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Wearables are electronic technologies or devices incorporated into items that can be comfortably worn on a body. [START_REF] Godfrey | From A to Z: Wearable technology explained[END_REF] These wearable devices are providing smart functions such as sensing and connectivity and are mostly available nowadays as smartwatches, wristbands and straps for healthcare and well-being monitoring, fitness, security and communication.

However, most of these examples rely on attaching stiff and classical technologies to the item to make them smart but do not take advantage of the opportunities offered by textiles. The textile-based wearable technologies also referred as smart clothing or electronic textiles can be defined as enhanced clothing items with added functionality beyond that of the traditional use. [START_REF] Cherenack | Smart textiles: Challenges and opportunities[END_REF][START_REF] Van Langenhove | Intelligent textiles for protection[END_REF][START_REF] Bhömer | Designing Ultra-Personalised Embodied Smart Textile Services for Well-Being[END_REF][START_REF] Koncar | Introduction to smart textiles and their applications[END_REF] Efforts in creating wearable fabric technology have been mostly focused on the incorporation of sensing technology in textiles. [START_REF] Sports | [END_REF][START_REF] Google | [END_REF][START_REF] Google | [END_REF] Most prominent areas here are movement sensing through stretch sensing fabrics [START_REF] Guo | Design of a garment-based sensing system for breathing monitoring[END_REF] and sensing of physiological signals through textile electrodes. [START_REF] Scilingo | Performance evaluation of sensing fabrics for monitoring physiological and biomechanical variables[END_REF] Textiles are unsuspected highly haptic objects. In fact, it is the class of man-made material that is in the closest (and most ubiquitous) interaction with humans, covering the body and enabling contact with the skin. Beyond this passive aspect of textile haptics, we can imagine active textile haptics that would be able to change their shape and topology and to provide switchable sensations and haptic communication. To broaden the horizon of textile haptics from passive aspect to active aspect, actuators, which are devices able to convert a physical or chemical stimulation (e.g., electric current, magnetic force, temperature, pH, hydraulic or pneumatic pressure) into mechanical work, could be implemented to provide the active mechanical function. [START_REF] Persson | Actuating Textiles: Next Generation of Smart Textiles[END_REF] However, most examples of wearable haptics do not rely on textile technologies and mostly use bulky and noisy vibration motors. There are many soft actuator technologies, but only a few are suitable or have been explored for textile integration. [START_REF] Persson | Actuating Textiles: Next Generation of Smart Textiles[END_REF] One strategy involves bladder-type actuators, such as McKibben actuators, that comprise a soft, expanding tube or bladder surrounded by braided mesh. [START_REF] Kurumaya | Musculoskeletal lower-limb robot driven by multifilament muscles[END_REF] When the internal tube is pressured by using hydraulics and pneumatics, the tube expands in the radial direction and the braided mesh pattern converts this movement into a contractile motion of the actuator (Fig. 1). [START_REF] Jager | Soft actuator materials for textile muscles and wearable bioelectronics[END_REF][START_REF] Takashima | McKibben artificial muscle using shape-memory polymer[END_REF] These McKibben actuators have been woven into fabrics to develop an exoskeleton suit that supports the lower back and should augment lifting heavy objects. [START_REF] Ohno | 1A1-O09 Fabrication of active textile woven and wearable suit using thin pneumatic artificial muscle[END_REF] Shape memory alloys (SMAs) are alloys that can recover their initial shape after deformation when a source of energy (typically heat) is applied. [START_REF] Persson | Actuating Textiles: Next Generation of Smart Textiles[END_REF][START_REF] Jager | Soft actuator materials for textile muscles and wearable bioelectronics[END_REF][START_REF] Cabral | Exploring geometric morphology in shape memory textiles: Design of dynamic light filters[END_REF] The use of SMA has generated numerous applications such as fabrics that become wrinkle-free at body temperature, [START_REF] Vasile | Analysis of hybrid woven fabrics with shape memory alloys wires embedded[END_REF] tshirts that do not need ironing, [START_REF] Quinn | Textile Futures: Fashion, Design and Technology[END_REF] devices mimicking peristaltic movement, [START_REF] Güney | Designing the medical textile material providing peristaltic motion and its computerized control[END_REF] dynamic light filters, [START_REF] Cabral | Exploring geometric morphology in shape memory textiles: Design of dynamic light filters[END_REF] or used as cantilever actuators for robots able to perform simple tasks as curving a surface, lifting masses, or mimicking finger-like movements [START_REF] Yuen | Active Variable Stiffness Fibers for Multifunctional Robotic Fabrics[END_REF] . Besides, other stimuli have been sparsely attempted to be integrated into textile technologies. Solvent swelling has been employed to actuate helical assembled and twisted carbon nanotube (CNT) yarns. [START_REF] Chen | Hierarchically arranged helical fibre actuators driven by solvents and vapours[END_REF] Employing thermal expansion as the driving mechanism in textiles has also been explored to build actuators. [START_REF] Suzuki | Robust control with disturbance observer for twisted and coiled polymer actuator[END_REF][START_REF] Cherubini | Experimental characterization of thermally-activated artificial muscles based on coiled nylon fishing lines[END_REF][START_REF] Haines | Artificial muscles from fishing line and sewing thread[END_REF][START_REF] Foroughi | Knitted Carbon-Nanotube-Sheath/Spandex-Core Elastomeric Yarns for Artificial Muscles and Strain Sensing[END_REF] Yarn-based piezoelectric sensors have also been designed for smart textiles. [START_REF] Huang | Parametric design of yarn-based piezoresistive sensors for smart textiles[END_REF] Figure 1: Working mechanism of McKibben artificial muscles. [START_REF] Takashima | McKibben artificial muscle using shape-memory polymer[END_REF] Nevertheless, all the actuator formats mentioned above suffer from various drawbacks.

McKibben muscles provide reasonably fast response, have high power densities, and behave much like human muscles. However, they are noisy due to the use of compressed air. [START_REF] Jager | Soft actuator materials for textile muscles and wearable bioelectronics[END_REF] The compressor makes integration in wearables cumbersome and rules out portable scenarios.

