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ABSTRACT

Self-healable polymers with rapid, room-temperature healing properties are especially attractive for various applications. Thus, systematic study of their structure-property relationship is demanded to obtain a better understanding of self-healing materials. The goal of this dissertation is to unravel the relationship between molecular structure, self-healing properties (healing rate and efficiency), and materials’ evaluation.
Controlling the H-bond density in a crosslinked poly(dimethyl siloxane) (PDMS) system allows to tailor their various physical properties and self-healing properties. In two studied systems, both the H-bond density and the chemical crosslink density were controlled individually, thus we can observe the impact of these two factors and elucidate the relationships on their chemical structure and fast, room-temperature self-healing properties. By precisely controlling the molar ratio between strong H-bond moiety and weak H-bond moiety, we obtained a series of self-healing materials with tunable rapid self-healing properties.
We aimed to develop self-healable polymers with high toughness since such material is not readily accessible today. We employed the thiourea structure to construct a resilient foundational component. PDMS was introduced to enhance the material's flexibility, the product exhibits high modulus and toughness, with switchable mechanical and healable properties under high humidity environment. Such polymer could perform fast room-temperature healing in an environment where humidity level is greater than 80%. 
Moreover, a universal evaluation method for self-healing polymers is established and discussed, which is critical due to no available evaluation system currently. Through screening the key healing data (such as healing time and temperature) of a large quantity of published research, we revealed the trade-off between tensile strength and self-healing rate by constructing such evaluation method. 
Finally, for future research perspectives, obtaining self-healing polymers with good performance from upcycled plastic waste to explore a better way to process plastic waste and lower the cost and carbon footprint of self-healing polymers. Poly(ethylene terephthalate) (PET) was selected as the original source for the upcycled self-healable polymer due to its accessibility and chemical versatility. After being deconstructed by aminolysis reaction, the deconstructed PET was transformed into self-healable polymers with tailored chemical structures.
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INTRODUCTION

The self-healing feature of human skin can achieve regeneration of the tissue, providing multiple benefits to us against physical damage. Inspired by nature, the concept of self-healing material, a material that can heal over physical destruction and fully recover functionalities has drawn significant interests in research and application. Integrating self-healing capability in materials improves their adaptability and longevity in various applications. To fabricate synthetic self-healable materials, there are two different general approaches. One approach is to encapsulate two reactive chemicals individually under physical confinement, such as dual-component epoxy. When physical destruction occurs, the breakage of reactant encapsulation will result in fast chemical reactions between the two reactants, and a new compound will form and rapidly seal the void. Although this extrinsic approach is commercially accessible and is easy to operate, the key drawback is typically its one-time healing feature due to their irreversible chemical reactions. There are also concerns about the complexity of packaging, which requires optimum isolation between reactants. On the other hand, another approach uses the material to be integrated with reversal bonds that could reform upon physical damage, overcoming the drawbacks of the extrinsic pathway. It is categorized as the intrinsic self-healing mechanism. The intrinsic self-healing mechanism relies on the reversible bond formation that contains covalent bonds and non-covalent interactions.
Self-healing polymers with minimum healing requirements, especially ambient temperature healing capability are of great interest. The intrinsic approach provides the most viable solutions to such demand; thus, we focus on the understanding and development of self-healing polymers built with reversable bonds/interactions. We conducted our research targeting to resolve current issues on self-healing polymers. A self-healing system could be widely adopted with its wide range of operating window and fast healing process. In the meantime, the improvement in the accessibility of self-healing polymers is also important since a significant number of reported healable materials required complicated synthesis and fabrication procedures. Improving mechanical performance while maintaining the self-healing ability of self-healing materials will help surpass the boundary of current research due to the existence of mechanical strength-healing performance tradeoff. This tradeoff is identified by establishing a universal evaluation method that enables researchers to evaluate and cross-compare material’s performance with previous studies. The relationship between material performance and material composition initiates a new research aspect of self-healing materials and will facilitate rational selection of starting materials for future research.
[bookmark: _Hlk139075002]The focus of this thesis consists of four parts: 1) understand the effect of hydrogen bonding density in crosslinked/non-crosslinked self-healing systems, 2) develop self-healing polymers that surpass mechanical strength-healing performance tradeoff, 3) fabricate self-healable polymers from recycled materials, and 4) establish a universal evaluation method to promote the development of high-performance self-healing polymers.

[bookmark: Chapter1]CHAPTER I
BACKGROUND: INTRINSIC POLYMERIC SELF-HEALABLE MATERIALS

A version of this chapter was published by Bingrui Li, Peng-Fei Cao, Tomonori Saito, and Alexei P. Sokolov “Intrinsically Self-Healing Polymers: From Mechanistic Insight to Current Challenges” accepted to Chemical Reviews, 10.1021/acs.chemrev.2c00575

Bingrui Li wrote the manuscript under the guidance of Tomonori Saito and Alexei P. Sokolov. Peng-Fei Cao, Tomonori Saito, and Alexei P. Sokolov both contributed to part of the writing and the revision of the manuscript. Tomonori Saito and Alexei P. Sokolov provided the overall direction and supervision.
[bookmark: C1abstract]Abstract
Self-healing materials open new prospects for more sustainable technologies with improved material performance and devices’ longevity. We present an overview of the recent developments in the field of intrinsically self-healing polymers, the broad class of materials based mostly on polymers with dynamic covalent and noncovalent bonds. We describe the current models of self-healing mechanisms and discuss several examples of systems with different types of dynamic bonds, from various hydrogen bonds to dynamic covalent bonds. Recent advances indicate that the most intriguing results are obtained on the systems that have combined different types of dynamic bonds. These materials demonstrate high toughness along with a relatively fast self-healing rate. There is a clear trade-off relationship between the rate of self-healing and mechanical modulus of the materials, and we propose design principles of polymers toward surpassing this trade-off. We also discuss various applications of intrinsically self-healing polymers in different technologies and summarize the current challenges in the field. This part intends to provide general introductions for intrinsic self-healing polymers.
[bookmark: C1intro]Introduction
Self-healing materials are materials with the capability to repair physical damages and restore functionalities by themselves.1-4 The interest to design self-healing materials grew substantially in the recent decade due to an expected increased longevity of materials and devices and hence improved sustainability.5-7 Self-healing is an intriguing function in biological systems, while they typically utilize a complex cascade multistep process. The healing mechanisms between plants and animals are different but include the same three general steps: immediate biochemical (e.g., inflammatory) response, wound closure, and then partial or full functionality recovery. Among them, our human skin is a familiar example, which starts with inflammatory response that triggers specific biochemical processes immediately after encountering minor physical damage like a small cut, then merges the gaps within hours, and fully recovers its original function and properties such as sensing capability and high elasticity, after a few days. Self-healing in synthetic systems also includes sealing phase (intermolecular diffusion) and some 
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Figure 1. (a) The number of publications per year on topics of self-healing polymers (data from the Web of Science, the search keyword is “self-healing polymer”). (b) Schematic of the material design of intrinsically self-healing polymers with spheres presenting dynamic reversible bonds.8

systems and usually is much simpler with fewer steps to recover the functionality.9-11 Yet, the understanding of self-healing mechanisms in synthetic systems remains limited that hinders the further development of facile design principles of materials with desirable self-healing properties. Polymers, metals, ceramics, and composites with self-healable properties have been developed during the past few decades. Metals are reusable after being melted, while the required energy to achieve melting point is extremely high due to their high melting temperature, Tm. Thus, metals with low Tm such as liquid metal are normally utilized as healable materials,12,13 and such examples include a liquid metal-based room-temperature self-healing anode material for lithium-ion batteries14 or an autonomously self-healable liquid metal based elastomer.15 Ceramics can also achieve self-healing by chemical reactions, e.g., oxidization, of the pre-incorporated healing agents upon exposure to high temperature or to the atmosphere.16 For example, locally doped MnO on the fracture path significantly accelerated the healing process, which can be adapted to structural ceramics such as turbine blades in aircraft engines.17 Polymers exhibit unique advantage among the self-healing materials due to their mechanical flexibility and structural adaptability. The backbone structure, molecular architecture, and functional groups of polymers could be tuned in a broad range to achieve desired self-healability. The self-healing mechanism varies from the recovery of dynamic bonds to the formation of new chemical bonds by different chemical precursors that were initially isolated.18 Furthermore, the versatility of polymers allows the integration of different functionalities in the same polymer.19 Currently, polymer-based self-healing systems occupy one of the major research directions in self-healable materials. The number of publications on the topic of self-healing polymers has grown exponentially in the recent decade (Figure 1a), increasing from below 100 per year before 2010 to over 1000 in the year 2021.

The incorporation of self-healing ability significantly prolongs the lifetime of materials against physical damage. It reduces material waste, replacement labor, and life cycle cost, providing a more sustainable path for a lower carbon cycle. For example, the carbon footprint of self-healing geopolymer concrete is estimated to be lower than ordinary Portland cement concrete even under the worst-case assumptions.20 Developing self-healing polymers also addresses another global problem: reduction of the plastic pollution. Annual plastic production reaches 400 million metric tons (Mt),21 and combined with manufacturing energy inputs, commodity plastic alone is estimated to account for an annual 104 Mt CO2 equivalent of greenhouse gas (GHG) emissions just in the U.S.22 With the expected increase of plastic production to 1100 Mt by 2050,23 extending the longevity of polymer materials is important,24 in addition to developing paths for high recyclability as well as upcycling with closed-loop circularity.25 Developing the intrinsically self-healing polymers provides one of the strategies to improve plastics circularity and reduce overall GHG emissions. The impact of improved longevity extends far beyond the polymer itself because the failure of the polymer often leads to the failure of the entire device or system. Thus,

the development of self-healing polymers is critical for enhancing sustainability of many technologies. There are two major strategies to achieve self-healing in polymers: the extrinsic and intrinsic approaches. The extrinsic approach typically involves two reactive chemicals under physical confinement, and fast chemical reactions between the two reactants upon physical damage rapidly seal the void.8,26 Different from conventional extrinsic approach, some polymer systems can also self-heal or self-repair using the atmospheric CO2 fixation by mimicking the photosynthesis of plants.27,28 On the other hand, the intrinsic approach is facilitated by the breaking and rebonding of dynamic (reversible) bonds and interdiffusion of polymer chains (Figure 1b). The first report of self-healing polymer by capsule-based approach was published in 2001,29 where the capsules containing healing agent and catalyst particles were embedded into an epoxy matrix. Such structure achieved 75% recovery of toughness after a razor blade cut. Following those initial reports, the concept of microcapsules in self-healing has been well adopted by researchers for a wide range of applications.30,31 But this approach provides only one time healing and suffers from chemical leaks. Then vascular-based extrinsic self-healing approach was reported in 2007.32 The extrinsic self-healing polymers with a bioinspired microvascular network system significantly improved the repeatability of self-healing and overcame the shortcomings of the first-generation capsule-based materials. Yet, the complex structure of the vascular network and the same challenge of potential chemical leaks have prevented broad use of these self-healing systems. A unique strategy based on a polymer gel with embedded chloroplasts that can use the atmospheric CO2 was developed in 2018.27 This enables the glucose containing poly(methacrylamide) based hydrogel to grow, strengthen, and self- repair. However, the chemical design is limited, the mechanical strength of the obtained hydrogel is relatively weak, and more importantly, the embedded chloroplast loses the bioactivity in a relatively short period, not suitable for long-term self-healability.
In contrast, the intrinsic (autonomous) approach relies on polymer diffusion and reversible bonds within the materials that could rebuild after a physical damage (Figure 1b). The main advantage of the intrinsic self-healing approach is the capability of repeated self-healing process. These polymeric systems could theoretically heal at the same spot repeatedly many times. The concept of intrinsic self-healing of polymer network was introduced in 2002, utilizing thermally reversible Diels−Alder (DA) reaction.33 The authors developed a remendable polymer with the tensile strength of 68 MPa and elongation before breaks close to 3.2%, and such a polymer could undergo self-healing at a temperature above 120 °C, achieving healing efficiency of 41% at 120 °C and 50% at 150 °C, respectively (Figure 2a, b). A room-temperature self-healable elastomer utilizing hydrogen bonding (H-bonding) was reported in 2008.34 The amidoethyl imidazolidone, di(amidoethyl) urea, and diamido tetraethyl triurea containing rubber exhibited a tensile strength of 3 MPa and extensibility of 600%, and the polymer could fully recover its mechanical properties within 3h at 20 °C (Figure 2c,d). This discovery inspired the research on room temperature self-healing polymeric materials and many other works have been reported.35,36
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Figure 2. Examples of intrinsically self-healing polymers with different dynamic bonds. (a) Chemical structures of Diels−Alder (DA) reaction moieties. (b) Stress−strain curves including the healed sample and the pristine sample. (c) Schematic illustration of the structures of the urea containing self-healable rubber. (d) Stress−strain curves of the healed samples at different healing times of the urea containing self-healable rubber. (e) Chemical structure of the pyrenemethyl end-capped hydrogen-bonding polymer. (f) Healing kinetic of the polyurethane samples.

A self-healable polymer based on aromatic π−π stacking and hydrogen bonding interactions was reported in 2010.37 The synergistic effect of π−π stacking interactions from chain-folding polyamide and hydrogen bonding interactions from telechelic polyurethane promoted a self- healable polymer capable of recovering 95%, 91%, and 77% of tensile modulus, elongation-at- break, and tensile toughness, respectively, at 100 °C healing (Figure 2e, f). Such a concept of
self-healing polymers combining several types of dynamic bonds is widely adopted currently.38,39
Recently, self-healing polymers were categorized into four generations: capsule-based self- healing is the first generation, intrinsic self-healing is the second generation, vascular-based self- healing is named the third generation, while the polymer with combined self-healing mechanisms is the fourth generation.4 Because the method of generation assignment is based on the year of the first publication of a particular category, it does not necessarily imply the advancement of the technology. Self-healing materials based on all the above mechanisms are still in development, and there remain many challenges to be resolved. But in our view, intrinsic self-healing mechanisms based on various types of dynamic reversible bonds present the most promising avenue due to their relative simplicity and ability of multicycle healing. Even terminology remains not well-defined in this field. General term “dynamic polymers” usually refers to all polymers with dynamic reversible bonds, including covalent and physical (e.g., hydrogen bonding) ones. The “associating polymers” term usually refers to polymers with physical interactions, while the terms “dynamic covalent networks” or “covalent adaptive networks (CANs)” include only polymers with dynamic covalent bonds. We focus on intrinsically self-healing polymers with various dynamic bonds and corresponding self-healing mechanisms.
[bookmark: C1Dynamicbonds]Dynamic Bonds and Current Understanding of Self-healing Mechanisms
1. [bookmark: C1Dynamicbonds_1]Dynamic Reversible Bonds
The intrinsic self-healing of polymers is generally achieved by (1) a flow of amorphous polymers at temperatures above their glass transition temperature (Tg), i.e., polymer chains interdiffusion, and (2) rearrangements of reversible bonds including dynamic covalent bonds and physical interactions. The polymer flow is usually driven by gains in cohesive energy and removal of surface tensions. Even simple van der Waals interactions will provide gains and drive self- healing process in this way, facilitating the formation of interdigitated structures.9 However, van der Waals interactions is similar to a self-healing of any liquid, while requiring a longer time due to very high viscosity of polymer melts. Flow of thermoplastics at temperatures above Tg of the hard blocks can be considered in the same way. If conventional thermoplastics are exposed to temperature significantly higher than their Tg, the viscosity will be lower, and a deformation or welding rather than healing occurs. However, these processes in liquid and thermoplastics are normally not termed as self-healing.
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Figure 3. Illustrations of the different dynamic bonds. (a) noncovalent bonds; (b,c) dynamic covalent bonds.

The self-healing polymer networks with dynamic (reversible) bonds provide unique viscoelastic properties, and they can be readily tailored due to the compatibility and adaptability of polymer design, where functional groups could be inserted into the specific location of polymer backbone. There are many classes of dynamic bonds, including hydrogen and ionic bonding, π−π stacking, dynamic covalent bonds, guest−host interactions, and metal−ligand coordination (Figure 3).39-41 All these bonds can be switched multiple times, enabling multiple healing processes. They differ by the energy of dissociations (Figure 4a) that controls the characteristic time of the bond rearrangements. In many cases, the bond rearrangement time is the longest relaxation time in the dynamic network and defines the terminal relaxation time that marks the beginning of the flow process.42-46 Recent nonlinear rheological studies revealed that the kinetics of self-healing process correlates well with the terminal relaxation time defined by dynamic bonds rearrangements.43 Thus, the rearrangement time of dynamic bonds is a critical parameter for the self-healing rate, and before discussing self-healing mechanisms, we need to consider the mechanisms of bond rearrangements in typical dynamic polymers.
2. [bookmark: C1Dynamicbonds_2]Mechanisms Controlling Dynamic Bonds Rearrangements
The critical parameters for dynamic bond rearrangements are the binding energy, Ebind, defined as the difference in Gibbs free energy between associated (Eassoc) and dissociated (Ediss) states, and the energy barrier for bond dissociation Ea. (Figure 4b)47 The two key parameters Ebind and Ea are often confused in literature. Although they might be connected (in the sense that high Ebind also means high Ea), these parameters have very different physical meanings. Ebind defines the population of dissociated bonds at equilibrium and will influence whether bond rearrangement at a given temperature will undergo a dissociative (relatively low Ebind/RT ∼ 1−3) or associative mechanism (Ebind/RT ≫ 1−3). Polymers with associative dynamic bonds are typically categorized as vitrimers, although some polymers with dissociative dynamic bonds show similar rheological behavior. In contrast, Ea defines the rate of bond dissociation at specific condition, i.e., viscoelastic properties of the material. In fact, the Ea can be high even if Ebind is relatively low. These energies can be strongly affected by the presence of catalysts or in the vicinity of other dynamic bonds.
Very often, Ea is calculated from the temperature dependence of viscoelastic properties (e.g., terminal relaxation obtained from rheology or stress relaxation from DMA).48-51 This is inaccurate by two reasons.47 First of all, temperature dependence of the bond dissociation is controlled not only by the energy barrier Ea but also by segmental mobility/dynamic of the polymer chain. If segments in the polymer are not moving (e.g., the sample is at temperatures much below Tg), no bond dissociation is possible. Thus, the characteristic bond dissociation time is also controlled by the segmental relaxation time τα(T) following the equation:47,52-55
 (T) =  (T) exp ()                                                                                     (1)
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Figure 4. (a) Characteristic dissociation energy for different types of dynamic reversible bonds. (b) Illustration of the critical energy parameters of bond rearrangement.
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Figure 5. Different regimes of the self-healing process from anomalous diffusion (very fast) to hopping (relatively fast) and to adhesion (relatively slow) as the function of the dynamic bond strength ε = Edis = Ea.56 There are several important time scales, including segmental relaxation time τ0, rouse time τR, and bond dissociation time τb. The equilibration time τeq (thick black line) marks the crossover from healing to adhesion behavior.

Second, the viscoelastic properties are defined by bond rearrangements and not by the bond dissociations.44,56,57 If the dissociated sticker (bond) reassociates back with the same partner, no changes are detected in mechanical or viscoelastic properties. Only when the stickers change partners, stress relaxation can occur. At the same time, bond dissociation can be measured by other experimental techniques, e.g., dielectric spectroscopy if the dipole moment is changing with actual bond dissociation.44,45 Direct comparison of bond dissociation time from dielectric spectroscopy to the bond rearrangement times measured by rheology revealed that in some cases they can differ by thousands of times,44,45,58 and such difference can be explained by the bond lifetime renormalization model56 that will be discussed below.
[bookmark: C1Dynamicbonds_3]Yet, most of the literature use the apparent activation energy estimated from mechanical properties as the energy of bond dissociations. As a result, there is a large difference of the dissociation energy estimates in literature for the same type of bond. For example, as one of the mostly utilized associative dynamic covalent bond, the activation energy (Ea) of bond exchange/dissociation for vinylogous urethane is normally calculated to be in the range from 55 to 65 kJ/mol.59-61 However, based on the slope of the fitted Arrhenius curve, the activation energy of vinylogous urethane is calculated as 42 kJ/mol for a soft PDMS based elastic network,62 while 102 kJ/mol is obtained for a rigid PMMA based vitrimer with the same vinylogous urethane bond.63 Analysis of literature presented in ref 49 demonstrates the estimates of the activation energy of imine exchange reaction bond vary from ∼48 kJ/mol to ∼157 kJ/mol.53 The activation energy for disulfide based vitrimers was estimated to vary between 99 and 357 kJ/mol.64 The role of segmental relaxation of a specific polymer backbone in the activation energy estimated from stress relaxation was revealed in the model analysis presented in recent research.55 All of these data clearly demonstrate that the apparent activation energy does not provide reliable estimates of the energy barrier for the bond dissociation.
3. Models Describing Dynamic Bonds and Self-Healing Processes
The existence of dynamic (reversible) bonds significantly affects the viscoelastic properties of polymers. These changes in chain dynamics have been described using sticky Rouse (for unentangled polymers) and sticky reptation (for entangled polymers) models.65-67 According to these models, stickers along the chain slow down only chain modes that involve part of the chain longer than the average distance between the stickers, and the characteristic relaxation time of these modes will be controlled by the stickers’ dissociation time. At the same time, the chain dynamics for the shorter part of the chain should remain unaffected by stickers. These models provide specific predictions for viscoelastic properties of chains with stickers.65-67 A good summary of the sticky Rouse and reptation models, as well as some other gelation models, was presented in the recent perspective article by Wu and Chen.68 Recent studies revealed that stickers also slow down segmental dynamics and increase Tg of the polymers,54,69 and these changes can be described using statistical mechanical theory developed by Schweizer and co- workers.70 These models and theories, however, do not address the self-healing mechanism in polymers.
The bond lifetime renormalization model developed by Rubinstein and co-workers56 provides one of the most comprehensive analyses and description of the self-healing process in polymers with dynamic bonds (stickers). The model considers a branched chain with multiple stickers and analyzes three regimes of bond dissociation energy Ea (the model implicitly assumes Ea ≈ Ebind):
(i) weak association Ea < RT ln(N) (N is the number of segments between stickers), where stickers essentially play no significant role in viscoelastic properties. (ii) Intermediated regime RT ln(N) < Ea < 2RT ln(N). (iii) Strong association regime Ea > 2RT ln(N). In the case of the intermediate regime, there are many open stickers, and the rate of bond rearrangements is controlled by a diffusion of a sticker to find another partner. In most cases, the dissociated sticker will reassociate with the same initial partner and no stress relaxation occurs. Then the bond rearrangement time, τr, is defined by the bond dissociation time, τdis, multiplied by the number of returns to the initial partner J plus the time of diffusion to the new partner τopen:56 
τr = J*τdis + τopen
This equation explains well why the bond rearrangement time estimated in rheology was found in many cases to be much longer than the bond dissociation time estimated from dielectric spectroscopy data.44,45,57 In the strong association regime, most of the stickers are associated, and the bond rearrangement happens by bond hopping (associative dynamic exchange), and it is defined by the bond dissociation time and τr ≈ τdis.56 Detailed test of the model revealed that it indeed describes experimental data well even on a quantitative level.44,45,57
To describe the self-healing process, another important parameter was introduced: the waiting time from the moment of physical damage until the beginning of the healing process, τw.56 Sample damage (e.g., rupture or cut) creates a nonequilibrium state with many open stickers and deformed polymer chains. If the self-healing is initiated immediately after the damage, self- healing occurs in relatively fast time because most of the stickers in the interfacial region remain open/active, and they might not need to diffuse far to find another open sticker as a partner. The number of open stickers will decrease significantly with waiting time approaching a new equilibrium state. If the waiting time is longer than the equilibration time of the damaged surface, the healing process will be equal to a simple adhesion process (Figure 5).56 The theory predicts various regimes of the self-healing process as a function of waiting time and the bond dissociation energy Ea (Figure 5).
Normally, before reaching the equilibrium state, the longer the waiting time is, the slower the self-healing process will be, and the black line in Figure 5 marks the bulk equilibration time. This time depends on bond dissociation energy (bond strength) and the length of the chain between stickers, denoted as N. Above this waiting time, the damaged parts reach a new equilibrium state that does not change with longer waiting time. In this case, the healing process of two equilibrated surfaces becomes an adhesion process, and this process does not depend on the waiting time (assuming no dust will interfere during the waiting time). Thus, overall, the self-healing kinetics in systems with dynamic bonds depends on the bond-rearrangement time and waiting time after the cut and before the start of healing. The former depends on the energy barrier for the bond dissociation (the strength of the dynamic bond), segmental relaxation time, and the length of the polymer chain between the dynamic bonds. Unfortunately, most of the papers do not report the waiting time between the sample cut or damage and the beginning of the self-healing process, which complicates the direct comparison of data obtained in different groups.
There are additional details that also affect the self-healing process efficiency and its rate. They include the roughness of the damaged surface, equilibrium concentration of stickers at the surface, and the effect of relatively faster segmental dynamics in the interfacial layer of the open surface in comparison with those inside of the bulk polymer (effect well-known for thin polymer films).71,72 If stickers prefer an open surface, they will have higher concentration at the interface, and this scenario should accelerate the self-healing process. In the opposite situation, when stickers prefer to stay in the bulk, concentration of stickers at the damaged surface will be lower and the self-healing process should be slower. Another interesting example is the shape-memory assisted self-healing mechanism.73,74 For example, cross-linked elastomer after local rupture will return to its initial equilibrium shape and close the damaged spot. With dynamic bonds, these materials will possess self-healing ability, which will be accelerated by this shape memory effect.
The model discussed above considers dynamics of the networks with binary interacting stickers (dimers). However, many dynamic bonds (e.g., ionic or hydrogen bonds) form microphase separated clusters (Figure 6a), which alter viscoelastic properties of the polymer drastically. The microphase separation of stickers happens due to their limited miscibility with the polymer matrix, which leads to a coexistence of binary stickers and their clusters (Figure 6a).69 These systems have unique viscoelastic properties with relatively high modulus and extensibility, leading to exceptional toughness.69,75 Specific design of the elastic networks with microphase separated clusters even with the same concentration of dynamic bonds can further improve their modulus and toughness (Figure 6b).75 In some sense, they are analogous to spider silk, where partially crystalline structures and strong hydrogen bonding also lead to extreme toughness.76,77
At temperatures below Tg of the clusters, the systems with phase separating stickers will behave as a cross-linked rubber. In the case of crystalline clusters, melting temperature of the clusters Tm will be the critical parameter. However, at higher temperatures, once dynamic bonds in the clusters start dissociating and moving, rearrangements of the polymer networks are possible.46,58,69 It has been clearly demonstrated that structural relaxation in these clusters rather than the polymer segmental relaxation plays a critical role in viscosity and terminal relaxation of these systems.45,46 The detailed quantitative description of the mechanism of bond rearrangements in systems with phase separating stickers has not been developed yet.
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Figure 6. (a) Schematic illustration of polymer structure with stickers forming individual pairs (dimers) or microphase separated clusters. (b) Demonstration of two potential pathways toward simultaneously enhancing the modulus and extensibility of polymers: incorporating hydrogen bonding networks (physical bonds) and introducing rationally designed clusters of hydrogen- bonding units.
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Figure 7. Detailed analysis using rheology revealed that self-healing time is comparable to the terminal relaxation time of the polymer with dynamic bonds. The latter in this specific case is controlled by bond rearrangements between clusters of dynamic (hydrogen) bonds.43

Computational studies suggested that bond exchange should happen through fusion and separation of different clusters.78 However, more recent experimental studies by NMR and rheological measurements questioned this mechanism.58,79 The recently developed model46 proposed a very different qualitative scenario of mechanism controlling bond rearrangements in systems with clusters of stickers. According to this model, the bond rearrangement time is controlled by the time of pulling a sticker from a cluster. The time of pulling a sticker should follow eq 1, with structural relaxation time in the clusters instead of segmental relaxation time and with the energy barrier controlled by Flory−Huggins interaction parameter χ defined by miscibility of the functional group (sticker) and polymer matrix. This model was able to describe well rheological data in systems with phase separated stickers using structural relaxation time of clusters estimated from dielectric spectroscopy data.46
Detailed rheological studies for systems with phase separated dynamic bonds revealed that self- healing time measured immediately after sample rupture correlates well with the bond rearrangement time of the samples (Figure 7). It is important to emphasize that the estimated self-healing time not only follows the temperature dependence of bond rearrangements time but also has very similar values (Figure 7). Thus, even in the systems with phase separated stickers, bond rearrangement time remains the most critical parameter controlling the self-healing kinetics.43,46 But in this case, the bond rearrangement time is not controlled by the segmental dynamics of the polymer backbone. It is defined by the characteristic time of structural relaxation in these clusters and by miscibility of stickers in the polymer matrix.46
Another important observation in systems with phase separated dynamic bonds is unusually high elastic modulus.46,80-82 Already in 1990, it was proposed that an interfacial polymer layer with restricted segmental mobility and higher modulus can be formed around clusters of dynamic bonds.80 It is analogous to the interfacial polymer layer formed around nanofillers in polymer nanocomposites.83 This idea was developed and successfully applied to describe mechanical reinforcement in poly(dimethylsiloxane) (PDMS) with phase separated hydrogen bonding stickers.46,82 Thus, phase separation of dynamic bonds not only provides additional parameter controlling their viscosity and terminal relaxation but also enables mechanical reinforcement analogous to the one observed in polymer nanocomposites.
4. [bookmark: C1Dynamicbonds_4]Other Stimulus-Accelerated Self-Healing Kinetics
We considered thermal stimulations of the self-healing process in the discussion above. When the increase in temperature enables bond rearrangements, the higher the temperature is, the faster the self-healing process will be. This acceleration of self-healing kinetics is caused by two reasons (eq 1): faster segmental mobility τα(T), and faster over barrier process due to lower value of Ea/RT. Aside from heat, there are also other methods to enable or accelerate the self-healing process, including solvent, gas, and UV light. One approach is the use of specific solvents.
 
