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Dynamic polymer networks have historically attracted lots of attention due to the unique 
properties attributed to the dynamic interaction in their network. They can be divided 
into two major groups: supramolecular polymer networks (SPNs) and covalent adaptable 
networks (CANs). Supramolecular interaction has been widely applied in a variety of 
functional materials development, such as recycling, stimuli-responsiveness, self-healing, 
and shape memory. However, SPNs are always less satisfied in terms of robustness due to the 
nature of non-covalent interactions. By understanding the covalent bond exchange reaction, 
CANs were developed to address it out. Because of the strong covalent bond interaction, this 
type of material shows similar mechanical behavior to classical covalent networks but also 
possess SPN-like dynamic properties. In this chapter, the development of a series of CANs, 
especially associative CANs named vitrimers, and their various applications, are briefly 
reviewed. The purpose is to give a brief introduction and background to the topics studied in 
this thesis within the field of dynamic covalent bond chemistry: superwetting, self-healing, 
and 3D printing.

�������� �



 Chapter 2

- 10 -

2.1 Introduction

A Dynamic Polymer Network (DPN) is a polymer network containing thermodynamically 
controlled constituents, which can interconvert to each other through a reversible chemical 
process. According to reversible chemistry, DPN may be classified into three main types: 
non-covalent (hydrogen bonds), coordinative, and covalent bonds.1 Generally, due to the low 
thermodynamic stability and high kinetic lability, non-covalent bonds are not very stable but 
easily reach equilibrium leading to a rapid healing process.2, 3 In contrast, covalent bonds 
usually exhibit slow kinetics in the bond formation and breaking, while it can sometimes be 
accelerated by adding a catalyst or increasing temperature.4 This implies that covalent bond 
DPNs usually possess better mechanical properties and solvent resistance.5

Figure 2.1 Schematic of two design strategies of supramolecular polymer networks. Upper row: The networks 
are directly formed by non-covalent polymerization between monomers. Lower row: Covalently-jointed polymer 
chains connect to create networks due to the non-covalent interaction between some of their moieties. Both systems 
maintain the cross-linked network at low temperatures but break at high temperatures due to the thermal dependence 
of supramolecular interaction. Adapted from Ref.10

In the following sections of this chapter, based on the understanding of DPNs and their 
application, polymer materials, with special focus on dynamic covalent polymer networks 
(DCPN), and the related applied physics background are briefly reviewed. The purpose is to 
give a comprehensive introduction to the major research topics studied in this thesis.

2.2 Dynamic Polymer Network Involving Non-Covalent Bonds
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Three-dimensional non-covalent bond-based polymer networks, also defined as 
supramolecular polymer networks (SPNs), are well-known for their properties such as 
stimuli-responsiveness, self-healing, and shape-memory.6-9 Chemists constructed the 
polymer networks either via non-covalent association of monomers, or a non-covalent tie 
between covalently joint polymer chains, as shown in Fig. 2.1. Many different types of 
supramolecular interactions are applied to construct SPNs, of which only the most important 
ones are discussed below.

Figure 2.2 (a) Schematic of the supramolecular polymers based on the hydrogen bonding from self-complementary 
UPy moiety of monomers. (b) Schematic of the reaction and the chemical structure of their synthesized oligomers. 
Adapted from Ref. 6, 11

Hydrogen bonding, as well known non-covalent interaction, has been widely studied 
over decades. To achieve a stronger network, moieties with multivalent hydrogen bond, 
like ureidopyrimidinone (UPy), have been employed to build the network.9 Meijer et al. 
first demonstrated SPNs by utilizing the hydrogen bonds of UPy and urea (Fig. 2.2a).9 
Trifunctional hydrocarbon chains with a UPy at each end spontaneously self-assemble to 
form a reversible polymer network, whose network structure shows a highly thermodynamic 
dependence.11 In contrast with their work based on the associating polymer building blocks, 
Leibler et al. invented a supramolecular self-healing rubber from oligomers through the 
usage of hydrogen bonding.6 (Fig. 2.2b) Multiple hydrogen bonds were formed through the 
reaction of fatty acids and urea, which can break and be reformed in different places resulting 
in self-healing rubber-like materials. By regulating the oligomers’ shape, size, and bonding 
groups, materials exhibited different elastic and self-healing behavior.12

Electrostatic interaction, metal coordination, and host-guest interaction are other main 
interactions for SPNs building. Electrostatic interaction between positively and negatively 
charged moieties tie ionomers to form a network. Valentín et al. discovered ionic clusters 
performed as crosslinkers when magnesium oxide was added to cure carboxylated nitrile 
rubber based elastomer.13 Similarly, several metal ions were widely utilized to construct 
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coordination complexes with ligands, such as Fe(II), Zn(II), and Co(II).14 Weder et al. found 
that the metal-ligand (2,6-bis(19-methylbenzimidazolyl) pyridine) motifs generated energy 
under UV radiation, which endows the network with a quick and efficient defect healing 
property.15 Unlike the other classes of interaction mentioned above, host-guest interactions 
are often used in solvent environments to form supramolecular gels,16 likely because the 
host and guest interaction probability is highly related to the viscosity of the blend system.10 
Crown ethers and cyclodextrins are mainly used as host molecules, which bring a series of 
desirable properties, including good mechanical strength, fixed geometry, various stimuli-
responsive functions.17-19 