The presence of a solvent which is not compatible with wearables excludes materials that respond to solvent and vapor stimuli. Other solid-state actuators based on piezoelectric polymers, SMAs, thermal expansion have issues such as high driving voltages, low strain, high temperatures of stimulation and slow thermal kinetics, and are difficult to integrate into wearable structures such as fabrics. [START_REF] Persson | Actuating Textiles: Next Generation of Smart Textiles[END_REF] Among all the strategies of soft actuators that could be implemented in actuating textiles, electroactive polymers (EAPs) seem to be the most promising candidates in terms of control and feasibility of integration. EAPs are polymers that are capable of changing dimensions and/or shape in response to a suitable electrical stimulus. [START_REF] Plesse | All-solid state ionic actuators based on polymeric ionic liquids and electronic conducting polymers[END_REF][START_REF] Gunter | A Comprehensive Guide to Electroactive Polymers (EAP)[END_REF][START_REF] Romasanta | Increasing the performance of dielectric elastomer actuators: A review from the materials perspective[END_REF] Smart materials such as artificial muscles, tactile displays, microfluidics, etc. based on EAPs represent a fast-growing and stimulating field of research and development. [START_REF] Plesse | All-solid state ionic actuators based on polymeric ionic liquids and electronic conducting polymers[END_REF][START_REF] Romasanta | Increasing the performance of dielectric elastomer actuators: A review from the materials perspective[END_REF][START_REF] Hu | PEDOT-Based Conducting Polymer Actuators[END_REF][START_REF] Nguyen | Ultrathin conducting polymer transducers: fabrication, characterization, and modeling[END_REF][START_REF] Han | Conducting Polymers for Flexible Supercapacitors[END_REF][START_REF] Fong | Multidimensional performance optimization of conducting polymer-based supercapacitor electrodes[END_REF][START_REF] Li | MXene-conducting polymer electrochromic microsupercapacitors[END_REF][START_REF] Meng | Research progress on conducting polymer based supercapacitor electrode materials[END_REF][START_REF] Fannir | Actionneur à base de polymères conducteurs présentant une déformation linéaire à l'air et compatible avec un environnement spatial[END_REF][START_REF] Chen | Electromechanical Actuator Ribbons Driven by Electrically Conducting Spring-Like Fibers[END_REF][START_REF] Maziz | Knitting and weaving artificial muscles[END_REF][START_REF] Guo | Electroactive textile actuators for wearable and soft robots[END_REF][START_REF] Chang | Electroactive Polymer-Based Anticorrosive Coatings[END_REF][START_REF] Di Spigna | The integration of novel EAP-based Braille cells for use in a refreshable tactile display[END_REF][START_REF] Maziz | Demonstrating kHz frequency actuation for conducting polymer microactuators[END_REF][START_REF] Martinez | Investigation of electrically conducting yarns for use in textile actuators[END_REF][START_REF] Newell | Dielectric electroactive polymers with chemical prestrain: An experimentally validated model[END_REF] According to the deformation mechanism, EAPs are divided into two categories: electronic EAPs and ionic EAPs. [START_REF] Jager | Soft actuator materials for textile muscles and wearable bioelectronics[END_REF][START_REF] Gunter | A Comprehensive Guide to Electroactive Polymers (EAP)[END_REF][START_REF] Romasanta | Increasing the performance of dielectric elastomer actuators: A review from the materials perspective[END_REF][START_REF] Hu | PEDOT-Based Conducting Polymer Actuators[END_REF][START_REF] Nguyen | Ultrathin conducting polymer transducers: fabrication, characterization, and modeling[END_REF][START_REF] Newell | Dielectric electroactive polymers with chemical prestrain: An experimentally validated model[END_REF] The mechanical response of electronic EAP materials is induced by either electric fields or Coulomb forces. This category of EAPs can be further divided into dielectric EAPs, ferroelectric polymers, electro-strictive graft elastomers and liquid-crystal elastomers. [START_REF] Jager | Soft actuator materials for textile muscles and wearable bioelectronics[END_REF][START_REF] Gunter | A Comprehensive Guide to Electroactive Polymers (EAP)[END_REF][START_REF] Romasanta | Increasing the performance of dielectric elastomer actuators: A review from the materials perspective[END_REF][START_REF] Hu | PEDOT-Based Conducting Polymer Actuators[END_REF] As the most commonly used electronic EAPs, dielectric EAPs are driven by electrostatic forces between two compliant electrodes sandwiching a soft dielectric elastomer. [START_REF] Gunter | A Comprehensive Guide to Electroactive Polymers (EAP)[END_REF][START_REF] Romasanta | Increasing the performance of dielectric elastomer actuators: A review from the materials perspective[END_REF][START_REF] Nguyen | Ultrathin conducting polymer transducers: fabrication, characterization, and modeling[END_REF][START_REF] Guo | Electroactive textile actuators for wearable and soft robots[END_REF] When a voltage is applied, the electrodes are oppositely charged, and their attraction leads to an expansion of area and a compression of the thickness of the film. [START_REF] Gunter | A Comprehensive Guide to Electroactive Polymers (EAP)[END_REF][START_REF] Nguyen | Ultrathin conducting polymer transducers: fabrication, characterization, and modeling[END_REF] Despite their various advantages such as outstanding stroke strains, fast response, high energy density, lightweight and costeffective, their applications have been challenged by the early electrical breakdown and the high electric potential requirements (hundreds to thousands of volts), and large support frames to hold the dielectric EAP films. [START_REF] Hu | PEDOT-Based Conducting Polymer Actuators[END_REF][START_REF] Nguyen | Ultrathin conducting polymer transducers: fabrication, characterization, and modeling[END_REF][START_REF] Guo | Electroactive textile actuators for wearable and soft robots[END_REF][START_REF] Newell | Dielectric electroactive polymers with chemical prestrain: An experimentally validated model[END_REF] Ionic EAPs, on the other hand, are driven by the mobility or diffusion of ions within the material. Only a few volts are needed for actuation.