First, a solvent can work as a plasticizer and speed up the segmental relaxation process of the polymer. This will also speed up the bond rearrangements and shorten self-healing time. Some solvents can also affect the bond rearrangement process directly. For example, water accelerates bond rearrangements for boronic ester and imine bonds, leading to accelerated dissociation and rearrangements.84 The facile dynamic exchange by the presence of water opens interesting opportunities where hydration of the surface speeds up the self-healing process, and the physical properties, like mechanical modulus, can be recovered upon further drying of the sample. Several examples of accelerated self-healing process for dynamic B−O bonds were reported in the presence of water or even at higher humidity.85 Despite the sensitivity of these dynamic bonds to water, the samples remained intact even when they were immersed in water for several days.86
This stability was ascribed to the hydrophobic nature of the polymer backbone that limited the water access to the dynamic bonds. Strong acceleration of self-healing process was further demonstrated by addition of methanol to polymers with ionic bonds.87 Another interesting strategy is the utilization of CO2 gas to accelerate self-healing process in elastomers.88 In PDMS-based elastomer containing ionic functional groups, the self-healing process occurs with the rearrangement of the ionic clusters. At ambient condition exposed to atmosphere, the rearrangement of ionic clusters renders slow self-healing process. Replacing air with CO2 atmosphere enables an accelerated (∼10 times) self-healing process at ambient pressure and temperature. The authors ascribed faster self-healing to softening (or plasticization) of the ionic clusters by CO2.88 Acceleration of the self-healing process can be also achieved by adjusting the pH (mostly for H-bonding systems) or addition of special ions (mostly for ionic and metal coordinated systems).89 Thus, adding small molecules whether in liquid or gas phase can significantly accelerate the self-healing kinetics.
Another promising way of accelerating self-healing process can be application of UV or visible light for polymer networks containing a light-sensitive dynamic bond. A variety of self-healing mechanisms were adopted in this approach, such as photo-cross-linking reaction, photo-triggered metathesis reaction, and photothermal effect triggered self-healing. Photo-triggered cross-linking reaction could be triggered by UV or visible light. For example, coumarin, a class of benzopyrone compound commonly discovered in natural materials, can undergo [2π + 2π] cycloaddition reaction to form a cyclobutane ring when exposed to light with a wavelength greater than 300 nm. The reaction could be reversed when the irradiation wavelength is below 260 nm. Therefore, utilizing coumarin-containing cross-linker, a series of light-responsive cross-linked polymers were synthesized from a range of acrylate monomers: butyl methacrylate (BMA), methyl acrylate (MA), hexyl methacrylate (HMA), and ethyl acrylate (EA).90 When it is exposed to a razor blade cut (width: 40 μm), the healing process could be triggered by 254 nm UV light with an energy flux of 11.66 J cm−2 to activate the photo cleavage process. Then visible light could trigger the crosslinking reaction that almost fully heals the crack without heating. Photoinduced metathesis reactions are also utilized for light-triggered self-healing polymers. Utilizing Zn2+ as an ion source and 2,6-bis(19-methylbenzimidazolyl) pyridine as ligand, self-healable supramolecular polymers under light were created.91 After being exposed to UV radiation with a wavelength of 320−390 nm and an intensity of 950 mW cm−2, the damaged 3[Zn(NTf2)2]0.7 sample recovered completely after 30 s. The UV light can also induce disulfide metathesis to allow dynamic rearrangement of polymers, which can be used in intrinsically self-healing polymers.92 Another example, a cross- linked poly(n-butyl acrylate) with trithiocarbonate as chemical cross-linker was reported, in which the UV light triggered the breakage of trithiocarbonate bonds for self-healing process.93 One drawback of such a process is normally requiring the inert atmosphere because the intermediate of carbon radical is reactive with oxygen or other gases. The light triggered self-healing process has the advantages of easily achieving remote activation, spatially controlled activation, and on- demand control by turning off or on the light triggers.94
[bookmark: C1Representativeintrinsic]Representative Intrinsic Self-Healing Polymers
[bookmark: C1Representativeintrinsic_1]Self-Healing Materials with Noncovalent Dynamic Bonds
Noncovalent bonds based on physical interactions are important pathways to achieve intrinsic self-healing. Metal−ligand coordination, ionic interaction, and hydrogen bonding (H-bonding) are the most common physical interactions used in intrinsically self-healing polymers. Metal−ligand coordination bond describes the interaction between a metallic core with one or multiple π-donor ligand(s). The presence of an equilibrium state between the association and dissociation processes could be tuned to favor one process by changing the environment such as temperature and other stimuli and enables the utilization of metal−ligand coordination bonds for self-healing materials. For example, the ionic-based metal− ligand coordination was incorporated into elastic polymers as self-healing chemistry, in which a telechelic low molecular weight PDMS (Mn = 5000−7000 g/mol) functionalized with 2,6-pyridinedicarboxamide (H2pdca) ligand was physically cross-linked with the Fe(III) (Figure 8a).35 The H2pdca ligands coordinate with Fe(III) through two different interactions: a strong pyridyl−iron, and two weaker carboxamido−iron with the nitrogen and oxygen atoms of the carboxamide groups. The [Fe(Hpdca)2]+ can readily dissociate to [Fe(Hpdca)]2+, where the iron centers remain attached to the ligands through the stronger interaction with the pyridyl ring. The Fe(III) coordination can break and reform, allowing reversible unfolding and refolding of the chains. The reversible iron-coordination in a very soft PDMS matrix allows the polymer to possess a very high stretchability (10000% with lower amount of Fe-Hpdca, H2pdca: PDMS = 1:6) and self-healing capability (complete recovery of original extensibility and tensile stress after 48 h) (Figure 8b).
Ionic (or electrostatic) interactions are physical bonds where two oppositely charged ionic species electrostatically attract each other, and the reversible nature of such ionic bond formation could also promote self-healing with high healing efficiency. For example, utilizing the ionic interactions between −COO− and −NH+− groups as well as hydrogen bonding, the branched poly(ethylenimine) (bPEI)/poly(acrylic acid) (PAA)/poly(ethylene oxide) (named as bPEIx/PAA/PEO) complex reached a tensile strength of 27.5 MPa and an extensibility of 770% and exhibited room temperature selfhealability. After healing at 90% relative humidity (RH) for 48h, the recovered maximum stress and elongation-at-break of the polymer reached 25.7 MPa and 750%, respectively (Figure 8c,d).95
Self-healing even by van der Waals interactions was recently demonstrated.96 The random copolymers of poly(methyl methacrylate)-r-poly(n-butyl acrylate) (PMMA-r-PnBA) achieved self-healing behavior in a narrow window of the copolymer composition from MMA/nBA = 45/55 to 50/50. PMMA-r-PnBA with MMA/nBA = 45/55 to 50/50 exhibited the tensile strength up to 10 MPa and 650% elongation at nbreak, and 90−100% recovery of the tensile property after 14 h of healing at room temperature (Figure 9a,b).9 
Hydrogen bonding (H-bond) is one of the most studied pathways for design of intrinsically self-healing polymers. Dominated by the electrostatic force, hydrogen (H) atom could be attracted by a nearby atom or group with higher electronegativity, such as atoms of nitrogen (N), oxygen (O), or fluorine (F). An H-bond will form between these two atoms or groups once the pairing between the donor and acceptor occurs. The strength of H-bond (for example, N−H···:O ∼ 8 kJ/mol) is much lower than that of covalent bond. Lower bond strength results in faster bond breakage and formation, and this character of H-bond could help create a polymer system with fast molecular rearrangements.34 Such fast molecular rearrangements of H-bonds were utilized to design a series of self-healing elastomers with capabilities for extreme stretchability, excellent energy damping, and intrinsic self-healing (Figure 9c,d).36 Synthesized by urea functionalization of PDMS, the polymeric elastomer showed high elongation-at-break (from 984% to 5,600%). Adjusting the length of the PDMS chain enabled elastomers with desired mechanical strength, elasticity, and extensibility. The mechanical strength and gas-separation performance of the designed network were completely recovered within 2 h at ambient temperature, or 20 min at 40 °C after being cut by a razor blade.
While most of the reported intrinsic self-healable polymers have soft rubbery polymer components,6,34-36 there are several reports on more mechanically robust self-healing polymers.97,98 Such example includes the incorporation of 2-ureido-4[1H]-pyrimidinone (UPy) groups onto poly-(norbornene) to form ABA-triblock copolymer (Mn = 100000−150000 g/mol) that consists of A block of UPy-functionalized norbornene and B block of a long random copolymer consisting of UPy-functionalized norbornene and flexible dodecanyl norbornene.99 The UPy-rich A blocks form hard domains driven by very strong hydrogen bonding that prevents macroscopic deformation, and the B blocks form a more flexible segment with sparse UPy interaction serving as sacrificial bonds. Their ABA-triblock copolymer exhibited high toughness of 62 MJ m−3, tensile stress of 17 MPa with a dissipated energy >27 MJ m−3 at room temperature. The scratch on the ABA-triblock copolymer film was healed after 3h at 50 °C. Furthermore, the utilization of urethane, urea, and UPy groups allowed preparation of hydrogen bonding facilitated tough self-healing polymers with a highest toughness of 345 MJ m−3 and a high tensile strength of 44 MPa.100 A polyurethane-like prepolymer was prepared by the reaction between poly(tetramethylene ether glycol) (PTMEG) as soft segment and dicyclohexylmethylmethane-4,4′-diisocyanate (HMDI) as the hard segment, and the polymers were obtained after the introduction of 1,4-butanediol and UPy modified diol (U2-diol). The high UPy loading sample PT-HM-U20 exhibited the highest healing efficiency of 90% after 48 h of healing at 80 °C or 24 h at 100 °C (Figure 10a,b). Combining covalent cross-links and reversible hydrogen-bonding networks also produced tough self-healing elastomers.97 The elastomer exhibited high fracture energy of 13.5 kJ/m2 and high tensile strength of 10−20 MPa. After 12 h of healing at room temperature, the elastomer exhibited a tensile strength close to 4 MPa, which is 30% of its original value. Furthermore, low molecular weight polymers with dense thiourea groups exhibited mechanical robustness with good repairability.98 The tensile strength was as high as 40 MPa and their Young’s modulus was 1.0−1.9 GPa (Figure 10c-e). While these polymers did not exhibit autonomous self-healing, the compression allows repairing of the fractured surfaces. The thiourea polymers exhibited mostly recovered tensile strength and Young’s modulus after 1 h compression at temperature slightly above room temperature. The formation of zigzag hydrogen-bonded array by the presence of thiourea group in each repeat unit activates the exchange of hydrogen-bonded pairs and enables the healing by compression on the fracture.
[bookmark: C1Representativeintrinsic_2]Self-Healing Materials with Covalent Dynamic Bonds
Dynamic covalent bonds, including Diels−Alder (DA) reaction, reversible disulfide bond, boronic esters, and many others are widely explored and utilized for developing self-healing materials. Diels−Alder reaction is a type of thermally reversible covalent bond with dissociative mechanism in which a conjugated diene reacts with a dienophile. Hence upon application of physical damage, heat could be introduced to trigger the reverse Diels−Alder reaction to regenerate dienes and dienophiles, and these reactants could further react to reform chemical bonds to heal the damage. For example, thermally remendable epoxy resin having furan−maleimide adducts was reported.101 The cured epoxy exhibited tensile strength of 53 MPa and self-healing of cracks at 100−125 °C for 20 min, followed by 80 °C for 0−72 h treatment. While healing efficiency was limited, Diels−Alder reaction was used to provide the remendability of cross-linked rigid epoxy network. Polyurethane-urea based Diels−Alder adduct was synthesized from carbon dioxide and furfuryl amine.102
Furfuryl amine was converted to diglycidyl furfurylamine, followed by the conversion to difunctional cyclic carbonate by reacting with CO2. The dicyclic carbonates were reacted with diamine to form nonisocyanate polyurethane-urea, and then furan in the structure was reacted with 4,4-bismaleimidodiphenylmethane to produce the polyurethane-urea Diels−Alder adducts. It exhibited 15−18 MPa tensile strength and almost full recovery of the mechanical properties after healing at 120 °C for 10 min, followed by healing at 60 °C for 24 h.
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Figure 8. (a) Schematic illustration of the chemical structures of [Fe(Hpdca)2]+. (b) Stress−strain curves including the healed sample of the [Fe(Hpdca)2]+. (c) Schematic illustration of the structures of the bPEIx/PAA/PEO complex. (d) Stress−strain curves of the healed samples at different healing times of the bPEIx/PAA/PEO complex.

The Diels−Alder cycloaddition between anthryl-telechelic poly-(ethylene adipate) (PEAA2) and tris-maleimide (M3) enabled self-healing property of the PEAF2M3 polymer, which was able to restore 55% of the original tensile strength and 90% of the elongation-at-break after a 7-day healing process at 100 °C (Figure 11a,b).103 The use of cyanodithioester (CDTE) compound and cyclopentadiene as DA reagents demonstrated that the healing condition of DA reaction could be less critical.104 The polymer reached a maximum tensile stress of 1 MPa with 40% elongation-at-break, upon 10 min of heating at 120 °C under pressure of 1kN, the sample fully recovered its tensile properties.
Reversible disulfide bonds are also utilized for the design of self-healing materials due to the exchange reaction of S−S linkages, in which the bond exchange could occur and self-healing could be achieved when heated at elevated temperature.105-107 Autonomous healing after a cut of a covalently cross-linked rubber with disulfide takes place at 60 °C and leads to full recovery of mechanical properties over 60 min (Figure 11c,d).108 Furthermore, a cross-linked polymer utilizing thiuram disulfide (TDS) as the main component achieved high-efficiency self-healing. The reshuffling reaction of TDS can be accelerated by visible light. The healing process occurred at room temperature under visible light, and 88% of the original toughness was recovered after 24 h of healing.109 As a very stable sulfur radical, bis(hindered amino)disulfide-based thermally healable cross-linked polymer network was developed in refs 110 and 111. Its incorporation into a polymer backbone such as polyurethane or polymethacrylate enables self-healing with over 85% efficiency at elevated temperature ∼120 °C for 24 h. Cross-linked polyurea elastomers based on aromatic disulfide metathesis exhibited room-temperature self-healing,112 where the original material exhibited a tensile strength of 0.81 MPa and an elongation at break of 3100%. The mechanical properties were restored by 80% after 2 h healing at room temperature, while longer healing did not improve healing efficiency.
When dynamic disulfide bonds are embedded in the hard phase of polyurethane elastomers,113 the self-healing elastomer exhibits a maximum tensile stress of 25 MPa and a fracture strain of over 1600%. Over 85% self-healing efficiency was achieved at 6−24 h healing at 70 °C (Figure 11e). A series of thermoplastic polyurethane containing aromatic disulfide was also investigated.114 The poly(tetramethylene ether glycol) was used as a soft segment and bis(4-hydroxyphenyl) disulfide (SS) was used as the aromatic disulfide component embedded in the hard segments. Four diisocyanates were incorporated, including isophorone diisocyanate (IP), 4,4′-methylenebis-(cyclohexyl isocyanate), 4,4′-methylenebis(phenyl isocyanate), and hexamethylene diisocyanate. IP-SS thermoplastic polyurethane exhibited the highest mechanical properties among them, exhibiting tensile strength and toughness of 6.8 MPa and 26.9 MJ m−3, respectively. Furthermore, IP-SS polyurethane also provided the best self-healing efficiency. The healing of IPSS for 2 h at room temperature resulted in 88.2%, 99.6%, and 76.6% recovery of the tensile strength, elongation at break, and toughness values of the virgin IP−SS, respectively. More recently, self-healing polymers combining the disulfide bonds with other interactions, such as hydrogen bonding, have been developed.105-107,115 Compared with previous self-healing polymers with only disulfide bonds, the polymers from the hybrid approach exhibited multiple advantages. The synergistic effect of the disulfide bond and hydrogen bond enabled a mechanically strong copolymer (tensile strength = 20 MPa, strain = 1800%), yet self-healable at ambient temperature, with 92.76% stress recovery and full strain recovery after 48 h of healing at room temperature.106 The incorporation of disulfide linkage in polyurethane elastomer also facilitated healable polymers with high stretchability, reaching a strain of 14000%,105 that is highly suitable for applications such as ionic skins or conducting devices.107
While various self-healing polyurethane and polyurea systems with disulfide bonds are reported, another mechanism to construct self-healable dynamic polymers is the incorporation of dynamic urea into the polymer. Hindered urea bonds can be utilized as dynamic bonds due to their dynamic exchange mechanism of reversible formation of linkages and isocyanate/hindered amine.78 Diethylurea-based polyurethane exhibited a tensile strength of 0.6 MPa with 243% elongation at break and provided the best healing efficiency among them. The 12 h of self-healing at 37 °C of the polymer recovered 87% of strain, while healing at room temperature for 12 h was limited to 29% strain recovery.116 Dynamic urea without hindered amine was also utilized as a dynamic bond with the presence of Zn based catalyst.117 The urea-linked PDMS−Zn(OAc)2 materials exhibited a tensile strength of 7.0 MPa and elongation-at-break over 600%, and the tensile stress and elongation at break can recover to about 90% after healing at 110 °C for 16 h.
The formation of boroxines from the dehydration of boronic acids is reversible upon hydrolysis (Figure 3c), which provides reversibility and enables a dynamic mechanism for self-healing applications.118 Boronic acid was incorporated into PDMS by end group functionalization, and subsequent dehydration fabricated a stiff but self-healable PDMS-boroxine network. The network exhibits tensile strength of 9.46 MPa, and its mechanical properties were completely recovered when healed at 70 °C for 12 h.119 It is also reported that combining boroxine with hydrogen bonding groups formed iminoboronate/boroxine-based polyurethane network120 with tensile strength of 11 MPa and elongation-at-break of 3%. The polymer could fully recover its mechanical properties after healing for 12 h at 70 °C, or healing at room temperature with 70% RH for 12 h. In another study, the elongation of boroxine system was tuned by the incorporation of PDMS and dynamic imine bond.121 The combination of boroxine and imine bonds with flexible PDMS backbone achieved elongation at break of 4200% and tensile strength of 0.25 MPa, as well as self-healing at room temperature in 20 min. Similarly, self-healing polymers based on dynamic-covalent boronic esters exhibited facile reversibility of the networks and allowed intrinsic self-healing under ambient conditions.122 Highly efficient self-healing of these bulk materials was confirmed, where over 80% of original toughness was recovered after 3 days of healing at 85% RH (Figure 11f). High healing efficiency was reported in nitrogen-coordinated boroxines cross-linked 3D polymer networks containing poly(propylene glycol) (PPG) and poly(acrylic acid) (PAA), and the N-boroxine-PPG/PAA polymer samples with different PAA loading from 6% to 40%. N-Boroxine-PPG/PAA10% showed a healing efficiency close to 100% after 6 h at room temperature. The tensile strength of these materials can be tuned in the range from 1.7 to 12.7 MPa with elongation-at-break from 659% to 182%.123 1,2-Diol containing poly(cyclooctene) (20%-diol) cross-linked with telechelic diboronic ester cross-linkers demonstrated efficient self-healing properties (Figure 12a).124 Two kinetic variant diboronic esters were used as dynamic cross-linkers for self-healing, where the boronic ester design controls the rate of boronic ester transesterification. The cross-linker provided distinctively different self-healing. The faster exchanging linker showed nearly complete recovery of the mechanical property in 16 h healing at 50 °C, while the slower exchanging linker exhibited minimal healing in the same condition (Figure 12b). Boronic ester-containing dithiol was also utilized as a crosslinker in styrene−butadiene rubber (SBR)125 or epoxidized natural rubber (ENR).126 The mechanical property of the cross-linked SBR was ∼90% restored after 24 h healing at 80 °C, while the healing at room temperature reached ∼60% recovery. In the ENR with the boronic-ester dithiol crosslinker, the amount of cross-linker (1−10 wt %) significantly impacted the mechanical properties. Upon increase of the cross-linker from 1 wt % to 10 wt %, the tensile strength increased from 1.6 to 14.6 MPa, and the elongation at break decreased from 811 to 475%. The self-healing properties were optimum at 3−5 wt % boronic ester cross-linking that achieved nearly complete recovery of the mechanical properties upon healing at 80 °C for 24 h.
Vinylogous urethane is another associative dynamic bond, which is commonly incorporated into polymeric systems. There are several reports of intrinsic self-healing polymers with vinylogous urethane bonds.127-129 Among them, poly((2-acetoacetoxy)ethyl methacrylate/methyl methacrylate/n-butyl acrylate) P(AAEMA/MMA/nBA) copolymer networks show significant advancement (Figure 12c).129 These networks are processable by compression molding at 120 °C and exhibit room temperature self-healing. P(AAEMA/MMA/nBA) copolymer exhibits the tensile strength of 25.7 MPa with the elongation-at-break of ∼215%. Upon self-healing at 22 °C, RH ∼ 34% after 24 h, the mechanical properties were recovered to 83% (tensile strength) and 91% (strain), respectively.
[bookmark: C1Representativeintrinsic_3]Combining Different Dynamic Bonds and Employing Sacrificial Bonds
An emerging strategy for design of intrinsically self-healing polymers during the past decade is a combination of different types of dynamic bonds in a single system. Different characteristics of dynamic bonds could be utilized synergistically through rational molecular design. Since the past decade, multiple studies adopted the strategy based on the combination of H-bonds with coordination bonds,35,38,130-132 H-bonds with electrostatic (or ionic) interactions,95,133-138 boronic esters with coordination bonds,126 etc.
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Figure 9. (a) Chemical structure of the PMMA-r-PnBA copolymers. (b) Healing kinetics observed by optical microscope of the PMMA-r-PnBA, MMA/nBA is 45/55. (c) Schematic illustration of the structures of the urea rich PDMS elastomer. (d) Stress−strain curves of the healed samples at different healing times of U-PDMS-5.0K-E.
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Figure 10. (a) Chemical structure and photo of the dynamic polyurethane sample. (b) Healing efficiency at different healing times of the damaged PT-HM-U films. (c) Chemical structure and illustration of the assembly of poly(ether-thiourea) TUEG3. (d) Tensile properties of poly(ether- thiourea) TUEG3 and its reference polymers. (e) Percentage of mechanical properties recovery of TUEG3 and other polymers at different healing temperatures and time lengths.