2.3 Dynamic Network Involving Covalent Bonds

As one of the most important inventions of mankind, synthetic polymers are often categorized 
into two basic categories based on their molecular weight, namely thermoplastics and 
thermosets. Thermoplastics are linear polymer chains with the capacity to reprocess at high 
temperatures. Thermoset polymers, on the other hand, are made up of chemically crosslinked 
networks with unlimited molecular weights. Owing to their different topological structure, 
thermosets usually outperform thermoplastics in shape stability and creep resistance, but 
have worse reprocessing and recycle ability.5

Figure 2.3 CANs are divided into two classes (dissociative (a) and associative (b)) depending on the temporary 
cross-link density in the network during the exchange reaction. Vitrimers are classified as associative CANs. 
Adapted from Ref.21
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With the emergence of covalent adaptable networks (CANs), a solution is provided to 
combine the best of both worlds. Based on their dynamic covalent bonds, the topologies of 
CANs can be rearranged repeatedly when a dynamic bond is activated, but they can behave 
as normal thermosets at certain condition.20 The reversible covalent bond reaction is the key 
part of building CANs, classified in two types according to their exchange mechanism.21 The 
first group of CANs follows the dissociative exchange mechanism, which means that the 
breaking and rebuilding of chemical bonds take place at different location and time. (Fig. 
2.3a) Another type of CANs break their bonds and reform new bond simultaneously, called 
an associative exchange mechanism (Fig. 2.3b).

2.3.1 Dissociative CANs

Figure 2.4 (a) Schematic of Diels–Alder reaction and the image of stress patterns under polarized light. (b) 
Schematic of the aromatic disulfide metathesis and hydrogen bonding dual healing mechanism of the network. 
(c) The olefin metathesis only changes the topology but keeps the cross-link density constant, giving the network 
malleability Adapted from Ref.23, 33, 39

Reversible Diels–Alder reaction: Wudl et al. used the Diel-Alder reaction (DA) on heat-
healable cross-linked networks for the first time in 2002, which is considered a significant 
milestone in seal-healing based on dynamic covalent bonds.22 Unlike conventional thermosets, 
this polymer maintains its stiffness (Young’s modulus, 4.72 GPa) at ambient temperature but 
becomes rubbery at 120°C, where the flexible chains and dissociation of the DA moieties 
allow the network to be flexible and repairable. Although the fracture toughness can only 
be recovered to around 50%, this case proved the viability of utilizing reversible covalent 
processes for healing. In recent years, Xie et al. developed a digital stress programming 
shape memory network through DA reaction (Fig. 2.4a).23 First, uniaxial stretching was 
used to induce uniform polymer chain alignment into the network. Following, the dynamic 
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exchange reaction is triggered in the controlled region by the localized heating generated by 
digitally printed photothermal ink, resulting in the relaxation of network chain alignment. 
Consequently, the chain alignment may be accurately specified in a pixelated manner under 
the polarized light. Generally, dynamic bonds gained from DA reaction are specific and 
reliable without a catalyst to trigger the reversible process, but exchange kinetics are not 
readily regulated.5

Disulfide exchange reaction: The disulfide exchange reaction, as a classical dynamic 
linkage,22, 24-33 is essential not only in biology34 since it is one of the major interactions in 
protein folding,25 cell’s redox state maintenance,35 but also in the vulcanized rubber industry.32, 

36 According to recent research, the mechanism of covalently exchanging disulfide bonds is a 
very complicated process that incorporates various processes that are also dependent on the 
applied circumstances and disulfide substitution patterns.

The dynamic equilibrium between the disulfides and two thiols, based on the redox process, 
is well-known.22 Meanwhile, under the action of UV,30, 37 shear and/or heat,36 stabilized 
thiyl radicals can be generated via the reversible breakage of disulfides, providing another 
dissociative but more direct route. As with transesterification, free thiol groups allow for the 
assault of neighboring thioesters in order to reform a new thioester.24, 31, 38 However, the amount 
of free thiols required for this procedure is critical, because thiols are readily oxidized in air, 
limiting their large-scale applicability.

Odriozola et al. discovered that aromatic disulfide metathesis can take place at ambient 
temperature without any external stimulus due to the effect of aromatic rings.29, 33 Based 
on this mechanism, a quantitative self-healing network at room temperature was developed 
by including aromatic disulfide in poly(urea-urethane) networks. Hydrogen bonds played 
a crucial role in forming these networks since the rapid exchange of aromatic disulfides at 
ambient temperature could result in serious stress relaxation. As a network controlled by two 
interactions, these networks exhibit more complicated viscoelastic behaviors than those of 
vitrimers that solely rely on a single relaxation process. (Fig. 2.4b)