Examples of Ionic EAPs are based on ionic polymer gels, carbon nanotubes (CNT), ionic polymer-metal composites, and electronic conducting polymers. [START_REF] Jager | Soft actuator materials for textile muscles and wearable bioelectronics[END_REF][START_REF] Hu | PEDOT-Based Conducting Polymer Actuators[END_REF][START_REF] Nguyen | Ultrathin conducting polymer transducers: fabrication, characterization, and modeling[END_REF] Electronic conducting polymers (ECPs) are constituted of a conjugated structure with alternating double and single bonds, allowing the intra-and inter-chain charge delocalization. Some examples of ECPs are illustrated in Fig. 2a. The creation of free charges (doping) or the removal of these charges (dedoping) can take place during an electrochemically controlled redox process in the presence of an electrolytic medium. [START_REF] Jager | Soft actuator materials for textile muscles and wearable bioelectronics[END_REF][START_REF] Romasanta | Increasing the performance of dielectric elastomer actuators: A review from the materials perspective[END_REF][START_REF] Hu | PEDOT-Based Conducting Polymer Actuators[END_REF][START_REF] Fannir | Actionneur à base de polymères conducteurs présentant une déformation linéaire à l'air et compatible avec un environnement spatial[END_REF] This transition between the neutral state and the doped form causes the variation of a large number of properties including the electronic conductivity but also the absorbance (application in electrochromic devices [START_REF] Li | MXene-conducting polymer electrochromic microsupercapacitors[END_REF][START_REF] Brooke | Controlling the electrochromic properties of conductive polymers using UV-light[END_REF][START_REF] Brooke | Infrared electrochromic conducting polymer devices[END_REF] ), the quantity of charges stored (supercapacitors [START_REF] Han | Conducting Polymers for Flexible Supercapacitors[END_REF][START_REF] Fong | Multidimensional performance optimization of conducting polymer-based supercapacitor electrodes[END_REF][START_REF] Li | MXene-conducting polymer electrochromic microsupercapacitors[END_REF][START_REF] Meng | Research progress on conducting polymer based supercapacitor electrode materials[END_REF] or the volume (actuator [START_REF] Plesse | All-solid state ionic actuators based on polymeric ionic liquids and electronic conducting polymers[END_REF][START_REF] Hu | PEDOT-Based Conducting Polymer Actuators[END_REF][START_REF] Fannir | Actionneur à base de polymères conducteurs présentant une déformation linéaire à l'air et compatible avec un environnement spatial[END_REF][START_REF] Chen | Electromechanical Actuator Ribbons Driven by Electrically Conducting Spring-Like Fibers[END_REF][START_REF] Maziz | Knitting and weaving artificial muscles[END_REF][START_REF] Martinez | Investigation of electrically conducting yarns for use in textile actuators[END_REF][START_REF] Zhong | Highly Conductive, Photolithographically Patternable Ionogels for Flexible and Stretchable Electrochemical Devices[END_REF] ). The latter is due to the insertion or expulsion of ions accompanied by solvent molecules within the ECP chains in order to ensure the overall electroneutrality of the material, causing an increase or a contraction of the volume of ECP, respectively (Fig. 2b). [START_REF] Jager | Soft actuator materials for textile muscles and wearable bioelectronics[END_REF][START_REF] Hu | PEDOT-Based Conducting Polymer Actuators[END_REF][START_REF] Nguyen | Ultrathin conducting polymer transducers: fabrication, characterization, and modeling[END_REF][START_REF] Fannir | Actionneur à base de polymères conducteurs présentant une déformation linéaire à l'air et compatible avec un environnement spatial[END_REF] Although this variation in volume is generally limited to a few percentages and relatively slow due to the diffusion of ions, it has been used to develop various types of devices with linear or bending deformation, operating in an electrolytic medium (Fig. 3) or in air with the aid of a solid polymer electrolyte which plays the role of ion reservoir (Fig. 4). [START_REF] Jager | Soft actuator materials for textile muscles and wearable bioelectronics[END_REF][START_REF] Hu | PEDOT-Based Conducting Polymer Actuators[END_REF][START_REF] Nguyen | Ultrathin conducting polymer transducers: fabrication, characterization, and modeling[END_REF] Taking the bilayer actuator illustrated in Fig. 3b as an example, in most cases, a bilayer structure is composed of an ECP film as an active electrode layer and a passive film (i.e., the volume of the film remains constant). During the electrochemical redox process, the volume variation of the ECP results in a stress gradient as the interface between the ECP film and the passive layer, causing the actuators to bend. Thanks to this unique volume change based on the redox process, ECPs provide a promising approach to develop soft actuators, artificial muscles or electroactive textile muscles. A buckling sheet actuator with linear deformation; (c) A trilayer actuator with bending deformation; (d) A tubular fiber actuator with bending deformation. [START_REF] Hu | PEDOT-Based Conducting Polymer Actuators[END_REF] Electroactive textile muscles, as any electrochemical smart textile, require the development and the combination of two components: (i) an electroactive yarn that can present the desired stimuli-responsive behavior (volume variation and mechanical work, energy storage, color changes…) as a function of the targeted application under an electrochemical stimulation and (ii) an ionic source providing the counter-ions necessarily involved during the electrochemical process. The first electroactive textiles muscles that actuate have been reported by Maziz,A. et al. 38 These electroactive textiles muscles were produced from commercial cellulose yarns assembled into fabrics and coated with conducting polymers (Fig. 5). The highly conducting Poly (3,4-ethylenedioxythiophene) (PEDOT) is first deposited on the fabrics to allow the consecutive electrochemical deposition of the functional, actuating polypyrrole (PPy) layer. Electromechanical testing was then performed by immersing the textile actuators in a three-electrode system consisting of a lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) propylene carbonate solution, a reference electrode and a counter electrode. When a low voltage (1 to 2 V) is applied, PPy deforms in response to electrochemical oxidation or reduction. Processing these yarns further into textiles results in an increase in force (weaving) or an amplification of the deformation (knitting). Maziz,A. et al. 38 This example therefore opens the way to the development of electroactive textiles potentially on a large scale that are capable of generating mechanical work or haptic stimulation. The actuation function of such electromechanically active textile is directly embedded into the yarn of which the textile is made. However, this approach presents a major limitation for use in the wearable field since it only works when immersed in an electrolytic solution providing the ions necessary for the redox process. The operation of such textile muscles in open-air requires the development of air-stable ionic coatings acting both as ion source/sink but also as an ionic bridge between two electroactive yarns.