For example, a room temperature self-healable hydrogel was fabricated by combination of ionic and hydrogen bonding (Figure 13a,b).136 Poly(acrylic acid) (PAA) and prefabricated complex PEI−PYA derived from mixing of branched poly(ethylenimine) (PEI) and 1-pyrenybutyric acid (PYA) were further mixed to generate PAA/PEI−PYA complexes, and the ionic and hydrogen bonding by the PYA moiety provided significantly enhanced mechanical properties of the PAA/PEI−PYA complexes, compared with the control sample PAA/PEI (tensile toughness 18.17 vs 3.77 MJ/m3). Meanwhile, the self-healing property was not compromised despite a significant increase in mechanical strength. The sample PAA/PEI−PYA2.1% exhibited complete recovery of its mechanical properties after healing for 9 h at room temperature (Figure 13b). In addition, the noncovalent nature of these interactions enabled great recyclability of PAA/PEI−PYAs, where the hydrogel was ground and then healed to 87% of the original toughness. Utilizing similar electrostatic and hydrogen bonding interactions. A tough, self-healable hydrogel was synthesized by utilizing PAA and poly(ethylene glycol) (PEG) methacrylate as the main building block and PEI as the electrostatic interaction provider.139 The hydrogel reached the highest toughness value of 32.6 MJ/m3 with 57.8 wt % water content, while maintaining good tensile recovery and shape memory properties. Hydrogen bonds were also combined with coordination bonds to obtain a series of tough self-healable polyurethane elastomers.131 Those elastomers exhibited exceptional tensile strength of 52.4 MPa and a toughness of 363.8 MJ m−3; the PU-BPY0.5−Zn elastomer recovered nearly all of the original mechanical properties after being healed at 100 °C for 3 h (Figure 13c,d).
The combination of boronic ester cross-links with sacrificial weak Zn2+−O coordination interactions in a polymer network achieved significant improvement in mechanical properties without any loss in self-healing ability.126 The highly healable sample reached an elongation-at-break of 650% and tensile strength of 9 MPa, along with nearly fully recovered mechanical properties within 24 h at 80 °C.
A few other notable strategies include the combination of multiple linkages in the intrinsically self-healing polymers, where permanent cross-links are combined with dynamic covalent and noncovalent bonds. Utilizing secondary amide side chains, dynamic energy dissipative hydrogen bonds were incorporated as sacrificial bonds into a self-healable network (Figure 14a),140 and a significant improvement in the overall mechanical properties was achieved. Compared with the hydrogen-bond-blocked control network (BACON), the amide-containing network (ACON) with sacrificial bonds exhibited significantly increased mechanical properties in all aspects, e.g., the toughness increased from 1.51 MJ/m3 to 11.13 MJ/m3, and the elongation-at-break increased from 167% to 938%. The ACON recovered nearly 30% of toughness after 1 h healing and 90% of toughness after 3 h of healing at 50 °C (Figure 14b,c). A conductive 3D network hydrogel with sacrificial H-bonding groups was also reported. In this functionalized 2D boron nitride nanosheets/clay/poly(Nisopropylacrylamide) composite, the incorporation of H-bonding between the polymer and clay significantly enhanced its mechanical properties (Figure 14e) while maintaining good self-healing capability (Figure 14f).141
The concept of sacrificial bonds could also be utilized in systems with a single type of dynamic bonds by employing bonds with different strength.142 In this work, the supramolecular network consisted of strong and weak H-bonds, where the weak H-bonds act as sacrificial bonds that could absorb more energy during deformation and extend the elongation. The sample PDMS−MPU0.4−IU0.6 (MPU stands for 4,4′-methylenebis (phenyl urea), IU stands for isophorone bisurea, and 0.4/0.6 represents their molar ratio) exhibited the highest tensile strength (1.5 MPa) with an elongation-at-break of 1670% and recovered 78% of its original toughness after 48h of room temperature healing. High stretchability and toughness of PDMS−MPU0.4−IU0.6 was utilized to prepare a capacitive strain-sensing e-skin, which shows high toughness and mechanical robustness against physical damage.
[bookmark: C1Conclusions]Conclusions
Intrinsically self-healing polymers provide a unique and important function to soft materials with prolonged service lifetime. While self-healing is a regular process in biological systems, the development of synthetic intrinsically self-healing polymers has received significant attention only during the last two decades. Multiple chemical bonds and non-covalent interactions have been utilized to achieve self-healing. There are many recent exciting achievements in the field, including employment of more types of dynamic bonds that demonstrate great potential of self-healing polymers for various current and future technologies.
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Figure 11. (a) Schematic illustration of the chemical structures of PEAA2M3. (b) Strain−stress curves including the healed sample of PEAA2M3. (c) Chemical structure of the thiol cross-linked epoxy resin. (d) Stress−strain curves of the healed samples at different healing times of the thiol cross-linked epoxy resin. (e) Photo illustration of dynamic disulfide bond containing polyurethane during the healing test. (f) Chemical structure and photo demonstration of the dynamic-covalent boronic esters. 










[bookmark: Fig12][image: A picture containing text, diagram, font, screenshot

Description automatically generated]
Figure 12. (a) Chemical structure of the crosslinker and 1,2-diolcontaining polycyclooctene. (b) Tensile data of pristine and healed polymers prepared by different crosslinkers. (c) Schematic illustration of p(AAEMA/MMA/nBA) covalently adaptive networks containing dynamic cross-links with MMA and nBA repeating units facilitated transamination exchange reactions. 
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Figure 13. (a) Schematic illustration of the structures of PAA/PEI-PYA complexes. (b) Strain−stress curves of the original and healed samples of PAA/PEI-PYA complexes at different healing time. (c) Illustration of the structures of the PU-BPY0.5–Zn elastomer. (d) Stress−strain curves of the intact and healed samples at different healing times of the PU-BPY0.5–Zn elastomer. 
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Figure 14. (a) Schematic illustration of the structures of ACON. (b) Stress-strain curves of ACON and control BACON. (c) Stress-strain curves of ACON at different healing time. (d) Schematic illustration of the structures of f-BNNS/clay/PNIPAM. (e) Stress-strain curves of the composite hydrogels with increasing f-BNNS content. (f) Demonstration of the self-healing property of f-BNNS/clay/PNIPAM.
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[bookmark: C2Abstract][bookmark: C2Introduction]Abstract 
Utilization of self-healing chemistry to develop synthetic polymer materials that can heal themselves with restored mechanical performance and functionality is of great interest. Self-healable polymer elastomers with tunable mechanical properties are especially attractive for a variety of applications. Herein, a series of urea functionalized poly(dimethyl siloxane)-based elastomers (U-PDMS-Es) are reported with extremely high stretchability, self-healing mechanical properties, and recoverable gas-separation performance. Tailoring the molecular weights of poly(dimethyl siloxane) or weight ratio of elastic cross-linker offers tunable mechanical properties of the obtained U-PDMS-Es, such as ultimate elongation (from 984% to 5600%), Young's modulus, ultimate tensile strength, toughness, and elastic recovery. The U-PDMS-Es can serve as excellent acoustic and vibration damping materials over a broad range of temperatures (over 100 °C). The strain-dependent elastic recovery behavior of U-PDMS-Es is also studied. After mechanical damage, the U-PDMS-Es can be healed in 120 min at ambient temperature or in 20 min at 40 °C with completely restored mechanical performance. The U-PDMS-Es are also demonstrated to exhibit recoverable gas-separation functionality with retained permeability/selectivity after being damaged. This chapter answers the question of how to design readily healable, highly elongated polymers.
[bookmark: C2Experimental]Introduction 
The capability to heal mechanical fractures and resume active functions is critical for components of biological systems because it determines the longevity of their existence.1 Human skin is one of the typical soft biomaterials which can retain their mechanical properties and sensing functionalities after healing the wound. Inspired by biological systems, developing synthetic polymer materials that can heal themselves with restored mechanical performance and functionality is of great interest, since such materials can extend the product lifetime and improve device performance.2,6,97 Polymeric materials with extrinsic healing mechanisms only allow limited healing cycles (typically once), whereas those with intrinsic mechanism afford self-repairing multiple times, like biological systems.98 Self-healing chemistry with an intrinsic mechanism relies on reversible covalent bond formation including Diels–Alder reaction,143,144 dynamic hydrazone bond,145,146 and reversible disulfide108 and noncovalent bonding, such as metal–ligand coordination,91 hydrogen bonding34,98,140 and hydrophobic interaction.147 The fabricated self-healing materials are beneficial to a broad range of application fields, such as self-healable functional surfaces,148,149 recoverable electric/ionic conductors,150 and different types of electronic devices including electronic skin,151,152 supercapacitors,153 and strain/heat sensors.154 
Stretchable elastomers are useful platforms for fabricating comfortable epidermal devices that include wearable biosignal monitors,155 strain/pressure/humidity/pulse/oxygenation sensors,156-162 displays,163 and lithium-ion batteries.164 Developing stretchable elastomers with self-healing capabilities is very attractive due to their improved product performance.35,97,165-167 The urea functionalized fatty dimer acid reported by Cordier et al. is a typical example of a stretchable elastomer with self-healing capability.34 The elastomer exhibits up to 500% elongation before breaking and mechanical properties can be completely recovered within 3 h. This material has been widely used as an excellent platform for self-healable device fabrications. For example, using a similar material as a polymer binder, Bao and co-workers reported a stable silicon microparticle-based anode for lithium-ion battery application.168,169 Cui and co-workers also obtained a stretchable lithium-ion battery based on the selfhealing elastomer-coated electrode.170 Very recently, Aida and co-workers demonstrated another series of mechanically robust self-healable polymers with thiourea units as the repeating units.98 The presence of a large number of H-bonding units and noncrystalline nature (due to the less ordered unit array) of the polymeric materials are key features that facilitate their selfhealing mechanism. Utilization of rubbery polymer segments instead of small molecules as the spacer between hydrogen bonding units would enable polymer elastomer with tunable hydrogen bonding density through molecular weight control, thus controlled extensibility, elasticity, modulus, self-healability, and separation performance. Such self-healing polymeric elastomers would facilitate various new applications.
Herein, we report a series of self-healable polymeric elastomers with tunable mechanical properties achieved through molecular weight control of rubbery polymer segments and demonstrate the recoverable gas-separation functionality of the obtained polymer membranes. The urea functionalized poly(dimethyl siloxane)-based elastomers (U-PDMS-Es) was synthesized by reacting urea with amine-terminated polydimethylsiloxane (PDMS). They show extremely high elongation at break (984%-5600%), and adjusting the chain length of poly(dimethyl siloxane) (PDMS) segments will afford polymeric elastomers with desired mechanical strength, elasticity, and extensibility. Completely recoverable mechanical strength and gas-separation performance within 2 h at ambient temperature or 20 min at 40 °C makes the material attractive for various applications including functional surfaces, electric/ionic conductors, and different types of electronic devices. Moreover, the U-PDMS-Es also exhibit strain-dependent elasticity (nearly perfect elastic recovery in a stretched state) along with excellent acoustic and vibration damping properties over a broad range of temperature (≈100 °C), a much wider temperature range than those of typical damping materials (≈60 °C).
[bookmark: C2Experimental_1]Experimental 
Materials
All chemicals excluding PDMS were obtained from Sigma-Aldrich. All PDMS products were purchased from Gelest, Inc. 
Polymer Synthesis
Preparation of the TDA-PDMS
9.0 g of succinic anhydride terminated PDMS (12.9 mmol, from Gelest, Inc) in 20 mL tetrahydrofuran (THF) and 8.9 g (158.6 mmol) of potassium carbonate (K2CO3) in 5 mL deionized (DI) water were mixed in a 100 mL round bottom flask and stirred. After 12 h, the pH of solution was adjusted to 7 by addition of hydrochloric acid (HCl), when a white precipitate came out. The precipitate was collected and washed with DI water three times. The product was dried under vacuum overnight before characterization. 5.0 g of the tetra acid terminated PDMS (TDA-PDMS) (7.14 mmol) was mixed with 7.37 g of diethylenetriamine (71.4 mmol, from Sigma-Aldrich) in a 50 mL Schlenk tube. The mixture was heated at 120 °C for 2 h before the temperature was raised to 160 °C for 24 h under inert atmosphere. The product was purified by dialysis against mixed solvent [V(H2O)/V(CH3OH) = 1:1] (see Figure 18 for the 1H NMR spectrum of the final product).
Synthesis of PDMS-Based Polymer Elastomers (U-PDMS-Es)
In a typical synthesis of U-PDMS0.9K-E, 1.8 g of amine-terminated PDMS (Mw = 900 g mol−1, 2.0 mmol), 0.384 g (6.4 mmol) of urea and 0.44 g (0.4 mmol) of the four-arm PDMS amide were combined in a 25 mL Schlenk tube. The tube was heated up under continuous Ar flow, the temperature increase was 20 °C per 30 min until the oil bath reached 150 °C, and then the temperature was kept at 150 °C for 2 d to obtain the final product. After the reaction cooled, the product was washed with methanol three times to remove the unreacted impurities, then placed in the vacuum oven to remove solvent. The purified product can be swollen in organic solvent, such as acetone, THF, but cannot be completely dissolved. The U-PDMS-Es were processed by melt pressing at 160 °C to obtain homogeneous films for testing.
Polymer Characterizations
General Characterizations
1H NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer using DMSO-d6. IR spectra were recorded on a Cary 600 Series FT-IR Spectrometer (Agilent Technologies), and the scanning range was 4000–400 cm−1. Approximately 10 mg of each sample was weighted out to test on TGA Q50, TA Instrument. The samples were heated up to 800 °C from room temperature at a heating rate of 20 °C min−1 under a dry nitrogen atmosphere (flow rate: 40 mL min−1). Thermal transitions of polymer films were observed using modulated DSC (TA Instruments Q1000). The heating procedure was set to modulate +/−1.00 °C every 60 s at the rate of 3 °C min−1 from −160 to 90 °C.
Tensile Analysis 
Rectangular stripes prepared by melt press at 160 °C, and films were cut into ≈7.0 × 5.0 × 0.5 mm specimens for tensile analysis using a TA Instruments RSA-G2 Solids Analyzer. Samples were elongated at the rate of 1 mm s−1 till break. U-PDMS30K-E was measured by a TA Instruments HR-2 rheometer with the SER3 (Xpansion Instruments) Universal Testing Platform due to its ultrahigh elongation, the sample was stretched by two counterrotating drums with a constant angular velocity. The elongation results tested by both methods with the same strain rate are comparable. The reported tensile properties were an average of a minimum of three samples.
Dynamic Mechanical Analysis
Hysteresis analysis was performed on a TA Instruments RSA-G2 Solids Analyzer. Rectangular samples were prepared by melt press at 160 °C, and films were cut into ≈18.0 × 5.0 × 0.5 mm specimens. Samples were elongated to 100% strain then back to 0% strain at a constant rate of 0.1 mm s−1. A total of ten cycles of testing were performed for all samples.
Rheology Measurements
Small-amplitude oscillatory shear measurements of membrane samples were carried out on an AR2000ex rheometer (TA Instruments) by using 8 mm plates with a parallelplate geometry. The temperature was controlled by an environmental test chamber filled with nitrogen. Prior to measurements, the sample was purged at 100 °C for 0.5 h under a nitrogen atmosphere to ensure thermal equilibrium was achieved. All samples were measured at 0.3% strain with a temperature sweep from −100 to 125 °C, with a heating rate of 3 °C min−1. Sample U-PDMS5.0K -E and its mixture of starting material were tested separately with frequency sweep from 100 to 0.01 rad s−1 at 25 °C.
Gas Permeation Analysis
The gas permeability of the polymer network was measured by a custom-built constant volume-variable pressure test chamber and calculated using the Equation (1) 
 =  
where PA is the permeability of the gas A, Vc is the permeation volume, l is the membrane thickness, R is the ideal gas constant, Am is the membrane area that was measured using ImageJ software, ΔP is the pressure difference between the upstream and downstream, dPl/dt is the increase rate of gas pressure on the permeation side. In a typical measurement, the parameters were set up as follows: Vc = 23.33 cm3, l = 140–190 μm, ΔP = 120–140 kPa. The gas selectivity was obtained by the ratio of CO2 permeability to N2 or CH4 permeability.

Quantum Chemical Calculations
All calculations were performed with the hybrid PBE0 functional, the def2-TZVPP basis set, the resolution-of-identity for the computation of the two-electron integrals, Grimme’s D3 dispersion correction, and the Becke–Johnson damping function. Integral evaluations were performed with an ultrafine grid and tight convergence criteria in the TURBOMOLE 7.1 software package. Frequency calculations were performed to ensure optimized geometries are energy minima or saddle points of the potential energy surface.
Quantum chemical simulation was performed to evaluate the supramolecular interactions of polymeric elastomers and their binding energy with CO2 molecules. All calculations were performed with the hybrid PBE0 functional, the def2-TZVPP basis set, the resolution-of-identity (RI) for the computation of the two-electron integrals, Grimme’s D3 dispersion correction, and the Becke-Johnson damping function. Integral evaluations were performed with an ultrafine grid and tight convergence criteria in the Turbomole 7.1 software package. Frequency calculations were performed to ensure optimized geometries are energy minima or saddle points of the potential energy surface.  The interaction of monomer units I-IV forms a set of ten unique dimer structures: I-I, I-II, I-III, I-IV, II-II, II-III, II-IV, III-III, III-IV, and IV-IV due to the presence of all four associating units in the polymer elastomer system.  For each dimer, the energetically most stable structure was determined after evaluating different possible conformers. The interaction energy of the monomers was computed using the following formula: 

where X, Y = I, II, III, or IV. 
As a next step, each dimer system was studied with CO2 to produce a set of conformers representing stable dimer-CO2 super-systems, henceforth referred to as I-I-CO2, I-II-CO2, etc.  The most stable conformations were obtained and the binding energies of CO2 to the dimer system were calculated using the formula:

The binding energies for the dimer systems and the average hydrogen bond distances are shown in Table 2, and ranged from approximately -16.5 to -18.2 kcal/mol. For all systems, the most stable structures contain two strong hydrogen bond interactions between the carbonyl oxygens and the amine hydrogens in a single plane. In monomers with multiple amines bonded to carbonyl groups, the most stable geometry was found not to involve the terminal amine in hydrogen bonding with the adjacent monomer. A correlation was found between hydrogen bonding and interaction strength. Systems with shorter, and thus stronger, hydrogen bonds tended toward greater binding energies.
The interaction of monomers I-IV and dimer pairs with CO2 was also investigated by means of DFT. The electron deficient carbon of CO2 (CCO2) interacts with the oxygen of the C-O group of the monomers and a hydrogen bond is formed between the oxygen of CO2 (OCO2) and a hydrogen of a N-H group (Figure 32). A similar binding motif was found for the dimer pairs: the oxygen atoms of the dimer that interact with CCO2, and the hydrogens of the dimer can form weak hydrogen bonds with OCO2. Calculations were performed to find the most stable conformation of dimer systems and CO2. The interaction strengths, as well as the closest O-CCO2 and H-OCO2 distances of the most stable CO2-dimer supersystems are found in Table 3. The CO2 binding energy for all systems ranges between -5.1 and -5.8 kcal/mol. The O-CCO2 interaction distance falls between 2.66-2.78 Å for all monomer-CO2 and seven dimer-CO2 supersystems. These supersystems have the CO2 located adjacent to the plane of hydrogen bonding. The three systems with greater O-CCO2 bond distances (III-III-CO2, III-IV-CO2, and IV-IV-CO2) have sterically bulky side chains, therefore the CO2 is more stable above the plane of hydrogen bonding. These interactions are shown in the most stable configurations of II-III-CO2 and III-IV-CO2, shown in Figures 5 and 6. Introduction of CO2 to the dimers distorts the plane of hydrogen bonding. When CO2 is adjacent or diagonal to the hydrogen bond plane, the plane is only slightly shifted. However, when CO2 is located directly above or below the plane of H-bonding dimers, the plane undergoes significant deformation.
Results and Discussion
Fabrication of Polymeric Elastomer
PDMS was selected as the polymer backbone because of its intrinsic high stretchability, good thermal/chemical stability, and low glass-transition temperature (Tg ≈ −123 °C).35,171,172 The low Tg is important to enable the chain mobility and maintain the self-healing properties of the elastomers obtained.35 Instead of using pure amine terminated PDMS, a tetra-diethylenetriamine terminated PDMS (TDA-PDMS, Figure 15) serves as the cross-linker/branching point of the final polymeric elastomers as well as increases hydrogen bonding density. The amine terminated PDMS (PDMS-NH2) with different molecular weights (0.9, 3.0, 5.0, and 30 kg mol−1) was mixed with TDA-PDMS (Figure 16) and reacted with urea in the ratio of TDA-PDMS: PDMS-NH2: Urea = 1:5:16 to form a series of U-PDMS-Es. As illustrated in Figure 15, there are four possible functional groups in the PDMS-based polymer elastomer that can associate via multiple hydrogen bonds. Several possible chemical structures of the obtained U-PDMS-Es are shown in Figure 17. Type I and type II are end groups, and type III and type IV are adjunction units (inset of Figure 15). The supramolecular physical interactions between the associating units in U-PDMS-Es play a vital role in their ultimate physical properties, especially self-healing properties.





[bookmark: Fig15][image: C:\Users\flying\Dropbox\Paper in preparation at ORNL\CO2 separation\A self-healing polymer membrane\reform to JACS\Scheme 1-1.tif]Figure 15. Synthesis of U-PDMS-Es.
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Figure 16. Synthesis of four arm diethylenetriamine-functionalized PDMS.
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 Figure 17. Possible chemical structure of the obtained U-PDMS-Es.
[bookmark: Fig18][image: C:\Users\ppc\Dropbox\Paper in preparation at ORNL\CO2 separation\A self-healing polymer membrane\For Supporting information\NMR spectrum.tif]
Figure 18. Comparative 1H NMR spectra of anhydride terminated PDMS (SA-PDMS), tetra-acid terminated PDMS (TDA-PDMS) and tetra-diethylenetriamine terminated PDMS (TDA-PDMS).  


[bookmark: C2Results_1]Quantum chemical calculations were employed to estimate the interaction strength of polymeric elastomers (See Supporting Information for details). Among the four types of associating units, type I provides the strongest supramolecular interactions and shortest hydrogen bond length, whereas type II shows the weakest interactions, which is illustrated by their calculated interaction energies (−18.2 kcal mol−1 for I–I dimer vs −16.4 kcal mol−1 for II–II dimer from computational Density Functional Theory calculations) among all of the possible dimer combinations (Table 2). With the normalized Fourier transform-infrared (FT-IR) absorption band corresponding to the C-Si bond at 1257 cm−1,171 significantly decreased intensity of the absorption bands lying at 3511–3120 cm−1 (N-H stretching), 1740–1625 cm−1 (C=O stretching), and 1561 cm−1 (associated N-H bending) manifest the decreased intensity of the urea.34 The U-PDMS-Es exhibit enhanced thermal stability with increased molecular weight of PDMS, and no significant weight loss was observed for U-PDMS5.0K-E up to 450 °C (Figure 21). Compared with one glass transition peak and one melting peak in the temperature modulated differential scanning calorimetry (TM-DSC) curve of PDMS3.0K-NH2 (Figure 22), the DSC curve of U-PDMS3.0K-E only shows a single glass transition peak (Figure 19b). Two melting peaks were observed in the heating run of PDMS5.0K-NH2 and PDMS30K-NH2, whereas the U-PDMS5.0K-E and U-PDMS30K-E only show one small melting peak. The different thermal behavior of U-PDMSEs compared with that of PDMS-NH2 should be attributed to the effect of chemical/physical cross-linking which limits the mobility of polymer chains and growth of crystalline structure.171,173 Moreover, the presence of only one Tg in the heating run of TM-DSC indicates no significant phase separation within the U-PDMS-Es. The absence of a periodic phase separated structure was also confirmed by the small-angle X-ray scattering spectra of U-PDMS-Es (Figure 23).174
[bookmark: C2Results_2]Mechanical Property Test
Compared with the completely liquid-like starting materials, the U-PDMS5.0K-E shows rubber-like properties (G′ > G′′ over the frequency range at ambient temperature, see Figure 25) due to the formation of a crosslinked network by chemical an physical interactions.34,168 The significant storage modulus (G′) increase of U-PDMS5.0K-E with frequency can be explained by considering that there is adequate time for entangled polymer chains to relax at low frequency, whereas there is less time for rearrangements to occur at high frequency.175 The storage modulus (G′) of U-PDMSEs at ambient temperature (or at 0 °C) decreases with the molecular weight of PDMS segments. With tan δ ≥ 0.3 as the typical criterion for excellent damping properties of polymer materials,176 a temperature sweep dynamic mechanical analysis showed that U-PDMS-Es can serve as acoustic and vibration damping materials over a broad temperature range. As shown in Figure 24a and Figure 26, U-PDMS0.9K-E, U-PDMS5.0K-E, and U-PDMS30K-E exhibit excellent damping properties from −48 to 48 °C, 17 to 119 °C and −39 to 100 °C, respectively which are much broader temperature ranges than the typical effective damping materials reported in the literature (the range of ≈60 °C).176,177 To evaluate the tensile behavior of U-PDMS-Es, polymer films with thickness of 0.15 mm and width of 3.5 mm were fabricated by melt press. The polymer film made from U-PDMS5.0K-E can be stretched from 1.5 to 18 cm by hand pulling (see picture in Figure 29 or tensile test in Figure 27b b0-b1). As illustrated in Figure 24b, all of the U-PDMS-Es showed extremely high elongation at break and relatively high tensile stress, which cannot be achieved by urea functionalized fatty dimer acid and other common polymeric elastomers, such as covalently cross-linked PDMS.34,178 The U-PDMS-Es with lower molecular weight of PDMS showed higher Young’s modulus and ultimate tensile strength, which is consistent with rheology data. It can be explained by the higher density of hydrogen bonding in the polymer network (see Table 1). The U-PDMS-Es with higher molecular weight of PDMS showed better extensibility (up to 5500%) due to the longer polymer segments between the physical/chemical crosslinking points. To study the effect of cross-linker ratio on the mechanical property of finalized product, U-PDMS5.0K-E* with the molar ratio of TDA-PDMS: PDMS-NH2 = 1:10 was also synthesized and tested (Figure 24b and Table 1). As expected, with lower density of hydrogen bonding, U-PDMS5.0K-E* exhibited lower Young’s modulus and higher extensibility. Hysteresis of elastic recovery was also evaluated by applying 10 cycles of 100% strain on the U-PDMS-Es. As shown in Figure 24c, the U-PDMS-Es do not show perfect recovery. It can be seen that from the first loading–unloading cycle of U-PDMS5.0K-E (red curve in Figure 24c3), after tensile stress went back to 0, the residual strain is 18%. The tensile stress loss for the following loading–unloading cycles is slightly lower than those of previous cycles. The observed hysteresis can be partially attributed to the energy dissipation from the physical bonding dissociation,35 which is consistent with its excellent damping properties. Moreover, lower molecular weights of PDMS segments can improve the elastic recovery of U-PDMSEs: residual strains with 8%, 11%, 18%, and 23% (when tensile stress back to 0) at the first loading–unloading cycles are observed for U-PDMS0.9K-E, U-PDMS3.0K-E, U-PDMS5.0K-E, and U-PDMS30K-E, respectively. Another intriguing phenomenon observed on the U-PDMS-Es is shown in Figure 27. After manual sideways stretching and releasing the film made from U-PDMS5.0K-E, it cannot recover perfectly (Figure 27 a1–a4), which is consistent with hysteresis data. When held at fixed 1500% elongation (from b0 to b1 in Figure 27), after further manual sideways stretching and release, the stretched sample recovers immediately like a rubber. This observation demonstrates the strain-dependent elasticity and nearly perfect recovery of U-PDMS-E in the stretched state. To further understand the elastic recovery in the stretched state, hysteresis test was also performed on the U-PDMS5.0K-E after 1500% elongation (see Figure 27c). When stretched at 1500% elongation, tensile stress of 160 kPa was detected, which is consistent with tensile test shown in Figure 24b. The high tensile stress (160–52 kPa) during the 1st hysteresis loop (1500%–1600% and back to 1500%) should be the reason of this elastic recovery process (from 1600% to 1500%) Significantly less tensile stress loss was observed for the following several loading–unloading cycles. Even after ten cycles, tensile stress of 3.5 kPa was still detected, which demonstrated the capacity of elastic recovery for several cycles in stretched state. The super-stretchability, along with their adjustable Young’s modulus, elasticity, and ultimate tensile strength through molecular weight control, make them attractive candidates for the fabrication of highly stretchable devices, and the systematic investigation presented here provides a design guide.159,179
Healable Mechanical Properties 
Extrinsic and intrinsic are the two categories of healing strategies, and intrinsic self-healing usually relies on dynamic physical linkage or reversible covalent bonding.1,180-183 As a supramolecular polymer network containing hydrogen bonding sites, U-PDMS5.0K-E was evaluated for its self-healing properties as shown in Figure 28a. After cutting a specimen (thickness ≈1.5 mm) into two pieces using a razor blade and brought into contact, the polymer membranes can be healed within 2 h at ambient temperature (25 °C); the healing time can be shortened by increasing the healing temperature (20 min at 40 °C). For polymer film with lower thickness (≈0.5 mm), around 2 mm of overlap is needed for complete healing process (see Figure 30 for results of both healing types). The low glass transition temperature of PDMS backbones (≈−123 °C) contributes to the low-temperature healing process.35 As illustrated in Figure 28b, after 30 min at ambient temperature, the polymer film made from U-PDMS5.0K-E can retain 1260% strain with a healing efficiency of 69.5%. After 2 h, the mechanical performance of U-PDMS5.0K-E was restored, and nearly all of the mechanical parameters, that is, Young’s modulus, extensibility, ultimate tensile strength, and toughness are comparable with those before the specimen was cut. The completely recoverable mechanical performance, after the shorter healing period comparing with the notable systems,34,35,98 ensures the long lifetime of elastomeric products made from U-PDMS-Es.6 The simple self-healing process makes the material attractive for various applications including functional surfaces, electric/ionic conductors, and different types of electronic devices.6,148,150,184
Recoverable Gas-Separation Functionality
Utilization of reversible chemical/physical bonding to heal mechanical fractures and recover functions, such as extensibility and separation capability, would be an effective solution to prolong the lifespan of polymer membranes.18,185 To demonstrate recoverable functionality of the polymer elastomer, the U-PDMS-Es were tested as gas-separation membranes where any type of defect will cause a complete loss of performance. The gas-separation performance of U-PDMS-Es was evaluated using a custom-built constant volume-variable pressure test chamber with the results shown in Figure 31b, and most of the U-PDMS-Es exhibit very high gas permeability (CO2 permeability >1000 Barrer). A scratch (scratch width ≤150 μm for the membrane thickness ≈200 μm) was applied to U-PDMS-E-based membranes after initial gas-separation measurements.
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Figure 19. (a) IR spectra of U-PDMS-Es with different molecular weights of PDMS after normalizing the absorption band corresponding to the C-Si bond at 1257 cm-1; (b) Temperature-modulated differential scanning calorimetry (TM-DSC) cures of U-PDMS-Es.
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Figure 20. Comparative IR spectra of anhydride terminated PDMS (SA-PDMS), tetra-acid terminated PDMS (TA-PDMS) and tetra-diethylenetriamine terminated PDMS (TDA-PDMS).  
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Figure 21. TGA analysis of U-PDMS-Es with different molecular-weight of PDMS. 
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Figure 22. DSC analysis of PDMS terminated with amine groups.  
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Figure 23. SAXS spectra of U-PDMS-Es.
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Figure 24. (a) Temperature sweep of shear modulus on U-PDMS5.0K-E, (b) Tensile test of the U-PDMS-Es with PDMS of different molecular weights (molar ratio of TDA-PDMS /PDMS-NH2 is fixed at 1:5), U-PDMS-E* means the molar ratio of TDA-PDMS /PDMS-NH2=1:10, strain rate = 1 s-1 , (c) ten successive loading-unloading cycles of the film prepared from U-PDMS-Es (C1:U-PDMS0.9K-E, C2: U-PDMS3.0K-E, C3: U-PDMS5.0K-E, C4:U-PDMS30K-E), red curve is the 1st hysteresis loop.