Olefin metathesis exchange reaction: Under mild circumstances, chemists can create C-C 
bonds via alkene metathesis with the use of organometallic catalysts.40, 41 However, cross-
metathesis is far less common in polymer synthesis due to its poor internal driving force. 
Recently, Guan et al. developed cross-linked polybutadiene networks with self-healing 
behavior based on an olefin metathesis catalyzed by a second-generation Grubbs catalyst. 
Due to the incompatibility of catalyst with the monomer, it had to be added after the radical 
cross-linking process via a swelling experiment.39, 42 The stress-relaxation and creep behavior 
of the ruthenium-bonded networks highly depended on the loading concentration of the 
catalysis. This ambient exchange reaction is intriguing for potential self-healing materials 
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applications since efficient healing may be achieved without any external stimulus. While 
these networks show a series of superior properties, the soaking procedure and the expense 
of the Grubbs catalyst prevent them from being used on a large scale. (Fig. 2.4c)

Figure 2.5 Metathesis of dioxaborolane occurred between bis-dioxaborolane and functional polymers with 
pendant dioxaborolane units creating a network. Adapted from Ref.4

Siloxane silanol exchange reaction: Qualitative stress-relaxation studies in this 
research of McCarthy et al. revealed that siloxane rearrangements can take place within 
polydimethylsiloxane (PDMS) elastomer, which are catalyzed by the presence of acids or 
bases.43 Although these catalysts can improve exchange kinetics, they can cause degradation 
via hydrolysis and heat cyclization-depolymerization.44 Thermal decatalyzation using a 
silanolate tetramethylammonium salt is an intriguing method for avoiding this degradation.45 
Since the sinaolate anion were decomposed at high temperature (150°C), the dynamic 
networks can be converted to classical thermosets via a simple heat treatment. Self-healing 
PMDS systems were proposed and patented in the 1950s.45, 46 However, the recycling 
properties of such ‘living’ polysiloxane networks have yet to be investigated.

Dioxaborolane metathesis reaction: Dioxaborolanes are cyclic esters of boronic acids that 
spontaneously condense when the two are brought together. In order to achieve a higher 
yield, desiccant (i.e., anhydrous magnesium sulfate) is usually used to expulse two molecules 
of water, promoting ring formation entropically.47 Because of the substantial bonding 
characteristic between the oxygen lone pair and the unoccupied p-orbital on boron, the 
boron-oxygen bonds are very strong, resembling a typical carbonyl bond. In 2017, Leibler 
et al. developed CANs based on boron-heterocyclic cross-links which can be produced from 
mature polyolefin product lines (Fig. 2.5).4 Molecules reversibly swap fragments connected 
by the boronic ester groups’ strong B–O bonds during dioxaborolane metathesis, allowing 
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vitrimers to be manufactured from polymers with only C–C bonds, either by adding functional 
monomers during polymerization or by chemically altering commercial polymers.

Imine amine exchange reaction: Imines are usually referred as Schiff base, whose related 
C=N moieties are usually prepared with the acid-catalyzed reaction of aldehyde or ketones 
with amine derivatives.48 The dynamic nature of the imine is mainly attributed to either 
formation/hydrolysis in the aqueous environment49-51 or amine exchange and imine metathesis 
in the absence of water.52, 53 Zhang et al. recently used associative imine chemistry to create 
flexible and recyclable polymer networks by cross-linking commercially available aldehydes 
with a di- and triamine.54 The dried polyimine networks’ stress-relaxation behavior fits 
Arrhenius temperature dependency together with water-induced stress-relaxation at ambient 
temperature, showing vitrimer-like characteristics. Furthermore, Zhang et al. demonstrated 
that even a small amount of primary amines loaded in the polyimine network with water 
causes a rapid exchange reaction with azomethine moieties. Although polyimine networks 
have a mild transition temperature without the need for catalysis, the ease of hydrolysis limits 
their employment in humid conditions.

Figure 2.6 The viscoelastic behavior of vitrimers highly depends on the relationship between its glass transition 
(Tg) and the topology freezing transition temperature (Tv): (a) Tg lower than Tv, and (b) Tg higher than Tv. Adapted 
from Ref.21

2.3.2 Associative CANs (Vitrimers)
Vitrimers are a class of new associative CANs, first introduced by Leibler et al. in 2011.20 By 
including an appropriate transesterification catalyst to polyester-based epoxy resin networks, 
the permanent networks exhibit a gradually viscosity decrease upon heating, similar to 
vitreous silica, which is why the term “vitrimer” was coined. Due to their fixed cross-link 
density, vitrimers show a superior tolerance in chemical solvents, as they only swell but do 
not dissolve even at high temperatures. In contrast to the classical thermosetting networks, 
vitrimers not only have a glass transition temperature (Tg) correlating to the start of long-
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range, coordinated molecular motion in polymer networks, but also own another transition 
temperature caused by the bond exchange reactions (BERs). When the timescale of the 
reaction is shorter than the material’s deformation, the network’s topology can be rearranged, 
resulting in flow. As a result, a shift from viscoelastic solid to viscoelastic liquid happens at a 
temperature defined by Leibler et al. as the topological freezing transition temperature (Tv), 
which usually defines the point where the viscosity reaches 1012 Pa•s.20, 55