In this context, the European Horizon 2020 project WEAFING (Wearable Electroactive Fabrics Integrated In Garments) aims at developing novel, unprecedented garments based on conducting polymer textile muscles for haptic stimulation. It involves a multidisciplinary consortium, each team of it being focused on specific work packages (Fig. 6a). It proposes to synthesize electroactive yarns and ionically conducting coatings to develop open-air actuating yarns. These actuating yarns, as elementary elements, can then be assembled into textile construction, through textile processes, and subsequently modeled, integrated into garments and evaluated as haptic smart textiles (Fig. 6b). This work, in the frame of work package 2 (Fig. 6a), aims at developing ionically conducting coatings necessary for the open-air actuation of electroactive fibers and textiles. The features of the ideal ionic coatings can be summarized below:

• The starting reactive mixture should present a low initial viscosity to facilitate its homogeneous coating onto the electroactive yarns

• The ionic coating should be a crosslinked polymer network in order to be dimensionally stable and do not flow over time or during operation

• The crosslinking process should be fast when triggered to turn rapidly the highly fluid precursors into a stable and homogeneous coating

• The ionic coating must present high ionic conductivity since the ion motions will ultimately limit the response speed of the electroactive yarns

• The ionic conductivity should remain stable in open-air, i.e., avoiding any drying or evaporation that would decrease the ionic mobility within the coating

• The ionic coating must present also high mechanical properties to sustain the subsequent knitting or weaving process, turning electroactive yarns into textile constructions but also to survive repeated deformation during the textile lifetime.

• The ionic coating should ideally present the possibility to self-heal from damages potentially occurring during the textile fabrication process or textile lifetime. Such feature could be enabled in crosslinked polymer networks by using the recent chemistry of dynamic covalent networks, more precisely vitrimers. We can also take advantage of the dynamic behaviors to add welding properties for the assembly of yarn electrodes.

Other features such as electrolyte leakage, toxicity and washability should be ultimately considered also to further turn such innovative devices into practical consumer products.

Ionogels appear as promising candidates fulfilling most of these requirements. They are termed as a type of ionically conducting materials made of an ionic liquid (IL) [START_REF] Bideau | ionic liquid based hybrid materials[END_REF][START_REF] Andrzejewska | Ionogels -materials containing immobilized ionic liquids[END_REF] and a crosslinked polymer network. These materials combine the mechanical properties of the crosslinked polymer networks with the ionic conductivity, non-volatility, non-flammability of ILs. [START_REF] Zhong | Highly Conductive, Photolithographically Patternable Ionogels for Flexible and Stretchable Electrochemical Devices[END_REF][START_REF] Bideau | ionic liquid based hybrid materials[END_REF][START_REF] Andrzejewska | Ionogels -materials containing immobilized ionic liquids[END_REF][START_REF] Zhong | 3D structured and micro-patternable ionogels for flexible and stretchable electrochemical devices[END_REF][START_REF] Ren | Ionic liquid -based click-ionogels[END_REF] Ionogels based on Polythioether/1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (PTE/EMIM TFSI), as previously reported by our group and our project partner Linköping University, [START_REF] Zhong | 3D structured and micro-patternable ionogels for flexible and stretchable electrochemical devices[END_REF] have the additional advantages of a low viscosity of the initial reactive mixture and a fast UV curing efficiency enabled by thiol-ene chemistry.

Moreover, by changing the stoichiometry between crosslinkers and chain extenders, a large range of properties can be achieved such as high stretchability and high ionic conductivity.

Such materials

have not yet been studied as coating materials for yarns. PTE networks also present great interest in enabling vitrimer properties. S-transalkylation exchange and boronic ester exchange for instance can be easily integrated into these networks to endow them with dynamic functions. All the features of these PTE-based ionogels make them promising candidates to be used as dynamic ionic coatings for electroactive yarns.

Despite the advantages of ionogels, the possibility of leakage and toxicity remains pending due to the presence of liquid IL phase. The development of liquid-free ionically conducting materials is then of great interest also for the targeted applications. Polymeric ionic liquids (PILs) are a sub-class of polyelectrolytes with ionic liquid-like species, one of them being covalently bonded to the polymer backbone. [START_REF] Plesse | All-solid state ionic actuators based on polymeric ionic liquids and electronic conducting polymers[END_REF] Their ions are highly dissociated and the counter-ions are mobile without any additional solvent, resolving de facto any potential leakage and toxicity issues of liquid type electrolytes. If crosslinked by dynamic exchangeable bonds, liquid-free ionically conducting coatings with vitrimer properties can be obtained and offer a unique possibility to develop truly all-solid-state and self-healable ionically conducting materials for electrochemical devices and electroactive textiles.

In chapter 1, we present the state of the art on vitrimers, from the general principle of covalent dynamic networks to the specific case of vitrimers. Various mechanisms are described, as well as the advances and properties of these materials as healable ionic conductors. In chapter 2, we show how PTE-based dynamic ionogels are possibly made using S-transalkylation exchange reaction. Thermal properties, mechanical properties, ionically conducting behaviors, and dynamic properties of these materials are reported. Preliminary coating tests of dynamic ionogels are demonstrated on commercial CNT yarns and open-air actuating systems based on two coated CNT yarns are then fabricated and tested. In chapter 3, to further explore the potentials of PTE networks, boronic ester exchange is introduced into these networks to prepare dynamic ionogels. The feasibility of using these ionogels as coating materials is demonstrated through a continuous dip-coating process on commercial polyamide yarns. Finally, they are also coated on CNT yarns and their corresponding open-air actuating systems are assessed. In chapter 4, after a state of the art on PILs, the synthesis of a novel PIL bearing polymerizable functional groups has been reported. The resulting PIL is then crosslinked with boronic ester-based dynamic crosslinkers with or without the presence of additional PEO dangling chains. The vitrimer properties, washability and coating performances of the resulting PIL networks are also studied. Finally, in the conclusion part, different aspects of all approaches are summarized and compared, followed by some perspectives of this work.