[bookmark: Table1]Table 1. Combined Young’s modulus, elongation, ultimate tensile strength, and toughness of U-PDMS-Es and U-PDMS5.0K-E after self-healing.
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Figure 25. Shear modulus (G' and G'') of U-PDMS5.0K-E.
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Figure 26. Temperature sweep of shear modulus on U-PDMS-Es with molecular weight of PDMS 0.9K, 5.0K and 30K. 
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Figure 27. Picture of manual sideways stretching test of U-PDMS5.0K-E before elongation (a) and after 1,500% elongation (b): (a3)/(b3) and (a4)/(b4) are images of 2 seconds and 5 seconds, respectively, after releasing the manual stretching; (c) ten successive loading-unloading cycles (1,500%- 1,600%) of the film prepared from U-PDMS5.0K-E.
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Figure 28. (a) Picture showing the healing process of polymer membranes made from U-PDMS5.0K-E; (b) Comparative tensile test of original polymer membrane and after cut and healing process (5 mins, 30 mins and 120 mins healing at 25 °C).
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Figure 29. Image of U-PDMS5.0K-E before and during stretching.
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Figure 30.  Comparison result from both healing types: (I) healed by brought into contact (no overlap, film thickness ~1.5 mm), (II) healed by around 2 mm of overlap (film thickness ~0.5 mm). 














[bookmark: C2Results_4]After a 20 min (40 °C) healing process, the scratch was healed as shown in Figure 31a. The healed samples were then transferred back to the chamber for a repeated test. The membranes made from U-PDMS0.9K-E, U-PDMS3.0K-E, and U-PDMS5.0K-E exhibited complete recovery of gas-separation performance, and the gas permeability and selectivity (α (CO2/N2)) are both comparable with those of the original membranes (Figure 31b). This healable property, exhibited at near ambient temperature, allows for minimal loss of gas-separation performance even with membrane fracture and formation of pinholes. Only the membrane derived from U-PDMS30K-E could not be completely healed for gas-separation membranes, which may be due to its insufficient density of associating units. This indicates the critical role of supramolecular physical interactions in the self-healing process. Separation membranes would greatly benefit from recoverable functionality through self-healing chemistry because defects, fractures, and pinholes often ruin their separation performance.186-190 The incorporation of hydrogen bonding units also improves the gas selectivity of the obtained membranes. The four associating units discussed above (Figure 15) also contribute as CO2-philic groups in two ways: the oxygen atoms in the associating units can interact with electron deficient carbon in CO2 molecules, and the hydrogens may also form weak hydrogen bonds with the oxygens in CO2 molecules (Figure 34). The binding energy between the CO2 and the associating units varies between −5.0 and −5.9 kcal mol−1 (see Table 3 for computational results), and they are still of the same order of magnitude after the associating units forming the dimers. It is worth noting that the interaction energies between the associating units responsible for the self-healing mechanism are about 3–4 times higher than the CO2 binding energy, which ensures the retention of the supramolecular structure and the mechanical robustness of the polymer membranes during the gas-separation process. The observed trade-off between membrane selectivity and permeability corresponds to the degree of hydrogen bonding and CO2-philicity.190 In shorter PDMS polymer chains, the higher gas-selectivity α(CO2/N2) is attributed to the higher density of CO2-philic groups, whereas lower permeability corresponds to the higher cross-linking density attributed to both chemical bonding and physical interactions. The design criteria for achieving self-healing functionality demonstrated in this work should be applicable to various membrane applications, not only for gas separation but also for fuel cells, flow batteries, desalination, and so on, where healable properties and functionality are highly desired.
[bookmark: C2Conclusion]Conclusions
A series of polymer elastomers (U-PDMS-Es) with super-stretchability, self-healing properties, and excellent damping properties was synthesized by urea functionalization of PDMS. With Tan δ ≥ 0.3 as the criterion, the U-PDMS-Es showed excellent acoustic and vibration damping properties over a broad temperature range (>100 °C). Increasing the chain length of PDMS improves the extensibility of the PDMS-PEs (from 984% to 5600%), whereas the shorter PDMS chain affords high Young’s modulus and ultimate tensile strength and improved elasticity. Lowering the weight ratio of elastic cross-linker was demonstrated as an alternative way to improve their extensibility. The U-PDMS-Es also exhibited strain-dependent elastic recovery and nearly perfect elastic recovery in a stretch state. The excellent self-healing capacity (2 h at ambient temperature or 20 min at 40 °C) with completely restored mechanical performance was demonstrated in U-PDMS-Es with molecular weight of PDMS segments up to 5.0 kg mol−1. The comparable gas-separation performance in terms of both permeability and selectivity of the U-PDMS-Es after the healing process also demonstrates their recoverable functionality. Utilization of rubbery polymer segments as the spacer between hydrogen bonding units was demonstrated to be a useful strategy for the fabrication of polymeric elastomers with well-controlled properties. The super-stretchability, adjustable Young’s modulus, elasticity and ultimate tensile strength, along with completely recoverable mechanical performance and gas-separation capability makes the demonstrated U-PDMS-Es attractive platform candidates for the fabrication of many functional films, membranes, coatings, and devices with prolonged lifetime.
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Figure 31.  (a) Pictures showing the gas-separation membranes with applied scratch and after healing at 40 °C for 30 mins; (b) Comparative gas separation performance of original polymer membranes (blue) and polymer membranes after cut and healing (orange), CO2 permeability (up) and CO2/N2 selectivity (bottom).



[bookmark: Table2][bookmark: _Ref488931709]Table 2. Dimer system binding energies and average hydrogen bonding distances.

	Dimer System
	Binding Energy (kcal/mol)
	Average Hydrogen Bond Distance (Angstrom)

	I-I dimer
	-18.2
	1.80

	I-II dimer
	-17.2
	1.80

	I-III dimer
	-17.5
	1.78

	I-IV dimer
	-17.9
	1.80

	II-II dimer
	-16.4
	1.80

	II-III dimer
	-16.5
	1.80

	II-IV dimer
	-17.0
	1.80

	III-III dimer
	-16.5
	1.81

	III-IV dimer
	-17.0
	1.80

	IV-IV dimer
	-17.1
	1.80
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Figure 32. Monomer Structures I-IV considered in the computational study.
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Figure 33. Two-dimensional representation of hydrogen bonding between monomer units.
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Figure 34. The most stable geometry for I-CO2, II-CO2, III-CO2, and IV-CO2. 
[bookmark: Table3]Table 3. CO2 binding energy and physical bonding distance.

	
	CO2 Binding Energy (kcal/mol)
	O-CCO2 distance (Angstrom)
	H-OCO2 distance (Angstrom)

	I
	-5.2
	2.74
	2.23

	II
	-5.0
	2.74
	2.30

	III
	-5.7
	2.72
	2.25

	IV
	-5.4
	2.73
	2.24

	I-I dimer
	-5.4
	2.77
	2.26

	I-II dimer
	-5.9
	2.66
	2.38

	I-III dimer
	-5.3
	2.66
	2.34

	I-IV dimer
	-5.1
	2.78
	2.26

	II-II dimer
	-5.2
	2.95
	2.93

	II-III dimer
	-5.0
	2.75
	2.76

	II-IV dimer
	-5.3
	2.95
	2.93

	III-III dimer
	-5.8
	3.09
	3.10

	III-IV dimer
	-5.6
	3.00
	3.03

	IV-IV dimer
	-5.6
	2.96
	2.98
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[bookmark: C3Intrinsic]CHAPTER III
PUNCTURE-RESISTANT SELF-HEALING POLYMERS WITH MULTI-CYCLE ADHESION AND RAPID HEALABILITY
A version of this chapter was published by Bingrui Li, Sirui Ge, Sheng Zhao, Kunyue Xing, Alexei P. Sokolov, Peng-Fei Cao, and Tomonori Saito. “Puncture-Resistant Self-Healing Polymers with Multi-cycle Adhesion and Rapid Healability” Materials Horizons, 2023, accepted.
Bingrui Li, Peng-Fei Cao, and Tomonori Saito designed the experiments and contributed to the preparation of the manuscript, Bingrui Li, Sirui Ge, Sheng Zhao, and Kunyue Xing performed experiments, Alexei P. Sokolov contributed to the discussion and revision of the manuscript.
[bookmark: C3Abstract][bookmark: C3Introduction]Abstract 
The structural design of self-healing materials determines the ultimate performance of the product that can be used in a wide range of applications. Incorporating intrinsic self-healing moieties into puncture-resistant materials could significantly improve the failure resistance and product longevity, since their rapidly rebuilt bonds will provide additional recovery force to resist external force. Herein, we present a series of tailored urea-modified poly(dimethylsiloxane)-based self-healing polymers (U-PDMS-SPs) that exhibit excellent puncture-resistant properties, fast autonomous self-healing, multi-cycle adhesion capability, as well as well-tunable mechanical properties. Controlling the composition of chemical and physical cross-links enables the U-PDMS-SPs with an extensibility of 528% and toughness of 0.6 MJ/m3. U-PDMS-SPs exhibit fast autonomous self-healability with 25% strain recovery within 2 minutes of healing, and over 90% toughness recovery after 16 hours. We further demonstrate its puncture-resistance properties under ASTM D5748 standard with an unbreakable feature. Furthermore, the multi-cycle adhesive properties of U-PDMS-SPs are also revealed. High puncture resistance (>327 mJ) and facile adhesion with rapid autonomous self-healability will have a broad impact on the design of adhesives, roofing materials, and many other functional materials with enhanced longevity. This chapter demonstrates the exploration of self-healable polymers on practical applications beyond tensile properties.
Introduction
Autonomous self-healing materials are capable of repairing physical damage without any external stimuli or intervention. Such self-healing capability can be seen in living species, and human skin represents a pertinent example of self-healing materials, which can fully recover its functionalities after a minor cut. Developing self-healing materials is critically important since the healing functionality is highly beneficial in various applications. One representative example is wearable electronic devices,191,192 since those devices are constantly being operated under stretch and shrinkage with fluctuation, which may cause minor breakage. Incorporation of self-healing properties into materials could significantly improve the long-term performance of overall devices by extending the longevity of their functionalities.142,193 There are two general approaches to developing self-healing materials, i.e., extrinsic, and intrinsic. The extrinsic self-healing approach typically contains two isolated reactive chemicals such as dual-component epoxy with one of them being encapsulated in capsules.194 Although this approach is simple, the design can only heal once and cannot heal the same spot repeatedly due to the irreversible nature of the healing mechanism. The intrinsic approach overcomes this shortcoming,6 where its self-healability relies on the formation of reversible bonds that could heal repeatedly under an appropriate environment.195,196 Intrinsic self-healing could be realized by utilizing a variety of reversible chemical bonds such as Diels–Alder reaction,143,144 disulfide bond,108,115 and boronic ester linkages,122,197 or noncovalent reversible interactions, such as metal–ligand coordination,91 hydrogen bonding (H-bonding),34,36,198,199 or multiple driving forces.200,201 Self-healable materials based on non-covalent interactions have been adopted widely over a broad range of applications including electronic devices,202,203 coatings,204 and functional films.205 Compared with the self-healing materials based on dynamic covalent bonds, non-covalent interactions are normally more adaptable to self-healing at ambient environment due to low activation energy of bond dissociation and association.206
Puncture-resistant materials are typically made with woven or nonwoven fabrics. For example, puncture-resistant gloves are typically made of strong fibers like Kevlar. Their high modulus and stiffness provide high resistance to deformation while the woven texture of the fibers could distribute (or dissipate) the puncturing energy throughout the surface and further reduce the pressure at the impact point. A highly flexible and extensible material also has puncture resistance since high energy is required for puncturing such material.207 Incorporation of self-healability with puncture resistance, the tolerance to damages can be further enhanced. For example, healing occurs when puncture force is applied, and self-healing capability could further improve the puncture-resistance property as well as overall longevity.207 While there have been a few reports on incorporating the self-healing concept into puncture-resistant polymeric materials,133,208-210 many challenges exist, such as requiring a complicated fabrication process due to composite structure,209 or elevated temperature for facilitating the healing process.208,210
Herein, we report puncture-resistant autonomously self-healable polymers with tunable mechanical properties. The chemical and physical cross-link density of urea-functionalized poly(dimethylsiloxane) self-healing polymer (U-PDMS-SP) is controlled by tailoring the ratio of reactants in a facile and scalable one-pot synthesis. Moreover, this U-PDMS-SP exhibits high displacement during a lap shear adhesion test and demonstrates less than 5% adhesion energy decay even after four cycle tests. Such highly puncture-resistant self-healable polymers with multi-cycle adhesion capability will provide great potential to be used in various applications including functional adhesives, building materials, as well as electronic devices.




[bookmark: Fig35][image: A picture containing text, screenshot, diagram, map

Description automatically generated]
Figure 35. (a) Schematic illustration of the chemical structures of the starting materials and the U-PDMS-SPs. (b) FT-IR spectra of U-PDMS-SPs with different ratios of reagents and PDMS starting materials after normalizing the absorption band corresponding to the C-Si bond at 1257 cm-1. (c) Thermogravimetric analysis (TGA) data of U-PDMS-SPs. (d) DSC data of U-PDMS-SPs with different ratios of reagents. (e) Rheology test data curve of U-PDMS-SP4.
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Materials 
All PDMS materials were obtained from Gelest, Inc. All other chemicals were purchased from Sigma-Aldrich.
Synthesis of the U-PDMS-SPs 
All U-PDMS-SPs were synthesized under the same procedure with different ratios of starting materials. We here use U-PDMS-SP3 as an example: 2.22 g of (4-5% aminopropylmethylsiloxane)-dimethylsiloxane copolymer (0.28 mmol, from Gelest, Inc), 5.0 g of aminopropyl terminated polydimethylsiloxane (5.6 mmol, from Gelest, Inc), 0.58 g of diethylenetriamine (5.6 mmol), and 1.77 g (29.4 mmol) of urea were added into a flame-dried 50 mL Schlenk tube with a magnetic stir bar inside. A rubber stopper was attached with a long needle punctured through the stopper. Continuous N2 was purged during the entire reaction. The tube was heated in a 120 °C oil bath for 2 hours, then the temperature was elevated to 160 °C for 24 hours. The final product was obtained after washed by methanol under vortex and dried in a vacuum oven.
[bookmark: C3Experimental_3][bookmark: C3Experimental_4]Polymer Characterizations
General Characterizations 
Infrared (IR) spectra were obtained from a Nicolet iS50 FT-IR spectrometer (Thermo Scientific) with a scanning range was 4000 - 400 cm-1. Approximately 10 mg of each sample was weighted out to test on TGA Q50, TA Instrument. The samples were heated up to 800 °C from room-temperature at a heating rate of 20 °C/ min under a dry nitrogen atmosphere (flow rate: 40 mL/min). Thermal transitions of polymer ﬁlms were observed using modulated DSC (TA Instruments DSC 2000). The heating procedure was set to modulate +/- 1.00 °C every 60 seconds at the rate of 3 °C/min from − 160 to 150 °C. The density of the samples was determined by AccuPyc™ II 1340 Gas Displacement Pycnometry System with sample chamber sizes of 1 cm3, following ASTM method D 6226. The samples were measured at 20 °C under Helium gas.
[bookmark: C3Experimental_5]Tensile Analysis
Rectangular stripes prepared by melt-press at 120 °C, all films were cut into rectangular specimens with dimensions of approximately (50 × 4.0 × 0.4) mm for tensile tests utilizing an Instron 3343 universal testing system with a 50 N load cell. Samples were elongated at the rate of 1 mm/s till break. The reported tensile properties were an average of a minimum of three samples.
[bookmark: C3Results]
Dynamic mechanical analysis
Hysteresis analysis was performed on a TA Instruments RSA-G2 Solids Analyzer. Rectangular samples were prepared by melt-press at 120 °C, and films were cut into approximately (50.0 × 5.0 × 0.3) mm specimens. Samples were elongated to 100% strain then back to 0% strain at a constant rate of 1 mm/s. 10 cycles of testing were performed for all samples.
Rheology measurements
Small-amplitude oscillatory shear (SAOS) measurements of membrane samples were carried out on an AR2000ex rheometer (TA Instruments) by using 8 mm plates with a parallel-plate geometry. The temperature was controlled by an environmental test chamber filled with nitrogen. Prior to measurements, the sample was purged at 100 °C for 0.5 h under a nitrogen atmosphere to ensure thermal equilibrium was achieved. All samples were measured at 0.3 % strain with a temperature sweep from -100 °C to 125 °C, with a heating rate of 3 °C/min. 
Adhesion analysis
Lap shear adhesion tests on the aluminum surface were conducted utilizing an Instron 3343 universal testing system with a 50 N load cell. Two aluminum bars are adhered by adhesives with an overlapped surface area of (12 mm × 12 mm) 144 mm2, then the bars were loaded on the clamps of the tensile tester, and the top clamp was pulled against the bottom clamp following a modified version of ASTM D1002 at the rate of 2 mm/min. Peel tests on aluminum and polytetrafluoroethylene surfaces were conducted on the same tensile tester following the ASTM C794 standard, sample width was unified to 23.3 mm. The 180-degree reverted sample strips were elongated at the rate of 50 mm/min. The reported adhesion properties were an average of a minimum of three samples.
Results and Discussion
Synthesis of U-PDMS-SPs 
Intrinsic self-healability at ambient conditions in polymers can be achieved by the combination of reversible bonds and fast segmental dynamics. The PDMS provides one of the fastest dynamics at room temperature due to low glass-transition temperature (Tg = -123 °C) and exhibits good chemical and thermal stability.36 Herein, we select the commercially available amine functionalized branched PDMS (PDMS-NH2-B, molecular weight = 8,000 g/mol, 5 mol% amine group) and telechelic amine functionalized linear PDMS (PDMS-NH2-L, molecular weight = 900 g/mol) as the main building blocks for the synthesis of self-healing polymers. As depicted in Figure 35a, all reagents, i.e., PDMS-NH2-B, PDMS-NH2-L, urea, and diethylenetriamine (DETA), with the controlled molar ratio were mixed without solvent and reacted in one pot, affording the final products at a high yield over 85%.
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Figure 36. Illustration of potential chemical structures of U-PDMS-SPs after the synthesis.








The single-step reaction will benefit future scale-up toward commercial adoption compared with multi-step synthesis, which is often required for synthesizing self-healing polymers.97,100,211-213
Urea serves as the hydrogen-bonding-containing chemical linker, and DETA is added to increase the H-bonding density in the system. The potential chemical structures of the final products are shown in Figure 36.214 Table 4 summarizes the molar ratio of each reactant, where the cross-link density is mainly controlled by the relative ratio of each reactant, where the cross-link density is mainly controlled by the relative ratio of PDMS-NH2-B, and the H-bonding density is well-tuned by the relative ratio of DETA addition. Between U-PDMS-SP2 and U-PDMS-SP1, U-PDMS-SP1 has a higher crosslink density than U-PDMS-SP2. Similarly, U-PDMS-SP3 has a higher crosslink density than U-PDMS-SP4, while the degree of H-bonding is comparable. Since urea is the only crosslinker in the system, the only difference between U-PDMS-SP4 and U-PDMS-SP5 is that U-PDMS-SP5 has a significantly increased H-bond density compared with U-PDMS-SP4.
Four possible H-bonding units could form during this urea-amine reaction36 as illustrated in Figure 35a. The supramolecular interactions between the H-bonding units in U-PDMS-SPs contribute significantly to the self-healing capabilities. Since the final products are chemically cross-linked, they are insoluble in common deuterated solvents, which prevents us from using 1H NMR spectroscopy for their structural analysis. As illustrated by the Fourier transform infrared (FT-IR) spectroscopy in Figure 35b, the normalized FT-IR absorption band corresponds to the C-Si bond at 1257 cm-1,36 and the absorption bands from 3511 cm-1 to 3120 cm-1 are attributed to the N-H stretching. The significantly increased intensity of these peaks in the U-PDMS-SPs compared with PDMS-NH2-B and PDMS-NH2-L indicates the formation of urea bonds in the final product. Meanwhile, the emerging new peaks at 1561 cm-1 (N-H bending) and 1740-1625 cm-1 (C=O stretching) also indicate the formation of carbonyl bonds.212,215 The peaks at 1632-1637 cm-1 (Amide I) and 1572-1574 cm-1 (Amide II) of U-PDMS-SPs represent amide bonds in the polymer (Figure 35a i, iii, iv).216 Signals at 1687 cm-1 indicate the presence of imidazolidone structure (Figure 35a ii).34 The thermogravimetric analysis (TGA) (Figure 35c) of the U-PDMS-SPs indicates good thermal stability overall without significant weight loss below 250 °C for all the U-PDMS-SP samples (Table 4). The samples with a lower chemical cross-linking density such as U-PDMS-SP4 and U-PDMS-SP5 degraded faster than other samples, which shows a notable difference in their weight losses of over 50% at 400 °C in comparison to only 25% for U-PDMS-SP1. Temperature-modulated differential scanning calorimetry (TM-DSC) was utilized to reveal the thermal property of the U-PDMS-SPs, see Figure 35d. Only a single transition was observed in samples from U-PDMS-SP1 to U-PDMS-SP4, which corresponds to the Tg of PDMS moiety. In addition, U-PDMS-SP5 shows another broad transition peak at ~4 °C, and this additional transition could be attributed to the phase of high NH2 group concentration that could facilitate physical cross-linking, in which similar 
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Figure 37. (a) Tensile test data of U-PDMS-SPs at the rate of 1 mm/s. (b) Demonstration of the extensibility of U-PDMS-SP4 while the sample was stretched by hand. (c) Hysteresis test result of U-PDMS-SP4 at the rate of 1 mm/s for 10 cycles. (d) Tensile data of healed U-PDMS-SP4 at different healing time. (e) Toughness recovery percentage of U-PDMS-SP4 at different healing times.[bookmark: Table4]Table 4. Physical properties of U-PDMS-SPs with different compositions.
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phenomenon is also observed in other H-bonding-rich PDMS polymers.217 The high density of H-bonding could facilitate the formation of physical clusters, which would require more energy to dissociate the clusters. Overall, the presence of single Tg in U-PDMS-SPs indicates that there is no significant phase separation in U-PDMS-SPs, which is also confirmed by small-angle x-ray scattering (SAXS) analysis (Figure 39) in which no peaks were discovered at q < 5 nm-1 in both U-PDMS-SP4 and U-PDMS-SP5. 
Mechanical Properties 
Rheology measurements were implemented to evaluate the viscoelastic property of the U-PDMS-SPs. As seen in Figure 35e and Figure 41, the U-PDMS-SPs show solid-like behavior with their storage modulus (G') higher than the loss modulus (G'') overall frequency range. The formation of numerous chemical and physical cross-links in the U-PDMS-SPs likely facilitates the transition from liquid-like starting materials to solid-like products. Comparing the G' of U-PDMS-SP1 and U-PDMS-SP2 (Figure 41a, b), we observed a one-order difference at the low-frequency range. The high G' of U-PDMS-SP1 could be explained by the higher ratio of branched PDMS (PDMS-NH2-B) which serves as the junction points in U-PDMS-SP1, thus, forming higher cross-link density. Similarly, compared with U-PDMS-SP2, a higher G' is observed in U-PDMS-SP3. Although the PDMS-NH2-B ratio is fixed, the addition of DETA introduces more H-bonding units into the U-PDMS-SP3 system. The additional H-bonding groups in U-PDMS-SP3 provide more physical interactions which afford a stronger material. In addition, by comparing U-PDMS-SP3 with U-PDMS-SP4, the lower chemical cross-linking density in U-PDMS-SP4 allows a reduction of the G'. In each U-PDMS-SP sample, we observed a plateau at the lower frequency region, which could be utilized to calculate the cross-link density by the following equation: 
        