As characteristic for vitrimers, the relevance between the Tg and Tv will endow two distinct 
feature behaviors with heating.21 When the Tg is lower than the Tv, with the temperature 
increasing to Tv, the glassy solid will first behave like classical thermosets to reach the rubbery 
state becoming flexible since the polymer chain can move, but the fast bond exchange is not 
allowed. Once the temperature reaches Tv or higher, the elastomer will be a viscoelastic liquid 
as the BERs become intense. In this situation, the vitrimer flow mainly depends on the bond 
exchange kinetics, resulting in the typical Arrhenian viscosity decrease.(Fig. 2.6a) In another 
situation, intrinsically fast dynamic bond exchange reactions are frozen in a rigid polymer, 
matrix resulting into Tg higher than Tv (Fig. 2.6b). In such cases, when the temperature is 
between Tv and Tg, the transition is limited since there is no motion of the segments (lack 
of diffusion). When the temperature is above the Tg region, the network behaves like the 
dissociative CANs or thermoplastic materials, following the Williams-Landel-Ferry model 
(WLF) since the exchange reactions are fast. However, with the temperature increasing, the 
viscosity behavior will change at a certain point from WLF to Arrhenius law.

According to this concept, the vitrimer characteristics can be manipulated to fit different 
requirements (e.g., fast-healing) by controlling the cross-link density, intrinsic rigidity of 
monomers, catalyst loading, and the density of exchangeable bonds and groups.56-58 From 
this point of view, some well-designed vitrimer systems are briefly reviewed in the following 
sections based on their bond exchange reaction.

Carboxylate transesterification: Leibler and co-workers were the first to prove the concept 
of vitrimers by employing simple carboxylic acid-based transesterification processes with the 
aid of a catalyst (Fig. 2.7a).20 Mixing stoichiometric quantities of acid and epoxy monomers 
generated an abundance of free hydroxyl groups and carboxylic esters. While epoxy reacted 
with anhydride, stoichiometry has to be carefully chosen in order to achieve enough hydroxyl 
groups.56 By utilizing soft segments, the Tg of the network is below room temperature and 
Tv, which enables the vitrimer to show a conventional elastomer behavior below room 
temperature, without creep. Once materials need to be processed or recycled, heating will 
accelerate the bond exchange reaction.5

Apart from heating, two other main factors directly influence the transesterification reaction 
rate in vitrimer networks. The first factor is the amount of the free hydroxyl groups in the 
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network.5 Zhang et al. created a catalyst-free vitrimer system. In the first stage, glycerol 
was reacted with glutaric anhydride to produce a bi-functional acid with a hydroxyl group, 
then employed to cure the epoxy resin in the second step. The cross-linked network has 
many hydroxy groups, which function as both a reactive moiety and a catalyst for the 
transesterification reaction, resulting in rapid relaxation and efficient repairability of the 
materials.59 Catalysis is the second factor controlling exchange reaction kinetics. Unlike 
free hydroxyl group addition, the activation energy and Tv may be adjusted in case of 
the regulation of material characteristics by altering the concentration and nature of the 
catalyst.56 By introducing carbon nanotubes (CNTs), Ji et al. demonstrated a light-driven 
dynamic transesterification process.60 CNTs efficiently absorb light and convert the energy to 
heat, resulting in rapid and accurate local heating. Using an infrared laser, CNT-impregnated 
vitrimers were successfully molded, repaired, and even welded with non-CNT vitrimers.

Figure 2.7 (a) Transesterification based exchange process taking place in hydroxy-ester networks. (b) Associative 
reaction based on transesterification, transamidation, and transamination of vinylogous amides or urethanes. Adapted 
from Ref.20, 61

In addition to epoxy-derived vitrimers, polylactones and polylactides provide another 
alternative option to construct a vitrimer network.62, 63 Bates et al. showed that a well-
defined bottlebrush polymer with flexible poly(4-methylcaprolactone) side chains was cross-
linked with a bilactone, catalyzed by tin ethylhexanoate. Due to dynamic ester cross-links 
that undergo transesterification with residual hydroxyl groups, the final materials display 
adjustable stress-relaxation rates at high temperatures (160-180°C). Tin ethylhexanoate was 
also used by Hillmyer and his team for either the polymerization between four-arm shaped 
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polylactide and methylene diphenyl diisocyanate or the transesterification reaction in the 
final network. Even with a tiny number of free hydroxyl groups in the network, this system 
has a remarkably shorter relaxation timescale than epoxy vitrimers. The large number of 
ester groups in the network (polylactide backbone) could explain the short relaxation periods. 
These results suggest that the relative concentration or abundance of ester functionalities 
throughout the network matrix could significantly impact relaxation time in addition to the 
number of free hydroxyl groups. Esterification-based vitrimers exhibit a higher processability 
as the most classical system, but the long-term stability of the materials might be a problem 
due to catalyst aging or leaching and ester hydrolysis. Because urethanes are known to absorb 
water, the hydrophilic polylactide/urethane networks may have restricted their use in a humid 
environment.64

Generally, transesterification vitrimers, particularly epoxy-based ones, outperform in terms 
of monomer availability and simplicity of synthesis, making them easily upscalable and 
suitable for future commercial production. In addition to the creative chemistry synthesis, 
theoretical models of these interesting polymer networks were built to give us a more 
fundamental understanding, enabling new insights into the fascinating dynamic property of 
these materials.65-68