Chapter 1: Bibliography on covalent adaptable networks and vitrimers

Chapter 1: Bibliography on covalent adaptable networks and vitrimers 1 Covalent adaptable networks (CANs)

Self-healing materials are drawing a lot of attention nowadays because of their capabilities to repair physical damages and impart reprocessability. As a result, the lifetime of these materials can be prolonged. Generally, depending on the mechanism of healing, these materials are divided into extrinsic and intrinsic self-healing materials. Extrinsic healing is induced by releasing the healing agents for example from microencapsulation or vascular networks after damages. [START_REF] Blaiszik | Self-healing polymers and composites[END_REF] However, releasing encapsulated healing materials can be difficult to control due to the mechanical instability of the capsules. Vascular healing materials sequester the healing agent in form of capillaries or hollow channels in a network, therefore specific fabrication processes are required. [START_REF] Dahlke | How to Design a Self-Healing Polymer: General Concepts of Dynamic Covalent Bonds and Their Application for Intrinsic Healable Materials[END_REF] In contrast, an intrinsic healing system is inherently capable of restoring its integrity triggered by damage or by an external stimulus (e.g., thermal, mechanical, electrical, or photo-stimuli). A temporary increase in mobility leads to reflow of the material at the damaged area. Intrinsic self-healing can be accomplished through reversible reactions, supramolecular interactions (hydrogen bonding, ionic interactions, etc.), [START_REF] Wemyss | Dynamic crosslinked rubbers for a green future: A material perspective[END_REF] melting of thermoplastic phases, or molecular diffusion and entanglement. [START_REF] Blaiszik | Self-healing polymers and composites[END_REF] Despite that ionic and hydrogen bonds have been known to achieve efficient self-healing performances, these systems are generally sensitive to heat, as well as water and any other polar solvents. Consequently, self-healing materials based on reversible reactions including covalent bonds have been sought.

In this scope, one must consider that polymer materials are generally divided into two classes, thermoplastics and thermosets. Thermoplastics consist of linear or branched polymer chains (Fig. 1.1a). [START_REF] Winne | Dynamic covalent chemistry in polymer networks: A mechanistic perspective[END_REF] Polystyrene (PS), polytetrafluoroethylene (PTFE or Teflon), polyethylene terephthalate (PET), polyamide (PA or nylon), polylactide (PLA), polyvinyl chloride (PVC), polyethylene (PE), polypropylene (PP), etc. are common examples of thermoplastics.

Thermoplastics behave like a viscoelastic fluid and flow when heated and solidify upon cooling without any chemical change. Multiple cycles of heating and cooling can be repeated and, as a result, thermoplastics are generally easy to process and highly recyclable. These characteristics allow polymers to be extruded or molded after polymerization to fabricate desired shapes or to repair damaged materials. [START_REF] Dahlke | How to Design a Self-Healing Polymer: General Concepts of Dynamic Covalent Bonds and Their Application for Intrinsic Healable Materials[END_REF] However, they are usually limited by their low strength, structural stability at high temperatures, abrasion, and solvent resistance. [START_REF] Röttger | High-performance vitrimers from commodity thermoplastics through dioxaborolane metathesis[END_REF] Thermosets, on the other hand, are crosslinked polymers promoting chemical bonding between macromolecular chains and creating a 3D network (Fig. 1.1b). Conventional thermoset polymers, such as vulcanized rubbers, melamine resin, phenolic resin, polyester resin, epoxy resin, etc., possess high thermal stability, resistance to environmental stress and chemicals as well as insolubility. [START_REF] Dahlke | How to Design a Self-Healing Polymer: General Concepts of Dynamic Covalent Bonds and Their Application for Intrinsic Healable Materials[END_REF] Owing to these features of thermosets, they must be processed in a mold having the desired shape because once the reaction is completed, the polymer cannot be reshaped or reprocessed by heat or with solvent [START_REF] Montarnal | Silica-like malleable materials from permanent organic networks[END_REF] . are formed, remaining a constant crosslink density and the mechanism of transesterification. Reproduced from ref. 58 with permission from the Royal Society of Chemistry. [START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF] In dissociative CANs, bonds are first broken and then reformed (i.e., an elimination-addition mechanism [START_REF] Winne | Dynamic covalent chemistry in polymer networks: A mechanistic perspective[END_REF] ) in response to external stimuli, such as heat or light, resulting in topology rearrangements due to a sudden viscosity drop and a loss of dimensional stability (Fig. 1.2a). [START_REF] Wemyss | Dynamic crosslinked rubbers for a green future: A material perspective[END_REF][START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF][START_REF] Van Zee | Permanently crosslinked polymers with dynamic network topology[END_REF] The observed modulation of macroscopic characteristics is principally driven by a change in crosslinking density, which is governed by the equilibrium between the associated and dissociated bonds. At elevated temperatures, the rate of bond dissociation is faster than the rate of bond association. Consequently, in the dissociated state these materials lose network integrity, which is a drawback in applications requiring solvent resistance while ongoing functioning. The reversible Diels-Alder reaction between dienes and dienophiles has been well-explored for the design and synthesis of thermally induced dissociative CANs (Fig. 1.2a). Usually, the retro Diels-Alder reaction can be thermally activated (110 -150 °C) such that the polymer can reach the liquid state to allow reprocessing or healing. [START_REF] Wemyss | Dynamic crosslinked rubbers for a green future: A material perspective[END_REF][START_REF] Zhang | Exploring Dynamic Equilibrium of Diels-Alder Reaction for Solid State Plasticity in Remoldable Shape Memory Polymer Network[END_REF] In 1969, Crave first reported the incorporation of furan (diene) and maleimide (dienophile) moieties into polymers to achieve thermal reversibility. [START_REF] Craven | Cross-linked thermally reversible polymers produced from condensation polymers with pendant furan groups cross-linked with maleimides[END_REF] Owing to the fast rates of cycloadduct formation between furan and maleimide, and because their dissociation occurs within the temperature ranges compatible with the thermal stability of many polymer backbones, they have become the most commonly used functional groups in reversible Diels-Alder reaction. [START_REF] Fortman | Approaches to Sustainable and Continually Recyclable Cross-Linked Polymers[END_REF] Many other dissociative CANS have also been reported, such as alkoxyamine chemistry, [START_REF] Yuan | Self-healing polyurethane elastomer with thermally reversible alkoxyamines as crosslinkages[END_REF] uretdione chemistry, [START_REF] Summers | Combining uretdione and disulfide reversibly degradable polyurethanes: Route to alternating block copolymers[END_REF][START_REF] Delebecq | On the versatility of urethane/urea bonds: Reversibility, blocked isocyanate, and non-isocyanate polyurethane[END_REF] triazolinedione-indole chemistry, [START_REF] Houck | Tunable Blocking Agents for Temperature-Controlled Triazolinedione-Based Cross-Linking Reactions[END_REF][START_REF] Van Herck | Fast Healing of Polyurethane Thermosets Using Reversible Triazolinedione Chemistry and Shape-Memory[END_REF] phthalate monoester transesterification, [START_REF] Delahaye | Internal Catalysis in Covalent Adaptable Networks: Phthalate Monoester Transesterification As a Versatile Dynamic Cross-Linking Chemistry[END_REF] UV-activated [2+2] [START_REF] Delaittre | Cycloadditions in modern polymer chemistry[END_REF] and [4+4] 70 cycloadditions, etc.

