amide groups that are capable of forming dynamic 

supramolecular networks.90 Copyright 2014 Nature Publishing Group. 

 

2.3.2 -́ˊ interactions 

Self-healing through dynamic ˊ-ˊ stacking utilizes aromatic units, mostly pyrene 

moieties as ˊ-electron-rich residues and diimide units, as ˊ-electron-deficient residues. The two 

residues form complexes adopting chain-folded conformation through ˊ-ˊ stacking interactions. 

These supramolecular interactions can be disrupted and reoriented upon thermal response. As a 

consequence, physical damages are subsequently healed. As a typical example, Figure 2.8 

illustrates a polymer blend consisting of a chain-folding polydiimide (1) and a telechelic 

polyurethane with pyrenyl end groups (2). The reactive blend yielded supramolecular crosslinked 

material induced by ˊ-ˊ stacking with thermal reversibility. Self-healing behavior was observed 

at temperatures >50 ̄ C.92-93 Further, the design of new monomers with multiple aromatic units94 

or the introduction of cellulose nanocrystals (CNCs)95 and gold nanoparticles (AuNPs)96 

enhanced mechanical strength of the self-healable networks. 
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Figure 2.8 Illustration of ́ -ˊ interaction between a polydiimide and a pyrenyl end-capped polymer.96 

Copyright 2013 Royal Society of Chemistry. 

 

2.3.3 Metallo-supramolecular interactions 

This method utilizes metal-ligand interactions where polymeric ligands are designed to 

have ligand motifs that bind to metal ions at the chain ends or in the side chains. Upon the 

incorporation of metal ions, such as Zn, Fe, Co, and Ni, linear supramolecular polymer or 

supramolecular crosslinked network can be formed through specific metal-ligand interaction. 

These interactions can be disrupted physically, thermally, or upon UV irradiation. Subsequent 

restoration of such interaction can induce self-healing behavior of the material.  

2,6-Bis(1¡-methylbenzimidazolyl)pyridine (Mebip) and its oxy-derivatives97 have been 

used as a ligand motifs that bind to zinc ions. For example, poly(ethylene-co-butylene) 

copolymers having Mebip ligands at their termini were synthesized and interacted with Zn ions 

through metal-ligand interactions to form metallo-supramolecular polymers (Figure 2.9). The 

resulting network had relatively high mechanical strength with storage modulus (G )́ º107 Pa. 

After exposure to UV, the Mebip-Zn interactions were electronically excited. The absorbed 

energies were converted into heat to induce the dissociation of network. When UV-light was off, 

the metal-ligand interactions were reassembled, leading to the occurrence of self-healing.98  An 
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introduction of CNCs into the supramolecular mixture reinforced mechanical properties (G  ́ 

º108 Pa at higher concentration of Zn2+).99 In addition, poly(butyl acrylate-co-methyl 

methacrylate) bearing pendant Mebip units were synthesized. An addition of Zn metal ions 

resulted in the formation of metallo-supramolecular crosslinked network containing hard metal-

ligand rich-domains phase-separated in soft polyacrylate phases. The healing process was 

observed both optically and thermally. Further unique triple shape memory transitions were 

studied at different temperatures.100 

Other ligand motifs have also been explored for the development of metallo-

supramolecular self-healable materials, including 2,6-bis(1,2,3-triazole-4-yl)pyridine (BTP),101-

103 imidazole,104 tyrosine,105 polyethyleneimine,106 triazole,107 and terpyridine.108-109 

 

 

Figure 2.9 Schematic illustration of metal-ligand interaction between Mebip units and Zn ions98. 

Copyright 2011 Nature Publishing Group. 

 

2.3.4 Ionic interactions 

This method toward reversible physical self-healing utilizes ionic crosslinking between 

anionic polymers and cationic species as metal ions, small molecules, or macromolecules. The 


























































































