Transamination of vinylogous urethanes: Due to the stability of the amide group, achieving 
amide bond exchange under mild conditions is a significant task1. Du Prez et al. introduced 
a transamination type catalyst-free vitrimer based on vinylogous urethanes moieties.61 (Fig. 
2.7b) Exchangeable carbon-nitrogen bonds formation highly depends on the mediate carbon-
carbon double bond due to their favorable electronic conjugation with carbonyl groups.69 
At the same time, vinylogous urethanes exhibit stability which means that it may even be 
produced in aqueous solution.70 In terms of kinetics, the free amine groups attack the neighbor 
vinylogous urethane moiety to achieve the rapid exchange reaction at high temperatures. 
Similar to the transesterification, the exchange reaction becomes more intensive in the 
presence of few free amines. Based on this behavior, slightly off-stochiometric amines were 
left in the network to achieve a significantly shorter relaxation period.61 The transamination 
of vinylogous urethanes provides a new strategy to develop the vitrimer network without the 
use of catalysts. However, the presence of free amines in the network may pose a concern in 
long-term practical use, such as oxidative damage and environmental issues.

Transalkylation of triazolium salts: Drockenmuller et al. reported the discovery of 
novel vitrimers by transalkylation reactions in networks including 1,2,3-triazolium salts, 
triazolines, and pendant alkyl halide chains.71 Temperature-induced C–N bond exchanges 
between 1,2,3-triazolium cross-links and halide-functionalized dangling chains introduced 
the topology reorganization, which allows realized the healing even recycling of these highly 
cross-linked rigid networks. Interestingly, the choice of counter ion in these systems can 
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affect the flow characteristics by resulting in quicker stress-relaxation (Brˉ >> Iˉ > MsOˉ). 
Mechanistically, the exchange process is still unknown at this moment, which needs more 
research on these systems in order to determine the exact chemical mechanisms. Although 
this system displays outstanding mechanical properties and potential as a solid ion-conducting 
electrolyte, the scalability and cost must be considered for practical applications.

Transesterification in poly(oxime-ester): Russell et al. have shown a catalyst-free vitrimer 
system based on oxime-ester bonds.57, 72 The poly(oxime-ester) vitrimer was created via a 
relatively simple photoinitiated thiol-ene click reaction, resulting in a material with excellent 
stretchability and malleability. Usually, as a member of the imine family, oximes exhibit 
inferior reversibility compared with the normal imine bonds but oxime, here, performed as 
hydroxyl donor in the transesterification reaction. Since the pKa of oxime is lower than the 
pKa of aliphatic alcohols,72 catalysis is not necessary for CANs based on oxime-ester bonds 
to initiate a bond exchange with free oxime, avoiding the leakage of catalysis over time. 
This study, as a type of vitrimer, demonstrates a significant benefit for vitrimer production 
by enabling easy and efficient access to a reprocessable network. However, this network 
compares unfavorably to the classical carboxylate transesterification vitrimer in terms of 
chemical resistance, especially in acidic conditions.

2.4 Applications based on Dynamic Polymer Networks

The fascinating functional characteristics derived from dynamic covalent bonds mainly drive 
the development of new and smart material designs in academic research. First, the major 
aim was to extend the service lifetimes of polymers by enabling rewelding, reprocessing, 
and recycling.73, 74 In this direction, intensive efforts have been conducted due to their 
high significance to long-term social development.75-77 Furthermore, the development of 
a dynamic covalent bond polymer network as a novel molecular platform for creating 
unique functionalities is still in its early stages. Several novel concepts have emerged that 
push the boundaries of polymer science and have the ability to alter the paradigm in many 
technological areas.23, 78-80

2.4.1 Chemical Recycling
Closed-loop polymer life cycles are essential to fulfill global sustainability goals.75, 76 Physical 
reprocessing of thermoplastics is a well-established commercial technique in conventional 
mechanical recycling. However, recycled plastics are less attractive on the market because 
of the remaining contaminants and the degradation of polymer properties with each cycle 
of reuse.81 Meanwhile, thermosets play an important role in the modern plastics and rubber 
industries, even if they lose degradability and recyclability, to obtain higher chemical and 
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heat resistance, and tensile strength.82 The development of dynamic covalent chemistries has 
emerged as possible solution.83

Figure 2.8 (a) Schematic of polymerization and depolymerization of polylactone. “Cat.1”: a lanthanum-based 
catalyst, “Cat.2”: an yttrium complex or a zinc-based catalyst. (b) Demonstration of a closed-loop process of the 
synthesis and hydrolysis of networks (PDK-6(TREN)) formed via a reaction of polyamines (tris(2-aminoethyl)
amine, TREN) and ditopic triketones (TK-6). Adapted from Ref.74, 84