However, the crosslink density after bond rearrangement is, in some cases, reported to be different from that before reprocessing, causing fluctuant physical performances including mechanical performances and glass transition temperature (Tg). [START_REF] Kloxin | Covalent adaptable networks (CANs): A unique paradigm in cross-linked polymers[END_REF] On the contrary, CANs that rely on an associative bond exchange reaction (i.e., an additionelimination reaction [START_REF] Winne | Dynamic covalent chemistry in polymer networks: A mechanistic perspective[END_REF] ) are characterized by a constant crosslink density (Fig. reaction into an epoxy-based polyester containing free hydroxyl groups that were judiciously positioned next to ester linkages which made up the entire polymer backbone. [START_REF] Montarnal | Silica-like malleable materials from permanent organic networks[END_REF] The use of a catalyst accelerated the dynamic interchange within the polymer networks between ester linkages and hydroxyl moieties (transesterification) (Fig. 1.2b), allowing topology rearrangement and self-healing of these thermosets. The resulting materials could swell in good solvents but remained completely insoluble even at elevated temperatures. The authors introduced the name 'vitrimers' for thermally triggered associative CANs.

Vitrimer materials

Taking a closer look at vitrimers to know why they were named as such, they are polymers that can change their topology through dynamic exchange reactions without degenerating the network, i.e., maintaining a constant crosslink density. [START_REF] Röttger | High-performance vitrimers from commodity thermoplastics through dioxaborolane metathesis[END_REF][START_REF] Montarnal | Silica-like malleable materials from permanent organic networks[END_REF][START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF][START_REF] Van Zee | Permanently crosslinked polymers with dynamic network topology[END_REF][START_REF] Fortman | Approaches to Sustainable and Continually Recyclable Cross-Linked Polymers[END_REF][START_REF] Breuillac | Polybutadiene Vitrimers Based on Dioxaborolane Chemistry and Dual Networks with Static and Dynamic Cross-links[END_REF][START_REF] Denissen | Vinylogous urethane vitrimers[END_REF] At low temperatures, the topology of the network is frozen, and they behave like permanently cross-linked thermosets. At elevated temperatures, the networks become malleable, can flow by topology rearrangement, and behave like viscoelastic liquids with an Arrhenius-like gradual viscosity variation typical to vitreous silica. The transition from the solid to the liquid state occurs at a temperature denoted as topology freezing transition temperature Tv by Leibler et al. [START_REF] Montarnal | Silica-like malleable materials from permanent organic networks[END_REF] In another word, Tv represents theorectically the upper limit for service temperature and minimum temperature for recycling these materials. [START_REF] Yang | Detecting topology freezing transition temperature of vitrimers by AIE luminogens[END_REF] The total number of bonds in the vitrimer network is preserved at all temperatures within the utilization temperature range.

Consequently, vitrimers swell but do not dissolve in chemically inert solvents even when heated, and they will only show a limited soluble fraction due to defects and unattached chains. Vitrimers demonstrate excellent potential due to their unique combination of properties, including mechanical properties at service temperatures, self-healing, shapememory, malleability, and recyclability. In this section, the unique characteristics of this new family of polymers will be discussed, followed by an introduction of different exchange mechanisms. Then, some examples of their applications as ionically conducting materials will be discussed. Finally, we will finish with a short conclusion.

Characteristics of vitrimer materials

Vitrimers have dynamic covalent crosslinks that do not dissociate during the exchange reaction and can thus undergo a thermally triggered and reversible transition from a (visco)elastic solid to a viscoelastic liquid while maintaining a constant crosslinking degree.