where cx is the moles of cross-links per volume, G' is the plateau value of shear modulus, R is the gas constant, T is the temperature in Kelvin, ρ is polymer density, and Mx is the number-average molecular weight between the cross-links. As illustrated in Table 4, the U-PDMS-SP1 has higher chemical cross-linking density than U-PDMS-SP2, thus a shorter distance between crosslinks (Mx = 5.7 × 104 g/mol for U-PDMS-SP1 versus Mx = 8.6 × 105 g/mol for U-PDMS-SP2). U-PDMS-SP3 has more H-bonding units while having fewer chemical cross-links than U- PDMS-SP2, and the lower Mx in U-PDMS-SP3 (Mx = 1.5 × 105 g/mol) indicates that the physical interaction (H-bonding) also contributes significantly to the overall cross-linking density of the sample.
The mechanical properties of U-PDMS-SPs by tensile tests correspond well to their crosslinking densities. Following the ASTM D1708 protocols, all samples were pressed at 140 °C, and sample strips with a size of 50 mm × 5 mm × 0.3 mm were prepared. The sample strips were stretched at a rate of 1 mm/s until break, and at least three specimens were tested for accurate evaluation. As illustrated by the tensile test data shown in Figure 37a and Table 4, the U-PDMS-SP1 exhibits high rigidity and less flexibility than U-PDMS-SP2 due to dense chemical cross-links (Table 4), which is consistent with rheology results. For example, U-PDMS-SP1 shows over 5 times higher in Young’s modulus (0.28 MPa versus 0.05 MPa) with a lower strain (112.5% versus 411.9%). The addition of DETA in U-PDMS-SP3 compared to U-PDMS-SP2 introduces more H-bonding-based physical cross-linking. The additional H-bonding units significantly improve Young’s modulus, tensile strength, and toughness, while sacrificing 25% of elongation-at-break. Meanwhile, consistent with the rheology result, the lack of chemical cross-links in U-PDMS-SP4 compared with U-PDMS-SP3 renders reduced Young’s modulus. The U-PDMS-SP4 exhibits the highest elongation-at-break among all the samples. The high extensibility of U-PDMS-SP4 stems from the high molecular weights of flexible PDMS chains between cross-link points (Table 4). As illustrated by the hand-pulling test in Figure 37b, the U-PDMS-SP4 shows good extensibility, i.e., over four times its original length. Overall, the U-PDMS-SP4 exhibits the highest mechanical toughness among all the U-PDMS-SPs. Control on the density of chemical and physical cross-links can rationally tune the mechanical properties of U-PDMS-SPs, and the high toughness can be obtained by increasing physical cross-linking while incorporating adequate chemical cross-linking. The tensile properties of U-PDMS-SPs are comparable to PDMS-based elastomers.36,105,218-220 Further improvement of the tensile properties could be achieved by replacing the PDMS-NH2-B (5 mol% amine group) with PDMS containing a higher concentration of amine groups or incorporating other polymer matrixes or nanoparticles into U-PDMS-SPs. We also performed a hysteresis test to evaluate the elastic recovery of U-PDMS-SP4. As illustrated by the 10 cycles of hysteresis test in Figure 37c, the U-PDMS-SP4 exhibits good elastic recovery, 95.3% of the original stress remained after the first loading-unloading cycle, which is shown as the red curve in Figure 37c. The tensile stress loss for the following loading-unloading cycles is minimized, and the stress is maintained at 87.1% even after 10 cycles. The high elastic property of the U-PDMS-SP4 will facilitate other functionalities, such as the puncture-resistance property.
Self-Healing Properties 
A supramolecular polymer network containing multiple hydrogen bonding sites with a flexible PDMS backbone exhibits exceptional self-healing potential.36 The complex structure in the hydrogen bonding groups of U-PDMS-SPs resulted in a variety of binding energy between -16.4 and -18.2 kcal/mol.36 Once the damaged parts were brought into physical contact, those hydrogen bonds with low binding energy at the interface could rapidly rearrange and form new bonds between the damaged parts.34 The molecular design of U-PDMS-SPs with a high concentration of hydrogen bonding ensures sufficient hydrogen bonds could be formed rapidly to facilitate self-healing. The self-healing properties of U-PDMS-SP4 were evaluated due to its highest tensile strength and toughness among U-PDMS-SPs. U-PDMS-SP4 was prepared into specimens with similar geometry as the tensile test samples. After cutting the specimen into two separate pieces utilizing a razor blade, those pieces were brought into contact within 30 seconds, and the re-attached polymeric specimens were healed at 20 °C for different healing times. The healed specimens were tested by the same tensile test method (customized ASTM D1708). As seen in Figure 37d, U-PDMS-SP4 exhibits excellent room temperature self-healing properties, i.e., recovered strain value of 125% after only 2 minutes of healing from its original value of 528%. Such rapid self-healing is a synergistic effect of fast polymer dynamic from the soft PDMS backbone and rearrangement of hydrogen bonds.  After 16 hours of healing at room temperature, U-PDMS-SP4 almost fully recovered its tensile stress and extensibility. The healing dynamics were assessed by the recovery of toughness, where the recovered toughness was compared with the original toughness value (Figure 37e). The room temperature fast healing character of U-PDMS-SP4 indicates its autonomous self-healing capability without the need for elevated temperature or prolonged time. This autonomous self-healing feature is critical for multiple applications such as smart coatings, films, sensing devices, 3D printing, etc., where repairing by active healing is not ideal during their operation.115
Puncture-resistance and Adhesive Functionalities 
U-PDMS-SP4 further exhibits unique puncture-resistant properties during the puncture test. Following the ASTM D5748 method, the puncture resistance of stretch wrap film was measured by the crosshead speed of 250 mm/min. Following the ASTM D5748 standard, U-PDMS-SP4 was prepared into 200 μm thickness film with a diameter of 10 cm (Figure 40a), which covers the inner fitting of the fixture. As seen in Figure 40d, the U-PDMS-SP4 did not break during the puncture test since the crosshead reached its maximum travel distance. Furthermore, the sample was still maintained intact while the probe was disengaging. The energy of puncture was estimated based on the area of the curve, although the puncture of U-PDMS-SP4 film did not occur. The total energy to puncture is determined to be 327 mJ with a maximum force of 6.52 N at the probe travel distance of 14 cm (Figure 40b). The high energy value is due to the high displacement that dramatically increases the overall energy value. In terms of the energy to puncture, we compared it with the state-of-the-art result of tough polyurethane, where an extremely tough polyurethane exhibits energy to puncture of 532 mJ.221 Our soft, readily healable polymer U-PDMS-SP4 demonstrates a much higher displacement (>140 mm versus 50.6 mm) without breaking the sample, exhibiting energy to puncture at 327 mJ. The puncture energy value is expected to be much higher and most likely to be comparable to that of tough polyurethane (532 mJ)221 since the limitation is due to the testing apparatus. The other puncture-resistant self-healing materials report 216.4 mJ (tough polyurethane)208 and 69 mJ (soft conductive gel).133
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Figure 38. ATR-FTIR data of U-PDMS-SPs at the range of 1490-1710 cm-1.
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Figure 39. (a) SAXS data of U-PDMS-SP4. (b) SAXS data of U-PDMS-SP5. (c) Combined SAXS/WAXS data of background.
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Figure 40.  (a) Pictures showing U-PDMS-SP4 being loaded on the puncture fixture, the sample diameter is 12 cm. (b) Force and displacement data during the puncture test. (c) Front view of U-PDMS-SP4 loaded on the fixture. (d) Sample punctured without breaking till the limit of the fixture. (e) Sample maintained integrity during the withdraw of the testing rod. (f) Comparison between the lap shear strength and work of debonding data of scotch double-side tape and U-PDMS-SP4, each sample was tested four times after being reassembled within 1 minute after each test. (g) Peel test data of three different adhesives following ASTM C794 standard on aluminium (Al) and Teflon (PTFE) surfaces.

    




We also compared U-PDMS-SP4 with commercially available stretchable plastic food wrap film. U-PDMS-SP4 achieved nearly 75% of the puncture energy of the plastic food wrap film (443 mJ) while it broke early at a distance of 7 cm, which is half of U-PDMS-SP4 (Figure 42a). To obtain accurate values of the energy to puncture, we performed the same ASTM test on a customized sample holder with a sample diameter of 5 cm (see Figure 42c-g). As seen in Figure 42b, U-PDMS-SP4 was punctured after the probe reached the displacement of 14 cm (energy to puncture = 212 mJ). When compared with the food wrap film under the same testing conditions (energy to puncture = 215 mJ), the U-PDMS-SP4 demonstrated much higher displacement (140 mm versus 33 mm) and similar energy to puncture (212 mJ versus 215 mJ), although the maximum force is lower due to the reduced amount of polymer being utilized in the test. The great puncture-resistance property of U-PDMS-SP4 is facilitated by the synergistic effect of the high extensibility of the polymer chain and rapid self-healing properties. The formation of hydrogen bonds in U-PDMS-SP4 during the puncture test enhanced the resistance of puncture, which is beyond traditional polymer chain rearrangement. When U-PDMS-SP4 is compared with hydrogen-bond-free commercial Sylgard 184 silicon elastomer (tensile strength = 5 MPa, strain = 120%)178 for puncture-resistance property, U-PDMS-SP4 film absorbed 78% of the Sylgard 184’s puncture energy as a much weaker polymer with only 10% of Sylgard 184’s tensile toughness (Figure 42b). The incorporation of self-healing properties to puncture-resistant materials could significantly improve the operating window of such materials. The improved displacement during the puncture and higher energy absorption of U-PDMS-SP4 enables its potential application for usage as puncture-resistant self-healing materials including roofing membranes, adhesive films, and flexible electronics.
Since U-PDMS-SPs possess a high concentration of H-bonds, we hypothesized that they would form H-bonds with hydroxyl-terminated surfaces and exhibit adhesive properties. We performed a lap shear adhesion test on aluminum (Al) surfaces with an overlapped surface area of (12 mm × 12 mm) 144 mm2, following a modified version of ASTM D1002 at the rate of 2 mm/min to examine the adhesion property of U-PDMS-SP4 (Figure 43). Since the U-PDMS-SP4 was exposed to the indoor atmosphere for 6 months before testing, the presence of dust and other particles on the polymer surface was observed.222 For comparison, we chose commercially available scotch double-sided tape, and the same test was conducted. As seen in Figure 40f, although the lap shear strength of U-PDMS-SP4 (6.81 kPa) is lower than that of scotch tape (17.08 kPa), the U-PDMS-SP4 exhibited a significantly higher extension (>37 mm) than the commercial double side tape (0.28 mm) (Figure 44). This phenomenon is expected since the tensile strain of U-PDMS-SP4 exceeds 500%. In addition to the high extensibility, U-PDMS-SP4 was able to maintain adhesion during the extension. Figure 45d demonstrates that U-PDMS-SP4 kept holding the Al bars even after the bars were completely separated. Another intriguing adhesion characteristic of U-PDMS-SP4 is that it can be applied repeatedly while maintaining a similar level of adhesion. We performed a lap shear test four times on the same sample. The separated Al bars were put together within 1 minute after each test, and gentle pressure of 10-15 N was applied by a hand for 1 second. Figure 40f demonstrates the lap shear adhesion data of each cycle, then the work of debonding values were calculated. The pristine sample showed a work of debonding value of 26.3 N⋅mm while the fourth test showed a value of 24.9 N⋅mm. In contrast, the commercial double-side tape lost 75% of the work of debonding value to 0.12 N⋅mm after four times of tests (Figure 44). The U-PDMS-SP4 demonstrates outstanding reusability while providing similar adhesion compared with commercial double-sided tape. The presence of multiple H-bonding with fast dynamics in U-PDMS-SP4 is the key characteristic facilitating fast adhesion recovery. The multi-cycle adhesive reusability through rebinding by hand pressure presents the characteristics of pressure-sensitive adhesives (PSA).
To evaluate the peel strength of U-PDMS-SP4 and compare it with other representative PSAs such as post-it notes and masking tapes, peel tests following the ASTM C794 standard on Al and polytetrafluoroethylene (PTFE) surfaces were performed (Figure 45). The U-PDMS-SP4 was completely removable after the test (Figure 45b). Figure 40g demonstrates the adhesion property comparison between the blue masking tape from 3M, post-it notes, and U-PDMS-SP4, where their adhesion strength is 0.13, 0.09, and 0.40 N/mm on the aluminum surface, and 0.08, 0.07, and 0.15 N/mm on PTFE surface, respectively. The self-healable adhesive, U-PDMS-SP4, exhibits 2-4 times higher peel strength on Al and PTFE surfaces than those of reusable low-force adhesives. Furthermore, the durability of U-PDMS-SP4 as PSAs is higher than those commercial adhesives, we observed the smallest distributions of data between samples on U-PDMS-SP4 (Figure 40g), this is due to its expected higher tolerance to dust, as we reported in the other self-healing polymers.10 This unique character of recoverable and high extension adhesion could be utilized for adhesives at the interfaces where there’re significant movements or locations requiring multi-cycle temporal adhesion. One potential application for the U-PDMS-SPs is that it could serve as an adhesive for insulation materials such as roofing materials. With relatively low adhesion, U-PDMS-SPs could facilitate the reusing and recycling of the roofing materials, while the self-healing and puncture-resistance properties could maintain insulation after nail puncture during the installation process.
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[bookmark: _Hlk138212789]Figure 41. (a) Rheology test data curve of U-PDMS-SP1. (b) Rheology test data curve of U-PDMS-SP2. (c) Rheology test data curve of U-PDMS-SP3.
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[bookmark: _Hlk138212895]Figure 42. (a) ASTM D5748 puncture test data of commercial food wrap film sample. (b) Customized sample-sized ASTM D5748 puncture test data of commercial food wrap film sample and U-PDMS-SP4. (c) Top view image of food wrap film after customized D5748 puncture test. Picture of U-PDMS-SP4 (d) before, (e, f) during, and (g) at the end of customized D5748 puncture test. (h) Sylgard 184 silicon elastomer sample after puncture test.
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[bookmark: _Hlk138213003]Figure 43. Photo of the front and side view of the lap shear test sample.
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Figure 44. Lap shear test data of U-PDMS-SP4 (a) and scotch double-sided tape (b), the same specimen was tested four times.
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Figure 45. (a) Photo of blue masking tape, post-it note, and U-PDMS-SP4 applied on aluminum surface for peel test. (b) Photo of U-PDMS-SP4 during the peel test on aluminum surface and aluminum surface after the removal of the U-PDMS-SP4. (c) Photo of blue masking tape, post-it note, and U-PDMS-SP4 applied on PTFE surface for peel test. (d) Side view of U-PDMS-SP4 during the lap shear test.
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We developed a series of room temperature self-healable, mechanically tunable, puncture-resistant, and multi-cycle adhesive elastomers, which were successfully synthesized by scalable one-pot synthesis. Tuning the ratio of chemical and physical cross-links could tailor the mechanical properties of U-PDMS-SPs. The highly elastic U-PDMS-SP4 exhibited elongation-at-break over 500% and toughness of 0.6 MJ/m3 with 95.3% stress remaining after a hysteresis test of 10 cycles. Although U-PDMS-SP4 is considered a “soft” polymer due to relatively low tensile strength, its fast polymer dynamic enabled excellent room-temperature self-healing properties, exhibiting 24% of original strain recovery after being healed for only 2 minutes. After 16 hours of healing at room temperature, 90% of the original toughness was recovered. The U-PDMS-SP4 revealed excellent puncture-resistant properties, where it exhibited the highest displacement and comparable energy to puncture values compared with different types of commercial polymer films. The U-PDMS-SP4 further exhibited high displacement and maintenance of 95% adhesion energy after four cycles of lap shear tests. These designed self-healable polymers with high tunability, high elasticity, exceptional puncture resistance, and multi-cycle adhesion provide great potential for applications such as adhesive membranes, barrier membranes, self-healable coatings, or flexible devices with significantly improved lifetimes. For example, if the U-PDMS-SP is used as a self-healable adhesive for roofing shingles, it could be deployed at a wide temperature range simply by applying pressure, and its self-healability and puncture-resistance properties will minimize the damage against nails or the other physical objects during the installation process or over the course of life. The tunable design and versatility of the self-healing polymers in this study shed light on their wide usage in various applications, that require specific desirable functions such as puncture resistance or adhesion while providing a path for extended longevity of materials toward a sustainable society.  
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WELL-TUNABLE, 3D-PRINTABLE, AND FAST AUTONOMOUS SELF-HEALING ELASTOMERS
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[bookmark: C4Abstract]Abstract
[bookmark: C4Introduction]Self-healing elastomers provide extended longevity of functional materials, due to their unique adaptability and durability. However, a major scientific challenge remains in developing materials with a rapid healing process combined with decent mechanical properties and a relatively simple synthesis approach. Herein, we report a versatile self-healing elastomer design by incorporating two different hydrogen bonding containing monomers, i.e., 2-[[(butylamino)carbonyl]oxy]ethyl acrylate (BCOE) and 2-ureido-4[1H]pyrimidinone (UPy) functionalized ethyl methacrylate. Poly(BCOE-r-UPy)s are synthesized by reversible addition−fragmentation chain-transfer (RAFT) polymerization, and controlling the ratio of two monomers enables well-tunable mechanical properties with tensile strength ranging from 0.04 to 6.3 MPa and tensile strain up to 3,000%. The characteristic dissociation energy is calculated from a temperature dependence of terminal relaxation followed by subtracting the segmental relaxation. The rapid autonomous self-healing is achieved when the molar composition of Poly(BCOE-r-UPy) is tailored to BCOE/UPy = 99/1. The self-healing process is monitored in situ by a helium-ion microscope, and its macroscopic study using tensile tests indicates that Poly(BCOE-r-UPy1) with 1% molar ratio of UPy recovers 70% of its original toughness at ambient temperature within 10 min. 3D printing of Poly(BCOE-r-UPy) affords a self-healable 3D structure, demonstrating the adaptability of Poly(BCOE-r-UPy) for on-demand fabrication. The chapter demonstrates how to utilize molecular design to obtain an optimum structure that facilitates fast room-temperature self-healing.
Introduction
[bookmark: _Hlk132560580][bookmark: _Hlk132801777]The self-healing feature of human skin achieves restoration of functionalities within a few weeks, providing repeatable protection against injuries. Adopting the concept from nature, the integrated self-healability in synthetic polymers endows improved adaptability and longevity in various applications including coatings,223-225 electrodes,168,226,227 sensors,228-230 gas-separation membranes,36,231 and healable sealants,10,220 etc. There are two general approaches to achieve self-healability for polymeric materials. One approach typically introduces two reactive chemicals under physical confinement to the polymer matrix that could physically mix and react upon damage,232 and the product of those rapid chemical reactions could seal the void.233 Although such an approach is more accessible due to its long development history, its key drawback is its one-time healing feature along with some concerns about the complexity of packaging, which requires optimum isolation between reactants. Another approach, where polymer materials rely on the dynamic reversible bonds and efficient chain dynamics internally, provides a distinctive advantage of repeated healing. Such design of self-healable polymers consists of a broad range of variables,195,196,234-236  including types of reversible covalent bonds such as Diels–Alder reaction,143,144 reversible disulfide bond,108,115 and boronic esters122 along with noncovalent bonds, such as metal-ligand coordination,91 ionic bond,237-239 and hydrogen bonding (H-bonding).34,36,115
[bookmark: _Hlk132563676]Stretchable materials provide good adaptability against mechanical deformation. Such high-performance stretchable materials enable the development of attachable devices, flexible electronics, personal protection devices as well as healable materials for building envelope.240 Integration of self-healing character to a stretchable material is especially beneficial since it could dramatically increase their ductility and reliability.10,36,136 The advancement of stretchable self-healing materials shows great potential under multiple scenarios such as conductive materials,151,241 sensing devices,242,243 coatings,244 supercapacitors,134 sealants,10 and electronic skins,245 since self-healing materials could facilitate the recovery of functionalities by rebuilding physical contact between the damaged sections. Yet many reported materials still suffer from several drawbacks. Firstly, the low mechanical strength of most self-healing elastomers limits their utilization as a structural material.246,247 This is especially true for those autonomous self-healing elastomers that heal at ambient temperature, and their ultimate mechanical stress and modulus almost always reside in the range of kPa. On the other hand, mechanically robust self-healing elastomers typically require elevated temperatures or prolonged time at room temperature (RT) to achieve complete property recovery.98,223,248 Such trade-off between the rate of self-healing and mechanical strength deteriorates the product’s healing performance,195 since temperature beyond ambient temperature may not be easily obtained in many scenarios, such as building roofs and sealants, aerospace, and deep-sea devices. Additionally, self-healing time is equally critical during the evaluation of self-healing polymers. Although many results demonstrated almost 100% property recovery in hours, polymers with adequate property recovery at less than 30 min of healing time are still rarely reported. Thus, developing a rapid, autonomous self-healable elastomer with improved mechanical performance is highly desirable for many applications.249,250
Herein, we report a series of autonomous self-healable copolymer elastomers (ASCEs) with tunable mechanical properties via a facile copolymerization with monomers of different H-bond strengths, i.e., 2-[[(butylamino)carbonyl]oxy]ethyl acrylate (BCOE) and  2-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)ethyl methacrylate (UPy). With abundant H-bonding units and fast segmental dynamics, the copolymer Poly(BCOE-r-UPy) exhibits rapid, autonomous self-healability at ambient temperature, i.e., recovery of 70% toughness in 10 min. The in-situ self-healing process of Poly(BCOE-r-UPy) is successfully visualized by a helium ion microscope at micrometer level. The self-healing kinetic and molecular-level healing mechanisms are revealed by tensile test and broadband dielectric spectroscopy, respectively. In addition, the additive manufacturing of Poly(BCOE-r-UPy) to 3D objects is also conducted, and rapid self-healing of the damaged printed objects is demonstrated.
[bookmark: C4Experimental]Experimental
[bookmark: C4Experimental_1]Materials
All monomers and other chemicals were purchased from Sigma-Aldrich, the monomers were purified by passing a column containing 6 layers of alternating stacked inhibitor remover and basic Al2O3 powder. 
[bookmark: C4Experimental_3]  Polymer Synthesis
  Synthesis of MPA-UPy
A flame-dried 100 mL round bottom flask with a magnetic stir bar was utilized, 54.80 g (0.35 mol) of 2-isocyanatoethyl methacrylate (contains ≤ 0.1% BHT as inhibitor), 40.18 g (0.32 mol) of 2-amino-4-hydroxy-6-methylpyrimidine, and 30 mL of anhydrous dimethyl sulfoxide were added into the flask. The round bottom flask was sealed by a rubber stopper and was purged with continuous N2 flow during the reaction. The flask was submerged into a 140 °C oil bath for 25 minutes. After the reaction was completed, 100 mL of methanol was added into the flask, white solid-like precipitants were obtained. The white solid was collected and washed by 50 mL of methanol three times. The final product was obtained and dried under vacuum at 85 °C to remove all solvents.  
Synthesis of the Poly(BCOE-r-UPy)
The inhibitors in the 2-[[(Butylamino)carbonyl]oxy]ethyl acrylate monomer was removed by passing the monomer through a basic Al2O3/inhibitor remover mixed column prior to the polymerization. Detailed synthesis procedures of PBCOE-MPAU1 is shown below as example: a flame-dried 100 mL Schlenk tube with a magnetic stir bar was utilized, 44.75 mg (0.188 mmol) 2-(Butylthiocarbonothioylthio)propanoic acid, 10.0 g (46.46 mmol) of 2-[[(Butylamino)carbonyl]oxy]ethyl acrylate, 131.73 mg (0.47 mmol) of MPA-UPy, and 7.70 mg (0.047 mmol) of recrystallized azobisisobutyronitrile were added into the tube followed by 30 mL of anhydrous dimethylformamide (DMF). The tube was sealed by a rubber stopper and N2 was purged for 30 mins to remove the air inside the tube. Then, under continuous N2 flow, the tube was submerged in a 65 °C oil bath for 24 hours. After the reaction was completed, the polymer was precipitated into 300 mL of water in a 500 mL beaker under stirring. The yellow solid was collected and dissolved by 50 mL of ethyl acetate. Then the solution was precipitated into 300 mL of diethyl ether, this procedure was repeated for an additional cycle. After the complete removal of monomers by dialysis, the final product was obtained and dried under vacuum at 85 °C to remove all solvents. 
Polymer Characterizations
General Characterizations
1H Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker 400 MHz NMR spectrometer using CDCl3. Infrared (IR) spectra were obtained from a Nicolet iS50 FT-IR spectrometer (Thermo Scientific), and the scanning range was 4000 - 400 cm-1. Approximately 10 mg of each sample was weighted out to test on TGA Q50, TA Instrument. The samples were heated up to 800 °C from room-temperature at a heating rate of 20 °C/ min under a dry nitrogen atmosphere (flow rate: 40 mL/min). Thermal transitions of polymers were studied using modulated DSC (TA DSC 2500). The heating procedure was set to modulate +/- 1.00 °C every 60 seconds at the rate of 3 °C/min from − 30 to 150 °C.
Tensile analysis
Rectangular stripes prepared by melt-press at 160 °C, and films were cut into approximately (7.0 × 5.0 × 0.5) mm specimens for tensile analysis using an Instron 3343 Universal Testing System with 50 N load cell. Samples were elongated at the rate of 1 mm/s till break. The reported tensile properties were an average of a minimum of three samples. Hysteresis tests were conducted on a TA instrument DMA850 with similar sample specimens above. The sample was first elongated to 100% strain and then compressed to 0% strain at the same rate, 10 cycles were performed at the rate of 1 mm/s under ambient conditions. 
Rheology measurement
Small-amplitude oscillatory shear (SAOS) measurements of membrane samples were carried out on an AR2000ex rheometer (TA Instruments) with an angular frequency range from 10-1 to 102 rad/s using parallel plate geometry with a disk diameter of 4 mm. The temperature was controlled by an environmental test chamber filled with nitrogen. Prior to measurements, the sample was purged at 100 °C for 0.5 h under a nitrogen atmosphere to ensure thermal equilibrium was achieved. The samples were measured at a variety of temperatures ranging from Tg to 100 °C. The strain amplitude during the measurement was chosen to be in the range from 0.03% to 5% depending on the modulus level at different temperatures.
Dielectric measurement
Broadband Dielectric Spectroscopy (BDS) in the frequency range from 10−2 to 106 Hz were measured utilizing a Novocontrol system that includes an Alpha-A impedance analyzer and a Quatro Cryosystem temperature control unit. All samples were placed into a parallel plate dielectric cell made of sapphire and invar steel with an electrode diameter of 10 mm, and capacitance 3.3 pF with an electrode separation of 210 μm. The measurement started 10 K below the Tg. All the spectra were measured on heating. After each temperature increase, the samples were equilibrated for 10 min to reach thermal stabilization within 0.1 K.
Fittings of dielectric data
The  spectra were fit using one Havriliak-Ngami (HN) function plus conductivity, i.e.,
                                                                             (1)
Here  denotes the dielectric strength and  and  are the shape parameters.  indicates the vacuum permittivity, σ indicates the conductivity, and  is HN relaxation time which is related to the relaxation time at the loss maximum ():
                                                                 (2)
 is widely used as the characteristic relaxation time in polymeric materials.
[bookmark: C4Results]Results and Discussion
Synthesis of Self-healing Elastomers
Poly(2-[[(butylamino)carbonyl]oxy]ethyl acrylate) (Poly(BCOE)) is selected as the major polymer composition due to their weak and abundant hydrogen bonding, good thermal/chemical stability and sub-ambient glass-transition temperature (Tg ~ -3 oC).10 The low Tg of the obtained elastomers is important to enable fast chain mobility and maintain self-healing performance. A monomer with quadruple H-bonds, i.e., 2-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)ethyl methacrylate (MPA-UPy, Figure 46), is synthesized for copolymerization with BCOE, and its chemical structure is confirmed by 1H nuclear magnetic resonance (1H NMR) spectroscopy (Figure 47a).251 As shown in Figure 46, monomers with different H-bonding strengths, BCOE and MPA-UPy, are copolymerized at different molar ratios, i.e., 100:0, 99:1, 95:5, and 90:10. Herein, the ASCEs are distinguished by the molar percentages of MPA-UPy in the copolymer. For example, Poly(BCOE-r-UPy5) indicates that BCOE is copolymerized with MPA-UPy at a molar ratio of 95:5.
As illustrated by the 1H NMR spectrum of Poly(BCOE-r-UPy5), the characteristic peaks d and j in Figure 48a reveal the presence of both BCOE and MPA-UPy units, demonstrating a successful copolymerization process. The comparative integrations of peaks e and j are also utilized to determine the molar ratio of two monomer units in the obtained ASCE. As seen in Figure 48a, the ratio between peak e and j is 100:5, comparable with the feed ratio between BCOE and MPA-UPy of 95:5. The peak at 3388 cm−1 in the attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectra reflects the N−H stretching in the polymer, and the peak between 3000-2840 cm-1 is the characteristic peak of C-H stretching.   
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[bookmark: _Hlk138213356]Figure 46. (a) Synthesis of room-temperature self-healable random copolymer Poly(BCOE-r-UPy)s. (b) Demonstration of the simplified structure and H-bonding interactions of Poly(BCOE-r-UPy). (c) Self-healing process of Poly(BCOE-r-UPy).
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Figure 47. (a) 1H NMR spectrum of MPA-UPy. (b) TGA data of Poly(BCOE), Poly(BCOE-r-UPy1), Poly(BCOE-r-UPy5), and Poly(BCOE-r-UPy10).
[bookmark: C4Results_2]The peak at 1740-1625 cm-1 is attributed to UPy’s urea carbonyl group, while the peak at 1570 cm-1 is associated with C–N–H bending and C–N stretching of the amide II (1470–1570 cm-1) band.252,253
All of the Poly(BCOE-r-UPy) copolymers exhibit good thermal stability with less than 5% weight loss until 230 °C, as illustrated by the thermogravimetric analysis (TGA) (see Figure 47b). It is worth noting that the thermal stability of copolymers decreases slightly with an increased molar ratio of MPA-UPy, and the degradation temperature of Poly(BCOE-r-UPy10), which has the most UPy moiety among Poly(BCOE-r-UPy) copolymers, is comparable to the reported similar system.254 As illustrated by the differential scanning calorimetry (DSC) data in Figure 48c, all samples show a single glass transition temperature (Tg) ranging from -2.4 °C to 21.7 °C. Their low Tg values indicate high chain mobility at ambient temperature, benefiting autonomous self-healing capability along with stretchability. A higher concentration of MPA-UPy units renders the increase of Tg due to the higher density of quadruple H-bonds by UPy moieties that has significantly higher bond dissociation energy than typical H-bonding units (about 37.5 kJ mol−1 for quadruple H-bonds in UPy vs. < 15 kJ mol−1 for single hydrogen bonds).255,256 The increase in Tg is roughly proportional to the fraction of UPy units (Figure 48c), in agreement with the predictions of recent theoretical work on the role of stickers in associating polymers.70 Moreover, showing no peak in the SAXS data (Figure 48d) indicates the absence of significant phase separation in all of the Poly(BCOE-r-UPy) samples.257 This is consistent with the absence of a second Tg in the DSC data (Figure 48c). 
Mechanical Properties Evaluations
[bookmark: _Hlk108218698][bookmark: _Hlk132211800]During the rheology tests, the storage modulus (G') and loss modulus (G") were measured with a frequency sweep applied to the samples. The master curves are obtained by combining the data at different temperatures using the temperature-frequency superposition (Figure 49a) with the reference temperature of 298 K (25 °C). Without UPy units, the Poly(BCOE) exhibits a usual solid-like behavior with G' higher than G" at higher frequencies, whereas it exhibits liquid-like behavior with G' lower than G" at lower frequencies. With the incorporation of UPy moiety, G" and G' spectra shift to lower frequency due to slower segmental dynamics, and a rubbery plateau develops due to the appearance of temporal UPy crosslinks (Figure 49a). The level of rubbery plateau G'r could be utilized to calculate the cross-link density via the following equation258
                                                                                                        