The maintenance of physical properties is one of the most significant barriers to polymer 
recycling. Chemical recycling towards monomers/ oligomers is an intriguing option since they 
may be reused to generate new products without performance degradation.5 In 2018, Chen 
et al. evidenced the concept that there is a closed-loop route between poly(γ-butyrolactone) 
and its monomer (six-membered ring-fused butyrolactone). Using a catalyst, the monomer 
may be regenerated from polymer with a 97% yield at 180°C under vacuum (Fig. 2.8a).84 
In principle, this cycling circle can be repeated indefinitely. The monomer conversion rate 
during polymerization is slightly restricted (45-87%); however, it remains unclear if the 
catalyst can be efficiently regenerated. Along these lines, Qi et al. reported that the carbon 
fiber reinforced polyester-based vitrimer composite may be chemically cleaved by adding 
ethylene glycol, due to the hydrolysis reaction between hydroxyl groups and the polyesters 
networks.85 Notably, the clean chemistry and reversible nature of the hydrolysis allow the 
generated building blocks to be repolymerized following ethylene glycol evaporation to form 
a similar vitrimer again. Additionally, the modulus and strength of the recycled carbon fiber 
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composite (223GPa and 4.4GPa, respectively) are extremely close to their original values 
(239GPa, 4.2GPa, respectively). This provides an elegant technique to recycle both the 
polymer matrix and the carbon fiber with almost 100% yield.

Vitimers can be easily depolymerized thanks to their dynamic covalent connections, but the 
entire process, like with other plastics, remains a concern in practical application due to 
the long reaction time, harsh reaction environment, and mixed plastic waste streams.54, 58, 

71, 86 Furthermore, depolymerization studies have not focused on returning to the original 
monomers, restricting re-formulation prospects by demanding additional processes before 
re-entering the supply chain. To address these challenges, Helms et al. have demonstrated 
that dynamic network polymers produced utilizing diketoenamine linkages allow the 
recovery of monomers from common additives, even in mixed waste streams (Fig. 2.8b).74 
Poly(diketoenamine)s can be synthesized from a wide range of triketones and aromatic or 
aliphatic amines, with the only by-product being water. Recovered monomers can be directly 
reused in the same polymer synthesis, as well as other chemical reaction with differentiated 
properties, with no loss of performance.

2.4.2 Self-healing Materials
When materials are damaged by thermal, mechanical, chemical, or other ways, the potential 
to repair and restore the material to its original set of properties is referred to as self-healing.87 
Self-healing can take place through either an external or internal process. Extrinsic self-
healing is based on the presence of externally supplied healing agents in polymer matrixes, 
whereas intrinsic self-healing usually relies on reversible interactions (covalent and non-
covalent) inside the polymer itself. Polymer matrix containing healing agent stored in 
microcapsules, pioneered by White’s group in 2001,88 is the most frequently used extrinsic 
self-healing method. However, these methods have not achieved commercial success yet, 
because of the instability of healing agents, decreased mechanical characteristics related to 
structure defects around microcapsules, and lack of repeated healing capability.89 In contrast 
to extrinsic self-healing, intrinsic self-healing enabled by reversible bonding may be carried 
out indefinitely with no concern for long-term performance loss, at least in theory.5 As 
polymers are susceptible to damage caused by external forces, self-healing properties must 
be crucial for materials used in harsh environments with high stress or strain. Following, we 
will briefly review self-healing materials employed in such working conditions based on 
reversible bonds.

Self-healing superwetting materials: A strong affinity or repellence of a surface to a 
liquid is referred to as superwetting.90 Water contact angle (CA) is usually employed to 
classify them as  superhydrophobicity (CA>150°) with or superhydrophilicity(CA>10°).90 
Owing to their interesting wetting behavior, these materials have been widely utilized in 
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versatile applications including self-cleaning, antifogging, controllable liquid transport, 
liquid separation, and so forth.91-99 Besides the chemical composition of the materials, the 
morphology of these materials at the micro and nanoscales is critical for the particular 
affinity towards water and oil. Since these micro-/nano structures can easily deteriorate under 
working conditions, superwetting materials with self-healing behavior are in high demand.100

Sun et al. created a transparent, nonfluorinated, self-healing superhydrophobic coating by 
spraying polydimethylsiloxane (PDMS) produced N-coordinated boroxines (N-boroxine-
PDMS) and SiO2 nanoparticle solutions, whose water CA is 160.8° ±1.3°.102 As dynamic 
crosslinking points, N-coordinated boroxines give the PDMS networks self-healing abilities, 
not only for structure defects but also against chemical corrosion from hydrogen peroxide or 
O2 plasma at room temperature (Fig. 2.9a). Fu et al. have exhibited stable and porous self-
healing superhydrophobic foams made by casting a combination of healable PDMS-based 
polyurea, multi-walled carbon nanotubes (MCNTs), and polyuria. The PDMS-based polyurea 
can repair mechanical damage by rebuilding hydrogen bonds and reverse chemical damage 
via surface reorganization. Furthermore, due to the excellent photo-thermal conversion of 
MCNTs, the superhydrophobic foams was heated efficiently and rapidly to around 60°C 
under sun exposure, substantially increasing the foam’s healing speed and efficiency.101

Figure 2.9 (a) Up: Reversible reaction between N-Boroxine-PDMS and PDMS-PBA. Down: The recovery 
of a superhydrophobic surface. (b) Hydrogen bonds induce the healing process of MCNTs/PDMS foam, healing 
mechanical damage. Adapted from Ref.101, 102