This permanent connectivity at all temperatures within the utilization temperature range

Chapter 1: Bibliography on covalent adaptable networks and vitrimers distinguishes vitrimers from classical thermoplastics that follow the Williams-Landel-Ferry (WLF) model, [START_REF] Williams | The Temperature Dependence of Relaxation Mechanisms in Amorphous Polymers and Other Glass-forming Liquids[END_REF] and also from dissociative CANs that are classically believed to undergo a decrease in connectivity with increased temperatures (Fig. 1.3). [START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF][START_REF] Van Zee | Permanently crosslinked polymers with dynamic network topology[END_REF][START_REF] Fortman | Approaches to Sustainable and Continually Recyclable Cross-Linked Polymers[END_REF] In comparison to thermoplastic melts, the flow in vitrimer is mainly controlled through chemical reaction rates, rather than by chain friction as for usual polymer melts. [START_REF] Denissen | Chemical control of the viscoelastic properties of vinylogous urethane vitrimers[END_REF] This unique property endows vitrimers with distinctive thermomechanical and flow properties. In recent years, some refinements appeared with the increasing number of studies on dynamic covalent exchange reactions. Several papers have reported observations of Arrhenius-like properties in CANs that exchange bonds through dissociative pathways, such as Diels-Alder, [START_REF] Kuang | Correlation between stress relaxation dynamics and thermochemistry for covalent adaptive networks polymers[END_REF] transalkylation of triazolium salts, [START_REF] Obadia | Reprocessing and Recycling of Highly Cross-Linked Ion-Conducting Networks through Transalkylation Exchanges of C-N Bonds[END_REF][START_REF] Obadia | Tuning the Viscosity Profile of Ionic Vitrimers Incorporating 1,2,3-Triazolium Cross-Links[END_REF] hindered urea, [START_REF] Zhang | Effect of Sterics and Degree of Cross-Linking on the Mechanical Properties of Dynamic Poly(alkylurea-urethane) Networks[END_REF] urethane exchange, [START_REF] Zheng | Thermoset Shape-Memory Polyurethane with Intrinsic Plasticity Enabled by Transcarbamoylation[END_REF] phenol-carbamate bond, [START_REF] Shi | Solvent-free thermo-reversible and self-healable crosslinked polyurethane with dynamic covalent networks based on phenolcarbamate bonds[END_REF][START_REF] Shi | Reprocessable Cross-Linked Polyurethane with Dynamic and Tunable Phenol-Carbamate Network[END_REF] or oxime-carbamate bond. [START_REF] Liu | Oxime-Based and Catalyst-Free Dynamic Covalent Polyurethanes[END_REF] In these examples, the association equilibrium constants of the dynamic bonds are sufficiently high to effectively maintain the crosslinking density, leading to materials exhibiting vitrimeric properties. These results indicate that the linear Arrhenius plot is not only expected from vitrimers with associative exchange mechanisms but can also be observed with dissociative CANs. In a recent review of Dichtel et al., the authors examined a large pool of dissociative CANs for which stress relaxation or viscosity measurements have been reported as a function of temperature. [START_REF] Elling | Reprocessable Cross-Linked Polymer Networks: Are Associative Exchange Mechanisms Desirable?[END_REF] Their survey showed that all these examples of dissociative CANs demonstrated the Arrhenius relationship and exhibited similar thermomechanical properties as vitrimers. The practical differences between associative and dissociative CANs at typical reprocessing temperatures are then relatively subtle. The authors also suggest that the fine-drawn or nonexistent differences in characteristics between dissociative CANs and vitrimers can cast doubt on classifying these materials based on their exchange mechanisms.

The topology freezing temperature Tv and viscoelastic properties

At temperatures below Tg, thermosets behave as glassy solids; above their Tg, they behave as elastomers. On the other hand, thermoplastics flow when heated above their Tg or melting temperature (Tm) for amorphous or semi-crystalline polymers, respectively. Above Tg, the viscosity of amorphous thermoplastics drops dramatically and follows the WLF model [START_REF] Williams | The Temperature Dependence of Relaxation Mechanisms in Amorphous Polymers and Other Glass-forming Liquids[END_REF] between Tg and roughly 100 °C above Tg; then at higher temperatures, it follows Arrheniustype temperature dependency. [START_REF] Ngai | Relation of Internal Rotational Isomerism Barriers To the Flow Activation Energy of Entangled Polymer Melts in the High-Temperature Arrhenius Region[END_REF][START_REF] Lohse | Well-defined, model long chain branched polyethylene. 2. Melt rheological behavior[END_REF][START_REF] Liu | New linearized relation for the universal viscosity -Temperature behavior of polymer melts[END_REF] For semi-crystalline thermoplastics, the viscosity drops sharply at Tm and then follows the Arrhenius temperature dependence as long as Tm is about 100 °C above Tg. [START_REF] Lohse | Well-defined, model long chain branched polyethylene. 2. Melt rheological behavior[END_REF][START_REF] Isayev | Injection molding of semicrystalline polymers: Characterization and modeling[END_REF] The viscoelastic behavior of vitrimers is completely different due to the introduction of dynamic chemistries. The molecular network needs to be able to reconfigure its topology for vitrimers to flow, which first requires enough energy to overcome the physical barrier of cooperative segmental mobility and to activate reactions between dynamic crosslinks. The former corresponds to the Tg of polymers, whilst the latter causes vitrimers to exhibit a new characteristic transition temperature Tv, which is defined as the temperature at which the viscosity equals 10 12 Pa•s, representing the liquid-to-solid transition of a glass-forming liquid [START_REF] Montarnal | Silica-like malleable materials from permanent organic networks[END_REF] .

When the temperature is below Tv, the network topology is frozen due to the absence of exchange reaction on the observation timescale. The viscoelastic properties of vitrimers in response to heat in different temperature ranges are determined by the relative positions of T g and T v .

In the case of an amorphous polymer that possesses a Tv above Tg, upon heating, the material evolves from a glassy solid (T < Tg) to an elastomer (Tg < T < Tv) to a viscoelastic liquid (T > Tv)

whose viscosity follows the Arrhenius law (Fig. 1.4a). [START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF][START_REF] Van Zee | Permanently crosslinked polymers with dynamic network topology[END_REF] Likewise, a semi-crystalline vitrimer with a Tm below Tv behaves as an elastomer between the two temperatures, and then as a viscoelastic liquid above Tv, exhibiting a melt viscosity that gradually decreases with temperature according to Arrhenius law (Fig. 1.4b). The hypothetical Tv can also be lower than Tg. In the case of an amorphous vitrimer with a hypothetical Tv below Tg, it behaves like a viscoelastic liquid with an Arrhenius-law-compliant viscosity at T > Tg (Fig. 1.4c). As the temperature drops and approaches Tg, the dynamic exchange reaction remains fast while segmental motions of polymers associated with Tg limit the topology rearrangement of the network. The melt viscosity then deviates towards WLF behavior as a function of temperature.