where cx is the moles of cross-links per volume (Figure 49a), R is the gas constant, T is the temperature in Kelvin, ρ is polymer density, and Mx is the number-average molecular weight between the cross-links. The calculated crosslink density Cx and Mx of Poly(BCOE-r-UPy5) and Poly(BCOE-r-UPy10) are listed in Table 6.
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Figure 48. (a) 1H NMR data of Poly(BCOE-r-UPy5). (b) ATR-FTIR spectra of Poly(BCOE-r-UPy)s with different molar ratios of MPA-UPy. (c) DSC data of Poly(BCOE-r-UPy)s. (d) Combined SAXS/WAXS spectra of Poly(BCOE) and Poly(BCOE-r-UPy)s with different molar ratios of MPA-UPy.


[bookmark: _Hlk108218641][bookmark: Table5]Table 5. Combined physical properties of Poly(BCOE) and Poly(BCOE-r-UPy)s.
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Figure 49. (a) Storage modulus (G', closed symbols) and loss modulus (G", open symbols) (reference temperature = 25 °C) of Poly(BCOE) and Poly(BCOE-r-UPy)s. (b) Tensile data of Poly(BCOE) and Poly(BCOE-r-UPy)s. (c) Photo of Poly(BCOE) during tensile test (>3,000% tensile strain).







[bookmark: Table6]Table 6. The molar ratio between CTA and each monomer, calculated molecular weight (based on RAFT polymerization), G', Cx, and Cx of Poly(BCOE) and Poly(BCOE-r-UPy)s.
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Tensile tests of Poly(BCOE-r-UPy)s were performed by testing the dog-bone-shaped specimens following the ASTM D1708 method. As seen in Figure 2b, with an increase in MPA-UPy moiety ratio, the Poly(BCOE-r-UPy)s exhibit higher Young’s modulus and ultimate tensile stress while reducing the elongation-at-break. Consistent with the rheology result, Poly(BCOE) is extremely soft and ductile with Young’s modulus of only 300 Pa and elongation-at-break over 5,000%. With increased UPy fraction from 1 mol% to 10 mol%, Young’s modulus of Poly(BCOE-r-UPy)s increases from 0.3 MPa to 33.2 MPa (Table 5). The increase in Young’s modulus is contributed by the increase in crosslink density through more UPy units, and by slowing down of segmental relaxation (higher Tg, Table 5). Also, the reduced extensibility can be explained by the increased UPy moiety, rendering higher crosslink density with a slower bond rearrangement. Compared with H-bonding groups in BCOE units, the UPy bonds have higher resistance to dissociate and rearrangements due to their higher activation energy.259 Thus, a trade-off between the ultimate tensile stress, Young’s modulus, and elongation-at-break is observed for Poly(BCOE-r-UPy)s. For example, Poly(BCOE-r-UPy10) exhibits high rigidity and relatively low extensibility with Young’s modulus of 33 MPa, and elongation-at-break of 49.6%. The overall toughness of Poly(BCOE-r-UPy)s is not linearly related to the MPA-UPy ratio, and poly(BCOE-r-UPy1) exhibits the highest toughness of 9.0 MJ/m3. The mechanical properties of Poly(BCOE-r-UPy)s could be well-tuned to satisfy different demands by simple control of their composition by tailoring the feed ratio of MPA-UPy over BCOE. 
Self-healing Performance 
Since both BCOE and MPA-UPy units contain H-bonding and each individual component of the copolymer has been examined to possess self-healing properties,10,246,260 it is predictable that these polymers could undergo a self-healing process at certain conditions. During the mechanical testing, we observed that all samples showed some elastic recovery behavior during elongation process. The hysteresis data of Poly(BCOE-r-UPy5) also demonstrates 55% of remaining tensile stress after 10 successive loading-unloading cycles (see Figure 52). Considering the previous demonstration that cross-linked elastomer after local rupture could return to its initial equilibrium shape to facilitate self-healing process,74,261 we anticipate such elastic recovery behavior may also affect the self-healing properties of Poly(BCOE-r-UPy)s. The elastic recovery at ambient temperature is primarily contributed by the UPy moieties that introduce strong physical cross-links to the system, which is consistent with previous statement that stronger dynamic bonds is more responsible for elastic recovery at low strain values.201,262 An optical microscope was first utilized to examine the healing capability of Poly(BCOE-r-UPy)s. As illustrated in Figure 50a, the deep razor blade cut on Poly(BCOE-r-UPy1) sample was completely repaired after one day at room temperature (20 °C), demonstrating its rapid room-temperature self-healability. To compare the healing behavior between Poly(BCOE) and Poly(BCOE-r-UPy1), a razor blade was utilized to apply damage on the sample surfaces as shown in Figure 50b. The razor blade cut on Poly(BCOE-r-UPy1) almost diminishes after 5-minute healing at 30 °C, while the scratch remains with smoothed edges for sample Poly(BCOE), indicating a superior healing efficiency of Poly(BCOE-r-UPy1).
Helium ion microscope (HIM) is an imaging technology utilizing a scanning helium ion beam,263,264 and herein, it is utilized to conduct the in situ observation of the self-healing process of Poly(BCOE-r-UPy1). As illustrated in Figure 50c, a 15 μm × 30 μm cut was made by a razor blade on Poly(BCOE-r-UPy1) film, whose healing process is monitored continuously. The sample showed significant healing progress after 15 min, and the void disappeared completely in 60 minutes. The utilization of HIM to continuously monitor the self-healing process of elastic polymers at the micro-scale provided high-resolution tracking. Overall, Poly(BCOE-r-UPy1) is self-healable towards physical scratch with a scale from 15 μm to 1 cm within 15 min at ambient temperature.
[bookmark: _Hlk137257944]Quantitative analysis of self-healing kinetics is conducted by comparing the tensile properties between the pristine sample and healed sample at different healing times. The mechanical properties evaluations were all performed at ambient temperature for fair comparison even for those examples healed at elevated temperatures.34,116 At room temperature, 18 h is required to obtain fully recovered mechanical properties, including Young’s modulus, elongation-at-break, ultimate tensile strength, and toughness (see Figure 51a). The self-healing kinetics of Poly(BCOE-r-UPy1) and Poly(BCOE-r-UPy5) are studied by calculating their comparative toughness with pristine samples, and a recovery percentage is obtained for each sample at different healing times (see Figure 51b). Poly(BCOE-r-UPy1) outperforms Poly(BCOE-r-UPy5) in terms of the healing efficiency at 20 °C: Poly(BCOE-r-UPy1) achieves more than 95% healing efficiency after 18 h, while Poly(BCOE-r-UPy5) achieves only 60% healing efficiency with the same time length. With much higher activation energy than single H-bonding units,259 UPy crosslinks require more energy and time to dissociate and rearrange. We also examined the self-healing properties of Poly(BCOE-r-UPy1) at 40 °C to unravel the healing properties at elevated temperatures. We discovered that Poly(BCOE-r-UPy1) recovered nearly 90% of its original toughness after 30 mins of healing (Figure 54), which has been significantly accelerated by faster segmental dynamics and UPy-bonds rearrangements. We noticed that although over 90% of the toughness was recovered after 30 mins of healing, the tensile strength and modulus were not fully recovered, the reason that while the healing was conducted at 40 °C, the tensile testing was still conducted at 20 °C immediately after healing due to instrumental limitation, thus, the residual heat introduced a softening effect to the mechanical properties. The sample with a higher concentration of UPy contents such as Poly(BCOE-r-UPy5) requires more time for mechanical recovery. Moreover, due to higher Tg, the segmental dynamics of Poly(BCOE-r-UPy5) at RT are significantly slower than that of Poly(BCOE-r-UPy1), also contributing to a slower self-healing rate at room temperature. Another aspect to interpret the self-healing behavior is to compare their flowability.
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Figure 50. (a) Photograph of damaged and healed (4h, 24h) Poly(BCOE-r-UPy1) sample at 20 °C. (b) Optical microscope images demonstrating the healing process of Poly(BCOE) and Poly(BCOE-r-UPy1) against cut by a razor blade. (c) Helium-ion microscope images, demonstrating the healing process of Poly(BCOE-r-UPy1) against cut by a razor blade.
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[bookmark: _Hlk138214747]Figure 51. (a) Tensile data of Poly(BCOE-r-UPy1) and cut sample with  different healing time. (b) Healing efficiency of Poly(BCOE-r-UPy1) and Poly(BCOE-r-UPy5) at different healing time. (c) Photo demonstration of self-healability of Poly(BCOE-r-UPy1) at room temperature. (d) Pictures showing the healing process of 3D-printed Poly(BCOE-r-UPy5) sample.
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Figure 52. Room-temperature hysteresis test data of Poly(BCOE-r-UPy5) after 10 cycles at the rate of 1 mm/s.
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Figure 53. (a) Comparison of the toughness recovery percentage and healing time of the Poly(BCOE-r-UPy1) with recently reported self-healable polymers. (1, ref. [34]; 2, ref. [116]; 3, ref. [98]; 4, ref. [136]; 5, ref. [241]; 6, ref. [269]). (b) Healing properties of Poly(BCOE-r-UPy1) at 313 K compared with other self-healing polymers.195
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[bookmark: _Hlk138215116]Figure 54. Tensile properties recovery of Poly(BCOE-r-UPy1) sample under different healing times at 40 °C.
[bookmark: _Hlk132854095][bookmark: _Hlk132906725]As seen in Figure 49a, the terminal relaxation time differs ~1000 times between UPy1 and UPy5 systems, indicating a significantly higher flowability of Poly(BCOE-r-UPy1). At 20 °C, the Poly(BCOE-r-UPy1) exhibits superior self-healing performance than Poly(BCOE-r-UPy5) and Poly(BCOE-r-UPy10), because Poly(BCOE-r-UPy1) is below the gel point, while the Poly(BCOE-r-UPy5) and Poly(BCOE-r-UPy10) are above the gel point. The high flowability of Poly(BCOE-r-UPy1) enables such room-temperature self-healing performance. For Poly(BCOE-r-UPy5) and poly(BCOE-r-UPy10), since the polymer segments could not move sufficiently, they do not self-heal well at 20 °C. Higher flowability of the polymer has significant impact on the self-healing kinetics (Figure. 4b). Therefore, 70% recovery in Poly(BCOE-r-UPy1) is achieved and ~500 times faster than in Poly(BCOE-r-UPy5), which agrees with the comparative terminal relaxation time of these samples (~ 3 orders difference, Figure 49a). Aside from flowability of polymer chain, construction of efficient supramolecular network via addition of UPy moiety is also vital for self-healability considering the fact that the Poly(BCOE-r-UPy1) shows superior self-healability than Poly(BCOE).265 The self-dimerization of UPy occurs easily with a dimerization constant up to the level of 107 M–1.259,266,267 Such high association constant facilitates the healing process.213,268 By tuning the moiety ratio of UPy moieties that affects Tg, we obtained the samples with balanced self-healing ability and mechanical performance, i.e., Poly(BCOE-r-UPy1) and Poly(BCOE-r-UPy5).
[bookmark: _Hlk132333976][bookmark: _Hlk132333789]The toughness recovery (%) against time (mins) of Poly(BCOE-r-UPy1) is compared with other reported self-healable polymers based on H-bonds (Figure 53).34,98,116,136,241,269 For example, Leibler and coworkers developed a self-healing elastomer with room-temperature healability, and it recovered 5.3% of original toughness in 15 minutes of healing and achieved almost full recovery after 3-hour healing.34 Our Poly(BCOE-r-UPy1) exhibits exceptionally fast self-healing capability with more than 70% toughness recovery in 10 min, outperforming a series of recently reported H-bonding facilitated self-healable polymers that typically require 4-24 hours for 70% of toughness recovery at room temperature. This suggests that, in terms of healing efficiency, Poly(BCOE-r-UPy1) is one of the fastest H-bonding facilitated autonomous self-healable polymers. We also compared the healing properties of Poly(BCOE-r-UPy)s with other healable polymers in a log–log plot with over 90% of mechanical recovery.195 As illustrated in Figure 53b, Poly(BCOE-r-UPy1) exhibits good balance between the tensile strength and healing rate, which is comparable or superior to other state-of-the-art (blue trend line) self-healing materials. 
[bookmark: _Hlk132802916][bookmark: _Hlk132214256]Additive manufacturing (AM) is an emerging technique due to its multiple advantages over traditional subtractive manufacturing such as computer numerical control (CNC) machining, customized on-demand manufacturing in a rapid manner from the design to finish as well as less waste. One of the most developed AM techniques is fused deposition modeling (FDM), where thermoplastics such as acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) are melted and extruded to obtain target objects.270 AM of dynamically crosslinked polymers is an emerging concept due to their mechanical robustness, solvent resistance, good recyclability, and self-healability.62,271-273 To investigate the potentials on printing a self-healable 3D object, we utilized Poly(BCOE-r-UPy5) for AM due to its good mechanical strength (ultimate tensile strength, 2.55 MPa) as well as high extensibility (strain, 232%) and flow behavior at high temperature. As shown in Figure 51d, an AM process is demonstrated with a butterfly-shaped product on the surface in a commercially available 3D printer. The completely cut sample exhibits a self-healing character after a 5-minute healing process at room temperature. The printing result indicates that the Poly(BCOE-r-UPy5) fits the criteria of FDM feed materials, which can be utilized in multiple 3D printing scenarios. The demonstration of FDM on readily self-healable elastomers sheds light on custom-designed intricate 3D objects possessing self-healing capability. With the characteristics demonstrated above, we anticipate this Poly(BCOE-r-UPy) copolymer could be well utilized as a sealant against water leakage, as it fits the criteria of room-temperature healability and fast mechanical recovery. A demonstration of such capabilities is shown in Figure 57, the Poly(BCOE-r-UPy1) sample healed for only 5 mins and exhibits similar sealing and protecting nature against the water droplet as the pristine sample. 
Dynamic Studies for Self-healing Mechanism
The self-healing process is enabled by the formation of a bridge through reversible dynamic bonds across the interface of fracture, and such a process requires the transient network rearrangement with timescale controlled by the bond dissociation energy. Thus, it is of paramount importance to estimate and understand microscopic dynamics, i.e., how dynamic bond dissociation and its energy barrier result in the network rearrangement. When estimating bond dissociation energy, it is imperative to consider the segmental dynamics which provides the prerequisite for bond rearrangement.56,274 Thus, broadband dielectric spectroscopy (BDS) was employed to study the segmental dynamics of the Poly(BCOE-r-UPy5) as an example. Only one relaxation process was observed in the dielectric loss () spectra, followed by the conductivity contribution at lower frequencies (Figure 55a). The fitting method is described in SI. The eq. S1 describes the spectra well, and example of the fit of  spectra is shown in Figure 56. The so obtained  was fit to the VFT equation,
                                                                                      (2)
in which ,  and  are 3 free fit parameters. The temperature at which extrapolated  reaches 100 s, agrees well with Tg measured by DSC, indicating that the measured dielectric process results from the segmental motion, i.e., α relaxation process. 
The terminal relaxation time () indicating network rearrangement is acquired from the crossover of G' and G" in the master curve of shear modulus (Figure 49a). The temperature dependence of  was acquired in the limited temperature range when the crossover was in the measurable frequency window, still using time-temperature superposition (TTS) for higher accuracy. 
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[bookmark: Fig56][image: A picture containing text, diagram, line, font

Description automatically generated]
Figure 56. Fitting of BDS spectra of Poly(BCOE-r-UPy5) sample.
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Figure 57. Photo of (a) Poly(BCOE-r-UPy1) sample in pristine (bottom) and healed for 5 mins after complete cut (top) conditions. (b) Dye droplet applied to Poly(BCOE-r-UPy1) samples. (c) Side view focused on the pristine sample with dye droplet. (d) Side view focused on the healing sample with dye droplet.


[bookmark: Fig58][image: Chart

Description automatically generated]
Figure 58. Healing efficiency of Poly(BCOE-r-UPy1) and Poly(BCOE-r-UPy5) at different healing times (linear scale).

To estimate the bond dissociation energy,  was analyzed through the following equation by considering segmental  as a pre-factor77:
                                                    (3)
In the fitting, , ,  were fixed based on the VFT fitting of the segmental relaxation (Figure 55b), and Ea, the activation energy, was the only free fit parameter. The fit to the eq.3 describes  well (Figure 55b), indicating that both the segmental dynamic and the energy barrier from transient bond dissociation contribute to the bond dissociation process. The activation energy Ea was estimated at ~ 37.5 kJ/mol, which is a typical dissociation energy for UPy functional groups and roughly corresponds to the dissociation energy of four H-bonds. 
[bookmark: C4Conclusion]Conclusions
A series of self-healing polymers, Poly(BCOE-r-UPy)s are developed by copolymerization of controlled ratios between BCOE and MPA-UPy monomer by RAFT polymerization. Tuning the ratio between the two different monomers in Poly(BCOE-r-UPy)s provides varied H-bonding forces and allows good control of the mechanical properties and self-healing capabilities. Both segmental dynamic and energy barrier from transient bond dissociation contribute to the bond dissociation process. The hydrogen-bonding units provide temporary crosslinks with characteristic dissociation energy ~37.5 kJ/mol, which is calculated from temperature dependence of terminal relaxation  (from the crossover of G' and G" in the master curve of shear modulus), followed by subtracting the segmental relaxation τα (obtained from BDS). Adjusting the Tg of copolymers through controlled concentration of UPy units, leads to Poly(BCOE-r-UPy)s with high chain mobility, which significantly improves the self-healing capability. In situ microscopy analysis by HIM confirmed the 15-min healability of Poly(BCOE-r-UPy) at a scale of 15 μm. The self-healing kinetics of Poly(BCOE-r-UPy)s are studied by calculating their toughness recovery in comparison to the pristine samples. The Poly(BCOE-r-UPy1) sample achieves an overall mechanical toughness recovery of 70% within 10 min of healing process, superior to the reported H-bonding facilitated self-healable polymers. The 3D printing capability of Poly(BCOE-r-UPy5) was also demonstrated, and the 3D printed object could undergo a room-temperature self-healing process. 
The combination of different types of H-bonding units to facilitate self-healing is demonstrated to be a practical pathway to fabricate self-healable polymers with controllable properties. An insight into the structure-property relationship is delivered with rational physical analysis, which will provide important guidance for analyzing the dynamics of self-healing materials. The fast, room-temperature self-healable, 3D-printable Poly(BCOE-r-UPy)s exhibit important design parameters for future fabrication of functional membranes, sealants, coatings, and devices with repairable properties.