Self-healing strain sensors: Wearable strain sensors that are flexible and largely deformable 
are attracting a lot of interest for mimicking biological systems, such as soft robotic 
building.103 However, due to their flexibility and adaptation to their environment, significant 
deformations typically produce tiny structural flaws, resulting in a reduction in sensor 
sensitivity till failure, limiting their lifetime and performance.104 Repair mechanisms such 
as self-healing are critical in sensor development to ensure long-term dependability. At this 
point, a class of polymer hybrid networks was utilized to tackle the challenge of developing 
stretchable self-healing sensors.3, 105-108

Chen et al. created a complex structured nanocomposite hydrogel by including MXene, highly 
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conductive 2D nanomaterial, into tannic acid-decorated cellulose nanofibrils/polyacrylamide 
double networks hydrogel. To enhance the tolerance to an open environment, glycerol was 
added to help the hydrogel displays high flexibility and electrical conductivity throughout a 
wide temperature range. Furthermore, the dynamic catechol-borate ester linkages, as well 
as the easily generated hydrogen bonds between the water and glycerol molecules, give the 
hydrogel outstanding stretchability, tissue adhesiveness, and self-healing properties.111 Yu 
and co-workers created a well-defined sulfur-containing molecule-modified Ag nanowire 
(AgNW) aerogel framework via in situ-polymerizing N-isopropylacrylamide. Because the 
composite has a quick and robust healing capacity caused by reversible Ag–S bonds, the 
healed composite has an outstanding electromechanical property (Fig. 2.10a).109

Figure 2.10 (a) Top: Photographs of the broken sensor. healed under NIR laser radiation. Bottom: Scheme of the 
dynamic exchange of Ag–S interactions at the touched surface resulting in healing of the AgNW aerogel under the 
laser. (b) Top: A reversible imine-based CAN was formed through a Schiff base reaction of bis(amine)-terminated 
PDMS and 1,3,5-triformylbenzene. Bottom: Reversible imine bonds induced an autonomous healing process of 

broken PDMS. Adapted from Ref.109, 110

Self-healing triboelectric nanogenerators (TENGs): TENG, first invented by Wang et al. 
in 2006, is a device based on the coupling effects of triboelectrification and electrostatic 
induction, which harvest electricity energy through the variation of relative contact area 
between two materials with opposing tribo-polarity.112, 113 Some critical concerns concerning 
the degradation and lifespan of TENGs exist. Multiple studies have suggested self-healing 
polymer networks to extend the lives of TENGs and ensure their performance to solve this 
issue.110, 114-117

Lee et al. developed a highly conductive, stretchable and healable composite for TENGs 
construction by integrating liquid metal and silver flakes into a thermoplastic elastomer. The 
elastomer serves as both the conductor matrix and the triboelectric layer. (Fig. 2.10b) Due 
to the thermoplastic elastomer’s supramolecular hydrogen bonding, the nanogenerator had 
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a stretchability of 2500% and recovered its energy-harvesting capacity despite significant 
mechanical damage.118 Because hydrogen bonds are weaker than covalent bonds, Wang et 
al. used dynamic imine bonding in PDMS networks to repair mechanical defects in TENGs 
(94% efficiency). Meanwhile, the structure recovery of the elastomer reconnects the buckled 
electrode resulting the electrical functionality healing. The stretchability and transparency 
of the soft TENG may be adjusted by altering the buckling wavelength of the electrode. 
Even after accidental cutting, the TENG not only remained its 50% stretchability and 73% 
transmittance but also restored the electrical generation (100% healing efficiency).110

2.4.3 Sustainable Three-dimensional Printing

Figure 2.11 (a) Scheme of working system for 3D printing and chemical structure of monomer, crosslinker, 
catalyst, and initiator. (b) Printed 3DPRT and its recycling process. (c) A recyclable vitrimer epoxy printing process 
with a heating aid direct ink writing 3D printer. (d) The solvent assisted cross-linking/dissolution/recross-linking 
cycle process during the recyclable 3D printing of nanoclay-reinforced vitrimer epoxy. Adapted from Ref.78, 126

Additive manufacturing (AM), often referred to as 3D printing, converts digital virtual 3D 
models into physical items by building them layer by layer without the use of molds or 
machining.119 Vat photopolymerization, a 3D printing technique based on liquid photocurable 
polymers, leads to a high surface quality and precise architectures, but it also produces 
thermosetting objects that are intrinsically not recyclable or degradable due to their cross-
linked macromolecular network.120-122 With the rising demand for AM materials, their inability 
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to be re-processed will cause severe waste management issues.123 The scientific community 
has attempted to create environmentally friendly alternatives to present photopolymer print 
resins to address the aforementioned problems.124 Creating recyclable materials for vat 
photopolymerization should contribute a lot to the ongoing process towards a truly circular 
economy.125

Yang et al. developed the formulation for high resolution UV 3D printable reprocessable 
thermosets (3DPRTs) manufacturing via a simple preparation procedure.78 (Fig. 2.11a) A 
resin comprising bisphenol A glycerolate diacrylate (BPAGA) and hydroxyphenoxypropyl 
acrylate was synthesized, and a high-resolution lattice structure was printed using a 
stereolithography apparatus. With temperature increasing, transesterification will be initiated 
between the ester and hydroxyl moieties, resulting to a topology reorganization but with no 
decrease of crosslinking density towards a reparable polymer network. The repaired sample 
of 3DPRT regained 100% of its stiffness and 93% of its original strength. This same repair 
method is not usable for a normal 3D printed thermoset. To further check the recyclability of 
3DPRTs, the printed objects are ground to powder and hot pressed into a new sheet, which 
can be repeated for at least three times.