[bookmark: C5Upcycling]CHAPTER V
TOUGH SELF-HEALING POLYMERS WITH HUMIDITY CONTROLLED HEALING PROPERTIES
[bookmark: C5Abstract]Abstract
The demand for readily repairable materials catalyzes the explorations of intrinsically self-healable polymers. Utilizing a variety of driving forces, intrinsic self-healable polymers could achieve on-demand and fast healing properties. Although achieving high toughness and fast recovery is still a challenging topic, many researchers have presented studies to achieve this goal. In this work, we report self-healing copolymers containing PDMS segments and thiourea segments, exhibiting switchable properties with humidity. The copolymer facilitates a tough self-healable polymer at moderate humidity level, while a fast healable polymer at high humidity level, where the reversible switchable properties are attained by controlling humidity level. The polymer PETU-PDMS0.2 exhibits a tensile strength of 12.6 MPa and a toughness of 65.8 MJ/m3. This polymer could maintain its mechanical properties at 40% RH. When the humidity increases to 80% RH, the polymer becomes soft and fast healable, where its mechanical properties can fully recover within 10 mins. When the RH value reverts to 40%, the mechanical properties recover to the original value. This chapter reveals a potential pathway to obtain polymers with high mechanical performance and fast self-healing simultaneously. 
[bookmark: C5Introduction]Introduction
Materials that possess the ability to repair themselves have been presented as important next-generation functional materials with extended longevity. Traditional materials, while serving their intended purposes admirably, often suffer from inherent weaknesses in their longevity. The occurrence of cracks, fractures, and damage due to external forces or environmental factors can compromise their structural integrity and limit their useful lifespan. Self-healable materials offer a transformative solution to these challenges by possessing the capability to autonomously repair and restore themselves, mitigating the need for costly and time-consuming repairs or replacements. These self-healable materials, inspired by nature's ability to mend itself, hold immense promise for a wide range of applications across various industries. From enhancing the longevity and durability of everyday objects to revolutionizing infrastructure and advancing cutting-edge technologies, there is a significant importance of developing strong self-healable materials.
The importance of self-healable materials becomes evident when considering their potential applications. In the aerospace industry, for instance, where safety and reliability are paramount, the ability of aircraft components to self-heal would significantly enhance their structural integrity and decrease the risk of catastrophic failures. Good mechanical properties and fast self-healing in a healable system are mostly two controversial aspects since there’s a tradeoff between these properties.195 To obtain high toughness and fast healable properties, new polymer design is crucial. Herein, we report a self-healable copolymer with high toughness while maintaining its healability with the assistant of water vapor. Thiourea structure was utilized as the main building block for the polymer while PDMS was chosen to modify the chain rigidity of the polymer to facilitate high toughness. The concentration of PDMS significantly affects the polymer’s hydrogen bonding structure. Nevertheless, the introduction of PDMS ultimately changed the polymer’s sensitivity to water vapor, at certain relative humidity (RH) value, with less than 10wt% water absorption, the copolymer is dramatically softened and exhibits fast repair. While the environmental moisture level decreases, the polymer will recover its high mechanical toughness. Such switchable properties could fulfill the demand for high toughness polymers with rapid healing properties.
[bookmark: C5Experimental]Experimental
[bookmark: C5Experimental_1]Materials
Unless otherwise noted, all reagents were purchased from Aldrich and Tokyo Chemical Industry (TCI). Aminopropyl-terminated polydimethylsiloxane with labeled molecular weight (Mn) of 900 and 3000 g/mol were obtained from Gelest, Inc. All chemicals were used as received.
[bookmark: C5Experimental_3]Polymer Synthesis
For PETU synthesis, 5 mL DMF was used to dissolve 2,2′-(Ethylenedioxy)bis(ethylamine) (3.1 g, 21 mmol), then a 5 mL DMF solution of 1,1′-thiocarbonyldiimidazole (3.56 g, 20 mmol) was added dropwise to the previous solution, the mixture was stirred for 24 h at 25 °C. 20 mL of chloroform was added to the solution to reduce the viscosity, then the mixture was poured into 300 mL of Et2O. This procedure was repeated twice. The precipitation was collected by centrifugation, and the precipitate was dried in a vacuum oven at 100 °C for 24 h.
For PETU-PDMS0.2 synthesis, 5 mL DMF was used to dissolve 2,2′-(Ethylenedioxy)bis(ethylamine) (3.1 g, 21 mmol), 5 mL of CHCl3 was used to dissolve PDMS-NH2 (252 mg, 0.084 mmol), then the solution was mixed. After thoroughly mix the solution, a 5 mL DMF solution of 1,1′-thiocarbonyldiimidazole (3.56 g, 20 mmol) was added dropwise to the previous solution, the mixture was stirred for 24 h at 25 °C. 20 mL of chloroform was added to the solution to reduce the viscosity, then the mixture was poured into 300 mL of Et2O. This procedure was repeated twice. The precipitation was collected by centrifugation, and the precipitate was dried in a vacuum oven at 100 °C for 24 h.
[bookmark: C5Experimental_4]Polymer Characterizations
1H Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker 400 MHz NMR spectrometer using DMSO-d6. Infrared (IR) spectra were obtained from a Nicolet iS50 FT-IR spectrometer (Thermo Scientific), and the scanning range was 4000-400 cm-1. For Thermogravimetric analysis, approximately 10 mg of each sample was weighted out to test on TGA Q50, TA Instrument. The samples were heated up to 800 °C from room-temperature at a heating rate of 20 °C/ min under a dry nitrogen atmosphere (flow rate: 40 mL/min). Thermal transitions of polymers were studied using modulated DSC (TA DSC 2500). The heating procedure was set to modulate +/- 1.00 °C every 60 seconds at the rate of 3 °C/min from − 30 to 150 °C. Tensile analysis was performed using an Instron 3343 Universal Testing System with 50 N load cell. The rectangular stripes were prepared by melt-press at 150 °C, and films were cut into approximately (7.0 × 5.0 × 0.5) mm specimens for samples were elongated at the rate of 1 mm/s till break.
Results and Discussion 
Polymer Synthesis
Poly(Ether-thiourea) was selected as the main polymer component for the following reasons: Strong physical interactions between this polymer chains resulted in a polymer with strong mechanical properties (Stress = 40 MPa, Strain = 15%), this polymer exhibits amorphous despite containing a large number of thiourea units connected by hydrogen bonds. Amine-terminated polydimethylsiloxane (PDMS) is selected as the additional polymer composition due to its similar amine end-group with the amine compound that formed poly(Ether-thiourea), providing good compatibility with the existing system. PDMS also has good thermal/chemical stability and low glass-transition temperature (Tg ~ -123 °C),36 and such low Tg enable high chain mobility and ultimately improve the self-healing performance of the polymer at ambient temperature. As shown in Scheme 1, building blocks, 2,2′-(ethylenedioxy)bis(ethylamine) (EDEA), an Aminopropyl-terminated polydimethylsiloxane (PDMS-NH2), and 1,1′-thiocarbonyldiimidazole (TCDI), were copolymerized at different molar ratios, i.e., 105/100, 103.95/1.05/100, 101.85/3.15/100, and 99.75/5.25/100. For example, PETU-PDMS0.2 indicates that the molar concentration of PDMS-NH2 is 0.2% among all molecules that contain amine groups.
As illustrated by the 1H NMR spectrum (Figure 60): δ 2.80 (br, CH2NH2), 3.42–3.59 (br, CH2O, C(S)NHCH2), 7.50 (br, C(S)NH). The chemical structure of PETU is confirmed. For PETU-PDMS samples, the addition of signals at 0 ppm confirms the successful attachment of PDMS segments. The molar ratio of PDMS segments is determined by comparing the integration of peak at 7.5 ppm for N-H group and 0 ppm for Si-CH3 group. The ATR-FTIR spectra in Figure 61 also confirms the insertion of PDMS blocks. The IR peaks at 792 cm-1 refers to Si-C stretching in Si-CH3, which is not shown in PETU spectrum.275 The broad vibrational bands at around 3300 and 3065 cm–1 are contributed by the N-H bond in the PETU and PETU-PDMS systems. The peak at 3300 cm–1 can be assigned to the N-H stretching signal, the peaks at 3065 cm–1 are from the N-H deformation vibration, which specifically belongs to nonlinear hydrogen bonds from thiourea units.
Mechanical Properties 
Tensile properties of PETU and PETU-PDMS samples were examined by conducting tensile analysis following ASTM D1708 standard. All samples were prepared after being completely dried under vacuum. Data for each sample represents the average of at least three specimens. As seen in Figure 62, the sample PETU exhibits the highest modulus (779.8 MPa) and tensile strength (24.5 MPa). Such high modulus is due to two reasons: the high concentration of 
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Figure 59. Scheme of the synthesis process of PETU-PDMS.
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Figure 60. 1H NMR data of PETU and PETU-PDMSs.
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Figure 61. ATR-FTIR data of PETU and PETU-PDMSs.
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[bookmark: Fig62]Figure 62. Tensile test data of PETU and PETU-PDMSs.

[bookmark: Table7]Table 7. The molar ratio between thiol moiety and PDMS-NH2, tensile properties of PETU and PETU-PDMSs.
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[bookmark: C5Results_2]hydrogen bonds significantly increased the energy to deform the sample, and the zigzag hydrogen-bonded array formed by the thiourea structure that does not crystallize.98 The introduction of PDMS-NH2 segments made a clear impact on the mechanical properties of PETU. Only 0.2% of ether moiety replaced by PDMS, the PETU-PDMS0.2 has a reduced modulus (356.9 MPa) and tensile strength (12.6 MPa) compared to PETU. Such properties are anticipated since the introduction of PDMS has decreased the concentration of hydrogen bonds and increased the flexibility of the polymer backbone, thus, the deformation energy to overcome aligned hydrogen bonding also decreased. The addition of PDMS has a more noticeable impact on samples with higher PDMS concentrations. For example, PETU-PDMS0.4 only presents a modulus of 35.3 MPa and tensile strength of 2.4 MPa. In terms of extensibility, the incorporation of PDMS dramatically increased the extensibility of PETU, which corresponds with the flexible characteristics of PDMS. However, after the concentration of PDMS reached beyond 0.3%, the extensibility of PETU-PDMS is sabotaged by the relative high concentration of PDMS. During the elongation, polymer chains tend to rather slip, and they lack the formation of new hydrogen bonds pairs, leading to the decrease on extensibility. PETU-PDMS0.2 reached the highest toughness among all samples, 65.8 MJ/m3, which is over 80 times higher than that of the original PETU (0.8 MJ/m3). Such an increase indicates an optimized balance between high concentration of hydrogen bonds and flexible backbone material. Such a strategy is commonly utilized in preparation of tough polyurethane materials, yet the results are still surprising for such a small amount of PDMS could significantly improve the mechanical properties of PETU.
Self-healing Properties
In previous studies, the self-healing characteristics of PETU were examined after being compressed.98 Herein, we managed to mend two polymer films directly at the damaged cross section. Upon testing, we noticed that for PETU-PDMS0.2 and PETU-PDMS0.3, they were barely healable at room temperature when they were completely dry. Thus, we conducted the healing test for PETU-PDMS0.2 at 40 °C, and the results are shown in Figure 63. After 18 hours, PETU-PDMS0.2 almost fully recover its extensibility and 25% tensile strength without applying pressure. The hydrogen bonds in PETU-PDMS0.2 are the main driving factors for such self-healing behavior. 
We discovered that the moisture content plays a significant role in the self-healing process for these PETU-PDMS materials. After the sample has been exposed to the high moisture environment, the tensile as well as self-healing properties of PETU-PDMS changed dramatically. We examined the mechanical properties and healing properties of PETU-PDMS0.2 at different RH. PETU-PDMS0.2 was stored in an environmental chamber at 20 °C with 40% RH and 80% RH for 2 days. The samples were then immediately measured for water uptake and tensile properties. At 20 °C with 40% RH, the water uptake of PETU-PDMS0.2 is less than 1 wt.%, indicating a minimum water uptake. Meanwhile, the mechanical properties of PETU-PDMS0.2 at 40% RH are also very similar to the dry sample. We also conducted a healing test of 
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[bookmark: Fig63]Figure 63. Tensile test data of pristine and 40 °C-healed PETU-PDMS0.2.
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[bookmark: Fig64]Figure 64. Photo of (a) Dry PETU-PDMS0.2 being attached after break with water droplet added on top. (b) PETU-PDMS0.2 healed for 30 mins at 20 °C. (c) PETU-PDMS0.2 being cut and attached after stored at 40% RH. (d) PETU-PDMS0.2 healed for 30 mins at 20 °C, 40% RH. (e) Sample in image d after tensile test. (f) Pristine PETU-PDMS0.2 after stored at 80% RH. (g)  Sample in image f after cut by razor blade. (h, i) Sample f, PETU-PDMS0.2 healed for 10 mins at 20 °C, 80% RH. (j) Sample in image d during tensile test.
[bookmark: C5Results_3]the sample at 40% RH, at 20 °C, 40% RH, the sample is barely healable (Figure 66a). Indicating  that 40% RH almost has no effect on the tensile and healing properties of PETU-PDMS0.2. When the RH increased to 80%, all those properties changed dramatically, the water uptake of PETU-PDMS0.2 increased to 8.75 wt.%, resulting in a significant decrease in mechanical properties (Figure 66b). The tensile strength has decreased to only 4 kPa and elongation-at-break is 1500%. The main reason for such decrease is most likely due to the water bonding with thiourea groups, disrupting its original H-bonding structure. In terms of self-healing, as water vapor has been absorbed, the healing rate is significantly increased. The cut sample fully recovered within 10 min at 80% RH (Figure 64f-j). The tensile test of the healed sample also demonstrated this phenomenon (Figure 66b). Moreover, once the moisture is removed, the sample fully recovers its mechanical properties although it’s low stress with high elongation. We anticipate this PETU-PDMS0.2 polymer could be utilized as coating material for surfaces, once physical damage occurs, spraying water or exposing the polymer to high RH value environment could rapidly heal the damage within minutes.
Future Perspectives
The explorations for PETU-PDMS are still ongoing while this dissertation is written, we here list a few aspects for future experiments.
1. We’ll utilize a humidity chamber to saturate the polymer at 60% RH levels for self-healing. The humidity-affected tensile properties during healing should both be measured. We also need DSC data for those polymers at different RH.
2. Utilizing rheometer to mimic self-healing process. After the sample is loaded on the rheometer, a cyclic test should be performed, containing high shear rate and low shear rate. The high shear rate is considered as the physical damage part and the low shear rate is regarded as the healing process, by monitoring the change of G', the self-healing process could be studied quantitatively.
3. This material could be utilized as protective coating, when physical damage occurs, a small amount of water is applied to accelerate the healing process. Such a feature should be demonstrated. Tests for coating properties also need to be conducted.
[bookmark: C5Conclusion]Conclusions
The incorporation of PDMS and thiourea segments enabled high mechanical strength and toughness. PETU-PDMS0.2 demonstrates a tensile strength of 12.6 MPa and a toughness of 65.8 MJ/m3. This polymer shows slow self-healing at room temperature when it is dry. Once the polymer is exposed to high humidity environment, the healing against damage is significantly accelerated and it achieved full recovery in 10 mins. Furthermore, switchable mechanical properties are demonstrated when the decrease of the moisture level could recover the original polymer’s mechanical properties. Overall, we demonstrate a tough polymer with water-assisted self-healing that could be served as a healable protective coating. 
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[bookmark: Fig65]Figure 65. TGA data of PETU-PDMS0.2 at different storing conditions.
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[bookmark: Fig66]Figure 66. Tensile test data of (a) pristine and 30 min healed PETU-PDMS0.2 at 20 °C, 40% RH. (b) pristine and 10 min healed PETU-PDMS0.2 at 20 °C, 80% RH.
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Abstract
This chapter summarizes the current characterization methods for self-healing materials. We presented those methods with specific examples to demonstrate how those methods are utilized to quantify self-healing parameters. Beyond the summary and descriptions, we raised our discussions on the general research approach to characterize self-healing. Four major parameters were thoroughly discussed.  Upon summarizing the data of multiple remarkable research, we developed a new presentation method for those data, where  the trade-off relationship between mechanical strength and healing rate is revealed. Furthermore, we discussed the potential material development pathway that could lead to surpassing the current limit discovered from our summarizing work. We believe such discussions are important and intriguing for future research.
Introduction
Traditionally, the healing rate (i.e., some characteristic time) and the degree of a property recovery are the two major characteristics of the self-healing process. Both parameters depend strongly on the temperature used for self-healing and to a smaller degree on the pressure applied to the healing region. To quantitatively track the kinetics of self-healing process, multiple definitions of healing efficiency have been proposed by researchers.8 The most accepted definition of the healing efficiency (η) is the ratio of recovery in material properties:100,235,276
 ,                                                                         
where f is the physical property of interest (e.g., modulus, toughness). Most of the studies in intrinsically self-healing polymers analyze a recovery of mechanical properties. However, because mechanical properties include different parameters such as Young’s modulus, elongation-at-break, toughness, tensile strength etc., the choice of f varies among different papers, strongly limiting comprehensive comparisons among the data from different groups. For example, Burattini and co-workers selected three different properties as f, tensile modulus, elongation-at-break, and tensile toughness, and then the corresponding healing efficiency resulted in 95%, 91%, and 77%, respectively.37 Thus, it is of great importance to clarify which particular property is being evaluated during the experiment.
Another important parameter is the temperature at which the self-healing process is performed, and in literature it varies from room temperatures to temperatures well above 100 °C. As we discussed in Chapter 1, the waiting time between the physical damage and the beginning of self-healing process also plays a role in self-healing rate, but it is not reported in majority of papers. All these parameters complicate a direct comparison of self-healing properties of different materials, especially the data obtained in different groups.
Currently, multiple characterization methods are utilized to study self-healing. Tensile properties are commonly reported in the study of self-healing polymers. ASTM standards such as ASTM D638 and ASTM D1708 methods are typically utilized to examine the tensile properties of polymers before and after self-healing, where the specimens are stretched in a single axial until break. It is worth noting that those ASTM standards have different testing rates available, and the rate of 1mm/s is the most often used. Different tensile behaviors can be expected at different elongation rates. The tensile properties of pristine self-healable polymers are generally tested first, and then the healed samples are tested under the same testing conditions after several healing times. By comparing the tensile properties of the pristine and healed sample such as Young’s modulus, tensile strength, elongation-at-break, and tensile toughness, the healing efficiency of a healable polymer is determined. The most common practice is: 1. Analysis of the tensile properties of self-healing materials at different healing times and a kinetic diagram can be expected;115,133,136 2. Tensile studies at different healing conditions (e.g., temperature or pressure) are conducted.98,277
Bending and compression loading have also been used to analyze the healing efficiency of self-healing carbon fiber/epoxy composites.278 Using the eq. 2, they introduce stiffness recovery ratio where the flexural stiffness defined as the property of 3-point bending was employed to evaluate self-healing behavior of modified DGEBA epoxy resin.279 The healing efficiency was determined by analysis of fracture toughness.7 Also, the tapered double cantilever beam geometry can be used for healing performance evaluation through analysis of the fracture toughness.280 Several other examples of mechanical analysis of self-healing process have also been described in the recent review.7
One of the most interesting studies on the evaluation of self-healing kinetics is application of non-linear rheology, where initial strong strain breaks the sample, and then recovery of the shear modulus can be monitored in situ as a function of time (Figure 67).43 This approach provides detailed quantitative analysis of mechanical strength recovery with time and can be used in a broad temperature range accessible for rheology. The authors chose 90% recovery of the shear modulus as the characteristic time of self-healing. The estimated self-healing time in this way appears to be close to the terminal relaxation time defined by the bond rearrangements time in this system (Figure 7).43
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[bookmark: Fig67]Figure 67: (a) Schematic representation of the time dependence of strain and stress during the self-healing experiment. (b) Resulting normalized storage modulus during recovery for sample PIB14K-BA2 at different temperatures (25 °C, 20 °C, 15 °C, 10 °C, 5 °C) as a function of time t − t2.43 
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[bookmark: Fig68]Figure 68. (a) Optical microscope images of self-healing materials from Urban9. (b) Optical microscope images of self-healing materials from Huang281. 
These studies revealed that there is an initial recovery of the shear modulus up to ~95% level, and then a much slower recovery process at longer times (Figure 67). One potential problem of this approach is the degree to which the sample is really broken in the initial strain. However, this approach provides in situ measure of self-healing process kinetics.
Optical microscopy are utilized to obtain visual information on their self-healing behavior, where visually tracing the healing process is a direct, but qualitative approach.9 The relationships between the area of damage and healing time or healing temperature are commonly studied, and qualitative analysis could be derived from these results.282 Two good examples from ref 9, 281 are shown in Figure 68, where the optimum healing sample composition, temperature or the healing time were determined. Also, electron microscopy and atomic force microscopy imaging were employed to follow the self-healing kinetics.283-286 Recently, the diffusion process of polymer chain in self-healing hydrogel network with attached fluorescent molecules was visualized by fluorescence microscopy.287 Although the images are illustrative, the lack of quantitative data analysis to correlate their physical properties prevents further utilization of this method for self-healing kinetic studies.
The energy-dispersive x-ray (EDX) spectrum imaging in scanning transmission electron microscopy (STEM) has also been utilized to study the kinetics of self-healing process in a quantitative manner.288 After mending the two metallopolymer films containing different elements, i.e., europium-based and terbium-based, the authors were able to track the interdiffusion of both elements on time scale comparable to the self-healing time estimated using traditional tensile tests. The width of mixed interphase achieved surprisingly large size of 104 ± 35 nm at the time of full tensile property recovery.288 The authors noted that such large length scale can be in part related to the roughness of the surfaces. In any case, this result indicates that complete self-healing requires rather substantial interdiffusion of chains. 
Several other properties and spectroscopy can be employed to monitor self-healing kinetics. For example, electrical conductivity measurements have been used to analyze self-healing properties of electrically conductive polymers.7,289,290 Essentially the change of the sample resistivity during the healing process can be monitored. Several spectroscopies such as infrared (IR), Raman or nuclear magnetic resonance (NMR) spectroscopy have been also utilized to characterize the intrinsic self-healing of polymers. Once the characteristic peaks of functional groups in a polymer are identified in the IR spectrum, IR could be utilized to continuously monitor the changes in the bonds of interest. For example, a series of strong and tough self-healing elastomers consisting of Diels-Alder crosslinks was developed,282 IR was utilized to monitor the changes of the absorption peaks corresponding to Diels-Alder reaction and confirmed the formation of Diels-Alder crosslinks. Similarly, the use of Raman spectroscopy in analysis of various self-healing materials was also presented.291 Most of the Raman studies were focused on the systems with microcapsules and 3D vascular systems to monitor release of chemicals and to follow the chemical reactions (see ref 292,293). NMR was also employed to reveal the details of molecular evolution during the self-healing process. For example, NMR was utilized to confirm the reaction between the modified epoxy and bismaleimide in a Diels-Alder reaction facilitated self-healing system.294 Another example presented tracing the formation of a supramolecular self-healable hydrogel by monitoring the molar ratio between the host and guest moieties using NMR, and thus the optimum component ratio for the host-guest interaction inducted self-healable hydrogels was directly determined.295 NMR was also utilized to confirm the interaction between different moieties that facilitate self-healing process.296,297
Results and Discussion
Developing a general approach to study self-healing
To advance the field of self-healing materials and enable better comparison of data obtained by different groups, a general approach for analysis of self-healing efficiency and kinetics should be developed. Below we formulate our suggestion for this general approach with the focus on four major parameters.
1. Mechanical properties
Mechanical properties, including tensile strength and extensibility, provide the best way to characterize integrity of the healed materials, and thus they are the most used to evaluate intrinsic self-healability.11,34,98,113,276 While tensile modulus, tensile strength, elongation-at-break, and tensile toughness are all important, the toughness value represents better an integrated healing efficiency of a typical polymer sample. Toughness characterizes the total energy required to deform and break a polymer sample, and higher toughness indicates a stronger resistance to mechanical failure of a sample. While only some of the reported studies evaluated self-healing efficiency by toughness, the percentage of recovered toughness upon self-healing reveals the efficacy of overall mechanical property recovery, rather than the stress or strain recovery alone. For example, one study of polyurethane/urea-based self-healable polymer reported self-healing efficiency by toughness,142 while another study of similar polymer structure only reported tensile strength and elongation at break upon self-healing.298 Due to lack of available data on toughness recovery upon self-healing, we could not compare all the references by toughness. Therefore, the researchers should be mindful of reporting toughness when evaluating self-healing efficacy by mechanical properties. While ASTM-type of standard does not exist for self-healing materials analysis, we propose that each paper should report tensile modulus, tensile strength, elongation-at-break, and tensile toughness when intrinsic self-healing polymers are evaluated as a function of time or temperature.