Qi et al. presented a new 3D printing material and process for direct ink writing vitrimer 
epoxy into components with complex 3D struture, which can then be recycled into a fresh 
ink for the next round of 3D printing.126 In the initial printing cycle, partially cured epoxy 
resin ink was applied at high pressure and high temperature to form complex 3D structures, 
which was followed with post curing. The printed network was cleaved into oligomer within 
ethylene glycol at high temperature, due to the intrinsic intensive transesterification. These 
oligomers were used for the reprinting under the same circumstances. The tests showed that 
this vitrimer formulation can be printed four times and still keep its printability. Furthermore, 
the vitrimer epoxy may be utilized to do pressure-free repairs on 3D printed objects. (Fig. 
2.11b)

2.4.4 Stimulus Responsive Materials
Stimuli-responsive materials, often known as “smart materials,” display significant and 
sharp physicochemical changes in reaction to minor changes in external parameters such as 
temperature, light, pH, solvent, electromagnetic fields, and redox state.127 Due to the dynamic 
bonds, the plasticity of the networks may be induced in solid-state without breaking it to the 
liquid state, which makes it possible for the network to bear functional moieties to display its 
response at solids state.

Based on this concept, Ji et al. demonstrated that a series of liquid-crystal elastomers (LECs) 
with exchangeable connections (xLCES) responded to different stimuli such as temperature, 
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light, and solvent.60, 79, 128, 129 (Fig. 2.12) As a class of smart polymer, LECs usually show 
response to a variety of external stimuli, including light, heat, and electrical field, which make 
them as ideal candidates as mechanical actuators.130 However, difficulties of the macroscopic 
orientation of liquid-crystal order induction hinder LCEs’ being used in practice.131, 132 The 
xLCE network was created using a traditional method, a 1:1 molar reaction between an epoxy-
terminated biphenyl mesogen and decanedioic acid, with a glass transition Tg = 55°C and 
an isotropic transition Ti = 100°C on cooling.133 Owing to the intensive transesterification at 
high temperature (Tv), the uniaxial stress loading can introduce molecular orientational order 
into the network driving the sample to the liquid crystal state and increasing length to L2. 
Then temperature was reduced to room temperature and it maintained the liquid crystal state 
and L2. When temperature between Ti and Tv, the sample reached an equilibrium state with 
Lm, exhibiting shape memory behavior.   Once temperature above Tv again, it returned to 
isotropic phase with original length L0 due to the fast bond exchange reaction. By integrating 
photoresponsive dyes134, 135 or carbon nanotubes,60, 136 the entire arsenal of xLCE could easily 
work as a photo-actuator. This work provides a promising solution for actuators and artificial 
muscles application in practice.

Figure 2.12 (a) Scheme of mechanically induced monodomain alignment in xLCE exhibiting thermoresponsive 
dynamic equilibrium. (b) A triple shape memory of an xLCE was induced by two critical temperature points: a 
strip of polydomain smectic phase was deformed to shape B and fixed (below Ti), shape C is generated at the glass 
transition Tg, and the sequential recovery with enhanced temperature. Adapted from Ref.79

2.5 Conclusion

Owing to the thermodynamic stability under specific conditions, the library of dynamic 
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combinatorial chemistry provide tools applied in a variety of applications. To face the 
growing pressure for sustainable social development, dynamic interaction has been widely 
investigated for macromolecular recycling and self-healing, driven by the great demand to 
lower plastic waste. Recently, significant development has been achieved in novel dynamic 
covalent chemistries, the DCPNs (including vitrimers), which provide a revolution in the 
reprocesses for used polymer networks. Despite the high speed of fundamental research, 
substantial barriers (e.g., cost and efficiency) must be overcome before society can benefit.

Besides the tremendous focus on the reprocess of polymer, new prospects for using dynamic 
covalent network chemistry to develop functional-functioning materials beyond typical 
network polymers have now emerged. In comparison to this, solid-state plasticity uses the 
same bond exchange process. Still, it has a considerably larger network design potential due 
to its more flexible molecular requirements. Along these lines, DCPNs have the potential 
to influence a wide range of multidisciplinary fields, including medical devices, flexible 
electronics, and soft robotics.

Overall, recent developments in DCPN have gone well beyond the “passive” aim of solving 
plastics issues (recycling of thermosets and self-healing). Applying the bond exchange 
concept to actively create molecular topologies and functional characteristics is innovative 
and exciting. Therefore, the following chapters will introduce new applications based on 
dynamic covalent bonded polymer networks.
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