2. Self-healing time
The healing time of self-healing polymers will significantly affect their performance, and in general, a fast healable material is preferred. The faster the material could restore functionality the less service interruption would occur. However, this does not mean that materials with slow recovery are not suitable for specific applications. For example, a self-healable isolation membrane or anti-corrosion coating (see section 5.2) with fast response to physical damage but slow tensile recovery is still considered adequate since the tensile property recovery does not serve the main purpose of these materials. One of the critical characteristics of the self-healing process can be the time to recover 80-90% of the initial property, e.g., 80-90% of the toughness. When self-healing time is evaluated, the surrounding conditions including temperature, humidity, and gas atmosphere need to be carefully chosen. Some intrinsic self-healing polymers exhibit accelerated healing upon exposure to humidity95 or certain gas, such as CO2,88 as discussed in section 2.4. Thus, we recommend all the paper should report not only temperature of self-healing process, but also atmospheric condition (air, average RH) as one data series as well as healing time with more specific condition.
3. Self-healing temperature
The healing temperature plays a pivotal role during the self-healing process. Since segmental and chain dynamics are faster, and dynamic bond rearrangement time is shorter at elevated temperatures, the self-healing process can be dramatically accelerated upon increasing the temperature. Self-healing is usually not achievable at temperatures below Tg of the polymer. To facilitate self-healing process, some materials with dynamic covalent bonds need a high temperature above 100 °C, which introduces extra complexity to achieve self-healing. In general, many applications prefer self-healable polymers with low healing temperatures, for example, room-temperature (20-25 °C) autonomous self-healing without extra heat. To achieve that, the polymer matrix should have Tg significantly below the room temperature. To provide a general approach for analysis of different self-healing polymers at temperatures above ambient, we suggest using temperature 10% or 20% above the matrix’s Tg. Several works reported healing efficiency at multiple temperatures, which enables more precise comparison and is highly encouraged.35,98,130,277 In case of the systems with phase separated dynamic bonds, it can be Tg of the dynamic bonds clusters instead of the polymer matrix Tg. Ideally, temperature dependence of self-healing kinetics should be studied.
4. Waiting time
Another important parameter that is usually not reported in publications is the waiting time between the sample damage and the starting point of the self-healing process. As was discussed in section 2.3, the waiting time can strongly affect the rate of self-healing. Leibler and co-workers provided a good illustration of this effect on example of a system with strong hydrogen bonding crosslinks.34 In comparison to the self-healing process that starts immediately after physical damage (zero waiting time), waiting for 6 h decreased self-healing efficiency at the same healing time (e.g., 3 h) by ~50%, and waiting for 18 h decreased the self-healing efficiency at the same healing time by ~75%. Of course, if the sample was damaged and kept at temperatures below Tg of the matrix, the waiting time at this temperature does not play an important role because the chains cannot rearrange and reach new equilibrium. Thus, we suggest that only the waiting time at temperatures above Tg should be reported.
Trade-off between self-healing kinetics and mechanical strength 
One of the major challenges in intrinsically self-healing polymers is a trade-off between mechanical strength and self-healing kinetics. For example, a material with high mechanical strength rarely has high healing efficiency at moderate temperature. This phenomenon could be explained by the facts that the high healing efficiency requires 1) fast segmental dynamics and 2) readily breakable/exchangeable dynamic bond, which normally comes at the price of soft polymer chains with low modulus and weak dynamic bonds. For example, with Tg around -123 °C, PDMS possesses the fastest segmental dynamics at ambient condition that facilitate the fast self-healing kinetics, but also results in relatively low modulus for those PDMS based elastomers.36,62
To explore the trade-off relationship, we analyzed the data accumulated during the recent decade,105,201,208,213,298-325 and summarized them in Figure 69. The x-axis is the healing rate (1/healing time in hours) to achieve the healing efficiency of 90% or higher, and the y-axis is the maximum tensile stress of the materials. All tensile tests data were measured at room temperature, while the healing time was measured at different temperatures that strongly affect the healing rate. To overcome this problem, we split the data into two groups: Figure 69a presents the results of healing at temperatures close to ambient (20 °C - 40 °C), while Figure 69b presents the results obtained at elevated temperatures (40 °C - 100 °C). These plots demonstrate the known trend for self-healing polymers:326 the healing time increases with increase in tensile strength of the material. Specific information about the samples and the references for the data collected in Figure 69 are given in Table 8. We note that many important parameters affecting the healing rate (e.g., the waiting time, humidity, pressure used, etc.) are usually not reported in literature. This complicates detailed quantitative analysis and comparison of different systems. Nevertheless, the data presented in Figure 69 revealed some guidance for design of materials with fast self-healing rate and relatively high mechanical strength.
As seen in Figure 69a, achieving fast healing in mechanically strong material at moderate temperature is challenging. We found a few papers reporting almost full recovery of mechanical properties at room temperature for materials with tensile strength above 20 MPa (Figure 69a),41,87,95,325,327,328 and we found none with tensile strength above 40 MPa. For materials that exhibit high tensile strength up to 30 MPa, the shortest time for fully recovery is 12 h.327 These polymers have backbones with Tg slightly below room temperature that provides relatively high tensile strength, and hydrogen or ionic bonds that enable reasonable healing rate at ambient temperature. Moreover, the system with the highest tensile strength (#9 in Figure 69a) presents a composite material reinforced with layered WS2 structures.327 Tannic acid (TA) was added to construct the interface between WS2 nanosheets and the polyurethane (PU) matrix. Meanwhile, TA could also regulate and control the aggregation density of hydrogen bonds. Strong hydrogen bonding in the TA-WS2/PU systems delivered composites with high toughness, mechanical strength, and outstanding self-healing capabilities. Mechanical reinforcement in another system (#36 in Figure 69a) was achieved through the formation of ionic clusters that also provide self-healing ability.87 However, to achieve a good healing performance at room temperature, ethanol was used to wet the damaged surfaces, which strongly speeds up the process of bond rearrangements in ionic clusters. Almost all other data for self-healing around room temperature exhibit tensile strength below 10 MPa (Figure 69a). The fastest healing rate (healing time below 1 h) is achieved on polymer gel samples (red symbols), and most of them have tensile strength below 1 MPa (Figure 69a). An interesting example of very fast healing (~ 5 min) and decent tensile strength ~ 3MPa is demonstrated using block copolymer structure (#31 in Figure 69a).329 This unique combination of self-healing rate and mechanical strength was achieved by combining soft and hard segments in addition to crystalline nano-domains. 
The same trade-off is observed for healing at higher temperatures (Figure 69b). In this case, the tensile strength measured at room temperatures can reach much higher values (close to 100 MPa) for materials with high temperature healing time of the order of hours or days. The best combination of the tensile strength and rate of self-healing (#53 in Figure 69b) is again demonstrated by a complex polymer structure combining hydrogen bonding and phase separated ionic clusters complemented by crystalline nano-domains.131
The trade-off relationship (Figure 69) is similar to the well-known Robeson plot (a trade-off between permeability and selectivity) for gas separation membranes.171,330,331 The Robeson plot traditionally presents a straight line touching the best performing data, the so-called “upper bond” line that indicates the limit of current technology. Utilizing this analogy, we also propose to introduce the “upper bond” line for these self-healing polymer data (dashed lines in Figures 69). This upper bound line provides some guidance of expected fastest healing rate for a material with the given tensile strength. Alternatively, it might suggest the maximum tensile strength achievable at the required healing rate. However, we want to emphasize that further understanding of the design principles for intrinsically self-healing polymers will enable us to surpass the current upper bound line in the future works.
The trade-off relationship here signifies the major current challenge of intrinsically self-healing polymers. Faster healing for any systems is desirable, but it usually can be achieved only in soft polymers and gels with relatively weak dynamic bonds. These fast self-healing polymers can satisfy the requirements for some sealants and stretchable substrates but are too weak for most applications.10 When mechanically robust polymers have dynamic bonds, their bond strength and Tg are typically too high to have efficient self-healing at the operating condition. To accelerate the self-healing process, applying heat on demand could provide the required healing rate. However, active heating to trigger the healing process is not preferred or even not possible in many applications. Use of specific solvents can also speed up the self-healing process of some materials in ambient conditions. Although this might be a bit simpler than applying heat, it is still not desirable for many applications. Thus, designing mechanically strong materials with sufficiently fast healing will be beneficial for many technologies. Below we formulate some potential approaches that might surpass the trade-off between the rate of self-healing and mechanical strength of the polymer materials.   
Employing complex architectures and combination of dynamic bonds to surpass the modulus – self-healing rate trade-off
The presented analysis (Figures 69) demonstrates that breaking through the modulus – self-healing rate trade-off requires complex molecular design combining different dynamic bonds as well as polymer architecture to provide specific morphology. It is obvious that fast self-healing requires polymer with Tg below the targeted healing temperature and dynamic bonds with relatively low energy barrier for dissociation (e.g., hydrogen bonds). However, Tg of the polymer should not be very low to have a reasonable modulus, and the presence of hard domain (analog to spider silk) will provide additional reinforcement. These hard domains can be nano-fillers used in polymer nanocomposites with surface functionalized with dynamic bonds.277 They also could be crystalline domains or phase separated hard domains of the self-healing polymers.100 It is well known that nanoparticles in a polymer matrix create nanoscale interfacial polymer layer with strongly enhanced mechanical properties, providing additional reinforcement in polymeric nanocomposites.83,332 Similar effect with interfacial shear modulus reaching ~100 MPa at temperatures much above the matrix’s Tg has been reported recently for polymers with hard clusters formed by phase separating hydrogen-bonding groups.46,82 Thus, the incorporation of hard domains (or nano-fillers) could provide substantial increase in the tensile strength without significant sacrifice in the rate of self-healing. These hard domains provide not only mechanical reinforcement that increases with their volume fraction, but also enhance mechanical properties of the interfacial layer surrounding them. The latter increases with the surface area of the hard domains and appears very efficient when domains have size of a few nanometers.46,82
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[bookmark: Fig69]Figure 69. Diagram of the maximum tensile stress vs healing rate for intrinsically self-healing polymers. (a) Data for polymers healable at between 20 °C and 40 °C (red dots indicate gel samples). (b) polymers healable between 40 °C and 100 °C. The healing rate was chosen as an inverse time to reach at least 90% healing efficiency. Specific polymers, dynamic bonds and references to each presented data point are given in Table 8. Dashed lines present upper bound for the tensile strength self-healing rate trade-off.
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[bookmark: Fig72]Figure 70. (a) Example of rheology test at alternate small oscillation strain and large strain. (b) Illustration of the proposed in situ observation approach for self-healing.
[bookmark: Table8]Table 8. List of the self-healing polymers presented in Figure 69 with their parameters and references. Numbers in Figure 69 correspond to the line number in the Table.  
	
	Backbone Material
	Type of dynamic bonds
	Maximum Stress (MPa)
	Healing Time (h)
	Healing Rate 
(h-1)
	Healing Temp. (K)

	1
	Polyurea34
	Hydrogen bond
	2.75
	3
	0.333
	293

	2
	Poly(acrylic acid)136
	Hydrogen bond and ionic bond
	1.13
	9
	0.111
	298

	3
	Poly(urea-urethane)299
	Dynamic exchange reactions
	2.2
	12
	0.083
	313

	4
	Poly(acrylamide)300
	Host–guest interactions
	0.5
	12
	0.083
	298

	5
	Polyurethane301
	Hydrogen bond
	7.7
	1
	1.000
	298

	6
	Polyurethane328
	Hydrogen bond
	25
	48
	0.021
	298

	7
	PDMS302
	Hydrogen bond and imine
	3
	36
	0.028
	298

	8
	PDMS303
	Hydrogen bond and imine
	0.4
	24
	0.042
	298

	9
	Polyurethane327
	Hydrogen bond
	35
	12
	0.083
	298

	10
	Poly(thioctic acid)133
	Hydrogen bond and ionic bond
	0.16
	12
	0.083
	298

	11
	Poly(acrylic acid)95
	Hydrogen bond and ionic bond
	25
	48
	0.021
	298

	12
	PDMS35
	Metal–ligand coordination
	0.22
	48
	0.021
	298

	13
	Poly(butyl acrylate)132
	Hydrogen bond and Metal–ligand coordination
	4.5
	24
	0.042
	298

	14
	Boronic ester network122
	Boronic ester
	4.5
	72
	0.014
	298

	15
	Polyurethane109
	Disulfide links
	0.4
	24
	0.042
	298

	16
	PMMA/P(n-butyl acrylate)9
	Van der Waals force
	7
	14
	0.071
	269

	17
	Tetra(ethylene glycol)116
	Hydrogen bond
	0.8
	12
	0.083
	310

	18
	PEI235
	Hydrogen bond
	10
	48
	0.021
	298

	19
	Poly(alpha lipoic acid)130
	Hydrogen bond
and Metal–ligand coordination
	0.4
	0.0833
	12.005
	293
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	20
	Poly(butyl acrylate)304
	Hydrogen bond
	0.004
	0.00833
	120.005
	298

	21
	Poly(acrylic acid)138
	Hydrogen bond
and Metal–ligand coordination
	0.01
	0.0333
	30.030
	298

	22
	Poly (carboxymethyl chitosan)305
	Hydrogen bond
	0.001
	0.0833
	12.005
	298

	23
	Poly(acrylic acid)306
	Hydrogen bond
	0.35
	1
	1.000
	298

	24
	PDMS105
	Hydrogen bond
and disulfide links
	0.1
	2
	0.500
	298

	25
	Thermoplastic polyurethane114
	Disulfide links
	6.76
	2
	0.500
	298

	26
	Poly(vinylidene fluoride-co-hexafluoropropylene)307
	Hydrogen bond
and coordination
	0.1
	24
	0.042
	298

	27
	PDMS308
	Metal-ligand Coordination
	4
	24
	0.042
	298

	28
	PDMS142
	Hydrogen bond
	1.5
	48
	0.021
	298

	29
	TEG11
	Hydrogen bond
	3
	48
	0.021
	298

	30
	PDMS309
	Hydrogen bond
	5
	96
	0.010
	293

	31
	Polyethylene-co-poly propylene329
	Van der Waals force
	2.9
	0.0833
	12.005
	298

	32
	Polyethylene-co-poly propylene329
	Van der Waals force
	7
	1
	1.000
	298

	33
	Polyethylene-co-polypropylene329
	Van der Waals force
	14
	120
	0.008
	298

	34
	Poly(methacrylic acid)276
	Hydrogen bond
and imine
	3
	0.8333
	1.200
	298

	35
	poly(vinyl alcohol)310
	Boronic ester and hydrogen bond
	0.12
	0.0833
	12.005
	298

	36
	Polyacrylate87
	Ionic bond
	30
	22
	0.045
	298

	37
	Styrene butadiene rubber311
	Hydrogen bond
and ionic bond
	1.2
	24
	0.042
	298

	38
	Curcumin polymer block201
	Hydrogen bond
and Metal–ligand coordination
	1.8
	48
	0.021
	298
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	39
	PDMS38
	Hydrogen bond
and Metal–ligand coordination
	2.6
	36
	0.028
	298

	40
	PDMS312
	Metal–ligand coordination and π-π stacking
	0.3
	12
	0.083
	298

	41
	Poly(urea-urethane)112
	Hydrogen bond
and disulfide links
	0.84
	24
	0.042
	298

	42
	PDMS313
	Hydrogen bond
and imine
	0.16
	2
	0.500
	298

	43
	Polyurethane325
	Hydrogen bond
	29
	24
	0.042
	298

	44
	Poly(tetramethylene) glycol208
	Hydrogen bond
	7
	10
	0.100
	363

	45
	Polytetramethylene277
	Hydrogen bond
	75.6
	36
	0.028
	373

	46
	Poly(urea-urethane) 100
	Hydrogen bond
	44
	24
	0.042
	373

	47
	PPG113
	Hydrogen bond
	22
	24
	0.042
	373

	48
	Anthryl-telechelic poly(ethylene adipate)103
	Disulfide links
and hydrogen bond
	12
	168
	0.006
	343

	49
	Epoxy resins108
	Disulfide links
	0.45
	1
	1.000
	373

	50
	Polyurethane314
	Bond exchange and hydrogen bond
	0.7
	24
	0.042
	333

	51
	Poly(vinyl alcohol)/Nafion137
	Hydrogen bond
	17
	5
	0.200
	323

	52
	Poly(urea-urethane)135
	Hydrogen bond
and ionic
	1.48
	3
	0.333
	353

	53
	PEG131
	Hydrogen bond
and ionic bond
	50
	3
	0.333
	338

	54
	PDMS142
	Hydrogen bond
and Metal–ligand coordination
	1.6
	1.5
	0.667
	333

	55
	PDMS298
	Hydrogen bond
	13
	1
	1.000
	333

	56
	Poly(3-caprolactone)213
	Hydrogen bond
	3.2
	24
	0.042
	348
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	57
	Polyacrylates282
	Diels-Alder reaction and ionic bond
	4
	168
	0.006
	333

	58
	Polyacrylates282
	Diels-Alder reaction and ionic bond
	10
	168
	0.006
	333

	59
	Polyurethane315
	Hydrogen bond
and host-guest interaction
	11.07
	36
	0.028
	373

	60
	Poly(urea-urethane)316
	Hydrogen bond and disulfide links
	7.7
	24
	0.042
	333

	61
	Polyurethane317
	Hydrogen bond and disulfide links
	5
	6
	0.167
	333

	62
	ENR318
	Hydrogen bond and disulfide links
	9.3
	6
	0.167
	393

	63
	Polyurethane319
	Hydrogen bond and disulfide links
	25
	2
	0.500
	373

	64
	Polyurethane333
	Hydrogen bond and disulfide links
	3.39
	12
	0.083
	353

	65
	Polyurethane320
	Hydrogen bond and disulfide links
	20
	24
	0.042
	363

	66
	PDMS/Polyurethane321
	Hydrogen bond and Diels-Alder reaction
	3
	24
	0.042
	353

	67
	Polyurethane322
	Hydrogen bond and Diels-Alder reaction
	37.11
	12
	0.083
	333

	68
	Poly(urea-urethane)323
	Hydrogen bond and Metal–ligand coordination 
	9.4
	24
	0.042
	353

	69
	Polyurethane324
	Metal–ligand coordination and Diels–Alder reaction
	9.5
	3
	0.333
	338

	70
	Polycyclooctene140
	Hydrogen bond
	1.6
	3
	0.333
	323

	71
	Polycyclooctene124
	Boronic ester
	1.8
	16
	0.063
	323






Also, the combination of different types of dynamic bonds in a single polymer network show very promising results.35,38,95,136 The dynamic bonds with lower bond strength (sacrificial bonds) provide fast self-healing especially when combined with the backbone having faster segmental dynamics. The presence of stronger dynamic bonds such as ionic bonds or quadruple hydrogen bonds provide mechanical robustness while keeping self-healing ability. The strategy to combine several different dynamic bonds, such as the combination of weak and strong dynamic bonds, and inclusion of hard domains could lead to intrinsically self-healing polymers with superior toughness, high tensile strength, and fast self-healing.
Needs for in situ analysis of self-healing 
As discussed in section IV, another major challenge in the field is the absence of a standard in experimental studies of self-healing kinetics. The standard would enable direct quantitative comparison of results obtained in different groups. Establishing a standardized method for evaluation of self-healing properties is critical for the field. An even more important task would be the development of experimental method that provides in situ characterization of the healing process kinetics. Example of these kinds of techniques is the non-linear rheology used in ref 43 (Figure 67). Direct monitoring of recovery of mechanical properties without sample destruction by the non-linear rheology will be instrumental in understanding self-healing process especially in systems with multiple types of dynamic bonds and hierarchical structures with hard and soft domains. These systems should exhibit multi-step healing processes due to several characteristic time scales of bond rearrangements. Several works utilized another non-linear rheology approach: continuous strain sweep with alternate low (1%) and high (100-500%) amplitude of strain oscillations to mimic the damage-healing process (Figure 70a).138,305 Test at each strain was conducted for 30 s or 100s. By monitoring the change in storage modulus (G') and loss modulus (G") of the sample, the repeatability and efficiency of sample’s self-healing property could be quantified.
As it was discussed in section 2.4, the optical or similar microscopy will provide images of in-situ healing. The traditional microscope could inspect samples at top-down view; however, it lacks tracking the healing process in depth. To obtain an image of the healing process, focused ion beam scanning electron microscope (FIB-SEM) can be utilized (Figure 70b). The starting stage of healing, and the cross-section will be exposed to the camera directly after the removal of materials by the ion beam. Such observation window enabled by material removal could provide direct, continuous monitoring of the self-healing process in depth of the sample. While these imaging techniques exhibit in-situ information, the obtained data may only represent visual kinetics. To comprehend self-healing system and correlate it quantifiable self-healing kinetics, one needs to complement with the other techniques, such as non-linear rheology, or ex-situ tests, such as tensile tests to determine toughness. 
It will also be beneficial if tensile strength and self-healing kinetics are measured at the same temperature. For example, the data presented in Figure 69 can be easily shifted along the X-axis (healing rate) by changing the healing temperature, while the tensile strength of the sample measured at ambient conditions (Y-axis) will remain the same. For better comparison of different samples, the temperature range of self-healing studies should be scaled with Tg of the polymer matrix (or Tg of clusters of dynamic bonds). An even more definitive method will be analysis of the temperature dependence of the self-healing kinetics, although such process will be significantly more time consuming unless some direct in situ measurements are developed.
Theoretical and modelling challenges 
The current model of self-healing polymers developed by Rubinstein and co-workers56 considers a brunched homopolymers with a single type of dynamic bonds. As we have seen from the data analyses, the best performing self-healing materials present complex copolymers with combination of various dynamic bonds, including some sacrificial bonds, and even phase separated clusters of units containing dynamic bonds.87,95,131,327,328 Thus, rational design of efficient self-healing polymers requires more complex models considering a combination of the dynamic bonds with different dissociation energy, bond rearrangements between clusters of dynamic bonds and potential combination of backbones with various flexibility and molecular weight between the functional groups. The number of tunable parameters in the design of self-healing polymers is extremely broad, and this complexity hinders theoretical ability to provide any quantitative predictions for design of self-healing materials with desired properties. Computational studies with involvement of machine learning (ML) and artificial intelligence (AI) approaches might also be instrumental in the design of these complex molecular structures.
Conclusions
Current literature shows many examples of relatively fast self-healing materials even in ambient conditions. But all these materials are very soft and have rather low tensile strength. These results emphasize an important challenge in the field – the trade-off between the rate of self-healing and the mechanical strength of the material (Figure 69). Although this trade-off seems to be natural because softness of the material is usually coming with fast molecular rearrangements, smart design of materials with multiple types of dynamic bonds and hierarchical structures with hard and soft domains can potentially break through this trade-off. Additionally, a phase separation of dynamic bonds and multi-arm (or grafts) architectures may provide a promising approach to developing intrinsic self-healing polymers with desired mechanical properties and short healing time. We also want to emphasize that using the upper bound line in the tensile strength vs healing rate plot (Figure 69) provides a guidance for expectations of the fastest self-healing rate at the given mechanical modulus and can be instrumental in design of self-healing materials.  
As demonstrated, the number of parameters that can be tuned to control the self-healing materials’ properties is extremely broad. It includes among others different types of dynamic bonds and their combinations (e.g., sacrificial bonds), chemical structure of the polymer backbone and its architecture, molecular weight between stickers, and their microphase separation. This complexity creates significant challenge for a predictive design of intrinsically self-healing polymers and requires developments of more sophisticated models and theory. Moreover, development of predictive models by computation especially utilizing AI and ML will also provide a critical guidance for the new design of intrinsically self-healing polymers. 
Additional challenges in this field are also caused by the absence of a standard evaluation of self-healing efficiency and rate (such as, e.g., ASTM standard), and rather limited study of in situ kinetics of self-healing process. In most cases it is almost impossible to provide an accurate quantitative comparison of the results of studies performed by different research groups. We propose to measure self-healing efficacy by standardizing healing temperature, use of toughness recovery vs healing time as the major parameter, and other evaluation criteria. Moreover, further progress in the field requires more advanced characterization methods, especially the techniques able to quantitatively analyze the kinetics of the healing process.


[bookmark: Conclusion][bookmark: FuturePerspectives]FUTURE PERSPECTIVES

The development of intrinsic self-healing polymers has had a significant leap in the past two decades. Yet there’re many issues that still exist for self-healing polymers. The crucial part of the author’s perspective is how to fill the gap between laboratory explorations and field applications. We’ve seen some progress in flexible electronics, where the self-healing feature is well integrated into flexible sensors or artificial skins. However, we could still rarely see self-healable products in the common consumer market, and the obstacles are typically two major issues: cost and effectiveness. Thus, researchers need to develop new polymer structures that could achieve fast healing at a low cost. We anticipate new polymer structures with new driving forces for healing.
From the fundamental research perspective, we hope the simulation tool could be further developed to simulate molecule movement at a large scale. For example, by plugging in the basic molecular parameters, the self-healing process could be simulated and visualized, and other environmental parameters such as temperature could also be integrated. If successful, such prediction could serve in multiple application scenarios, especially on thin film applications where the thickness of the film may have a significant impact on the healing behavior.
For applications in our daily life, the crucial issue is not the specific performance, it is mostly the high cost of self-healing materials that prevent the introduction of self-healing features to various products. Most reported intrinsic healable polymers require multi-step synthesis, and the starting materials mostly contain fine chemicals where the cost is too high to be utilized on a big scale. To address this issue, we need to seek raw materials sourcing from low-cost materials. Plastic waste is an ideal resource since it contains multiple building blocks that are inherently polymeric, and the derivatives from those wastes exhibit a wide range of different properties. Decomposing discarded polymers into monomers to achieve a closed-loop recycling of chemical raw materials has been an important research goal in the field of recycling in recent years to meet the societal needs. Taking poly(ethylene terephthalate) (PET) as an example, many studies have focused on the catalytic deconstruction of PET. Then the deconstructed building blocks can be utilized to synthesize new polymers with new properties, while maintaining the recyclability, aiming to achieve a cycle from monomers to polymers. However, such deconstruction reactions generally require a relatively a long time (around 12 hours), and the research is limited to the repetitive generation of the same PET material. This method is less economically viable compared to conventional mechanical recycling to remanufacture products, since it still presents practical issues on energy consumption and economic efficiency. Furthermore, a significant number of polymer upcycling research focus on the mechanical property improvement only, while the functionality gain is still vague. Thus, we propose a new pathway to obtain self-healable polymers: utilizing the products from the deconstruction of PET with chemical modifications to prepare self-healable polymers directly by a one-step reaction. In detail, the aminolysis reaction is employed to facilitate the deconstruction of PET. While utilizing chemicals with amine groups as the reactant, the deconstruction products will all have -NH2 group at the end groups. The presence of -NH2 end groups enables more potential for chemical modifications, since it could form a variety of different products with hydrogen bonding potential. Herein, we propose a few synthesis pathways based on the newly developed PET aminolysis method. As seen in Figure 71a, three potential PET aminolysis pathways are designed to deliver building blocks for the synthesis of self-healing materials. Once the product 1-3 are obtained, those chemicals could be reacted with urea and other chain extenders to form self-healable polymer, which utilize the same reaction mechanism of Part 2 and 3. We anticipate a series of stronger self-healable polymers than the work in Part 2 and 3 since the phenyl group originated from PET could deliver higher chain rigidity than PDMS systems.
Preliminary results are shown below in the synthesis route 1 and 2. Both the deconstructed products are soluble in organic solvents, which could be tested by 1H NMR. As seen in Figure 71b, successful deconstructions of PET are achieved. Then, the product 1, Bis(2-aminoethyl)terephthalamide (BAET) is reacted with 2,2′-(Ethylenedioxy)bis(ethylamine) (EDEA) and urea at a molar ratio of 1:1:4 with no solvent at 160 °C, the product is obtained after 24 hours, exhibiting an yellow elastomeric polymer with adhesive properties. The tensile properties of obtained polymer were examined by Instron 3343 tensile tester following ASTM D1708 method. The sample was elongated at a rate of 1 mm/s. Shown in Figure 72, the BAET-EDEA1 polymer demonstrates a tensile strength of 5.7 MPa and elongation-at-break of 50%. Such polymer properties have proved the viability of the proposed approach. In future perspectives, the self-healing properties of such polymers will be examined, and the chemical composition could be optimized to obtain polymers with higher mechanical and self-healing properties. Moreover, the deconstruction of the obtained self-healable polymers needs to be studied, if the BAET could be detected after the deconstruction, the close-loop utilization of PET waste material is achieved.  
In general, the future development of intrinsic self-healing polymers should aim towards minimizing the gap between lab products and field applicable products, such as the uniformity of the product, easiness of operation, scale of application, cost of labor, and other related criteria. 
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[bookmark: Fig70]Figure 71. (a) Proposed synthesis procedure for PET-based self-healable materials. (b) 1H NMR spectrum of the product of PET aminolysis reaction 1 and 2. 
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[bookmark: Fig71]Figure 72. Tensile properties of BAET-EDEA1 polymer. 























CONCLUSION
[bookmark: Appendix]Intrinsically self-healable polymers showed great potential for applications such as wearable electronics, energy storage devices, coating materials, and next-generation smart materials.  It is more necessary than now to understand the structure-property relationship of self-healing materials systematically. This thesis has tackled this goal while presenting the following research aspects: first, we studied the effect of hydrogen bonding density in crosslinked/non-crosslinked self-healing systems, then the effort to develop self-healing polymers that surpass mechanical strength-healing performance tradeoff is succeeded by the incorporation of polymer upcycling concept with self-healing polymer synthesis. Finally, the establishment of a universal evaluation method to promote the development of high-performance self-healing polymers is demonstrated.
Utilizing PDMS with urea-promoted hydrogen bonding, we obtained two series of self-healable polymers with room-temperature self-healability. One series exhibited fast healing, high extensibility, and recoverable gas-separation properties, while the other series showed the properties such as easy to synthesize, fast room-temperature recovery, puncture-resistant, and reusable adhesion. With the understanding of hydrogen bonding density effect on these materials, we anticipate those intrinsic self-healable polymers are equipped with good application potentials.
Linear self-healing polymers have the advantage of good processability compared to crosslinked healable polymers. We prepared a copolymer system employing hydrogen bonding groups with different strengths. By tuning the chemical composition of the monomers, self-healable polymers with rapid healing were obtained, and the healing kinetic and mechanism study widened the understanding of the healing process beyond the traditional characterization method. This readily printable, fast-healable polymer intrigues future polymer designs for controlling self-healing properties. 
The development of high-performance self-healing polymers could be divided into two parallel tasks, improving the mechanical properties, and achieving fast healing. We incorporated PDMS with polymers containing thiourea structures, creating a copolymer with high mechanical toughness and moisture-assisted healing properties. We hope the future development of this system could harvest self-healable polymers that could fulfill the demand for high-performance coatings.   
In recent years, there has been significant attention given to the research of self-repairing materials based on various mechanisms. However, due to the lack of universal criteria for evaluating self-healing performance, these research efforts have been unable to compare self-healing performance under single-factor conditions. Additionally, most of the work has been limited to mechanical performance characterization, neglecting the study of self-repair mechanisms and related kinetics. This hinders further improvements in the performance of self-repairing materials. Based on these issues, through a systematic review of the development history of intrinsic self-repairing polymers and representative works on different self-repairing mechanisms, we proposed for the first time an evaluation system for self-repairing polymer materials. 71 different materials with varying self-repairing rates were divided into two temperature ranges, revealing a negative correlation between self-repairing rates and maximum tensile stress. This achievement defines high-performance self-repairing materials and compiles a large amount of data that facilitates the comparison of existing works, providing reference for future self-repairing materials. For future research, we also proposed a new pathway for constructing self-healable polymers from PET and other plastic wastes, which could achieve the upcycling of waste plastics and obtain self-healable polymers with closed-loop circularity. 
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