Even if the reaction exchange is in principle possible for Tv < T < Tg, at T < Tg, segmental motion is suppressed, no exchange reaction can occur, and the topological rearrangement of the network is frozen, causing the material to evolve from a viscoelastic liquid to a glassy solid.

The same logic can be applied to semi-crystalline vitrimers. Tv is conventionally chosen as the temperature at which the viscosity equals 10 12 Pa•s as this value describes the liquid-to-solid transition of a glass-forming liquid. [START_REF] Montarnal | Silica-like malleable materials from permanent organic networks[END_REF][START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF] Commonly, Tv can be measured by dilatometry test since a static network has a lower expansion coefficient than a reorganizing network, confirming the existence of the solid-to-liquid transition in vitrimers (Fig. 1.5a). This method provides information not only on Tv, but also on the entire relevant temperature range of the transition. Apart from the dilatometry, Tv can also be extrapolated from the stress-relaxation test (Fig. For the stress-relaxation experiment, a constant strain is applied and the relaxation modulus  is monitored as a function of time. Based on the Maxwell model for viscoelastic fluids, relaxation times  are determined at 37% (1/e) of the normalized relaxation modulus (eq.1) [START_REF] Wright | Photoactivated Healable Vitrimeric Copolymers[END_REF] :

𝜎 (𝑡) 𝜎 0 = 𝑒 -𝑡 𝜏 (1) 
The relation between the viscosity  and the characteristic relaxation time  can be expressed with the Maxwell relation (eq.2) [START_REF] He | Poly(oxime-ester) Vitrimers with Catalyst-Free Bond Exchange[END_REF] :

𝜂 = 𝐺 • 𝜏 = 𝐸′ 2(1+𝜈) • 𝜏 (2) 
Where G stands for the shear modulus,  for the Poisson's ratio and E' for the storage tensile modulus at the rubbery plateau. Taken Poisson's ratio = 0.5 usually used for rubbers [START_REF] He | Poly(oxime-ester) Vitrimers with Catalyst-Free Bond Exchange[END_REF][START_REF] Denissen | Vinylogous urethane vitrimers[END_REF] or for incompressible materials, 86,94 (eq.2) turns into (eq.3):

𝜂 = 𝐸′ 3 • 𝜏 (3) 
Moreover, relaxation time reflects associative exchange reactions and their temperature dependence can be fitted to the Arrhenius equation (eq.4), [START_REF] Denissen | Vinylogous urethane vitrimers[END_REF][START_REF] Yang | Detecting topology freezing transition temperature of vitrimers by AIE luminogens[END_REF] where Ea that represents the activation energy of the viscous flow induced by the associative exchangeable reaction can be calculated:

𝜏(𝑇) = 𝜏 0 𝑒 𝐸 𝑎 𝑅𝑇 (4) 
Tv is determined by combining (eq.3) and (eq.4). However, this approach can only lead to theoretical values of Tv because it is based on the extrapolation of experimental data acquired at temperatures well above Tv. Therefore, this method allows indirect access to determine Tv. [START_REF] Kaiser | The crucial role of external force in the estimation of the topology freezing transition temperature of vitrimers by elongational creep measurements[END_REF] Viscoelastic properties of vitrimers and Tv can be tuned by different parameters such as the crosslink density, availability of exchangeable linkages, exchange reaction kinetics, mobility of the polymer chains, the abundance of reactive chemical functions, and the polarity of the component polymer matrix. [START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF][START_REF] Spiesschaert | Influence of the polymer matrix on the viscoelastic behaviour of vitrimers[END_REF] The exchange rate, activation energy and Tv can also be controlled by catalyst nature and concentration. [START_REF] Capelot | Catalytic Control of the Vitrimer Glass Transition[END_REF] The later parameters have been carefully examined in the case of vitrimers with transesterification exchange reaction. It was found that with increasing zinc acetate (Zn(OAc)2) catalyst loadings, the exchange rate demonstrated a linear increase while the activation energy of the viscous flow remained unchanged (slope of the lines in Fig. 1.6a). This indicates that increasing the catalyst content in vitrimers does not change the temperature dependency of the viscosity, but it leads to a decrease in viscosity at a given temperature, and consequently lowers Tv. They also demonstrated that the activation energy can be tuned by changing the catalyst nature. For example, the activation energy of the system loaded with 5 mol% of 1,5,7-triazabicyclo[4,4,0] the interference of external force by doping or swelling AIE luminogens into vitrimers. [START_REF] Yang | Detecting topology freezing transition temperature of vitrimers by AIE luminogens[END_REF] The drastic change below and over Tv of the fluorescence of AIE-luminogens is supposed to provide an accurate method to detect Tv under static conditions with no contact force applied.

This method also allows the authors to state that the topology freezing transition occurs in a temperature range instead of at a certain temperature.

Winne and Du Prez et al. discussed the limitation of Tv in a recent minireview and pointed out that treating this temperature as an absolute threshold or as an experimentally verifiable physical constant could be highly misleading. 100 The T v value extrapolated from viscosity trends can deviate more than 100 K due to measurement errors, making it problematic to compare Tv values of different systems (Fig. 1.7). Consequently, Tv should be considered as a temperature associated with the specific dynamic exchange mechanism of the materials, rather than the temperature belonging to the material, which may or may not be relevant for properties of the materials at a given temperature. They argued that the Tv in high Tg materials is not very interesting as the exchangeable moieties are frozen by the sluggish segmental motion of polymers associated with Tg. They also recommended focusing less on Tv values in low Tg materials and conducting experiments at low temperatures rather than solely relying on stress relaxation experiments at elevated temperatures and high frequencies. 

Characteristic properties

As vitrimers possess a constant crosslink density in the system at all temperatures below degradation, vitrimers are believed to swell but do not dissolve in chemically inert solvents even when heated. [START_REF] Dahlke | How to Design a Self-Healing Polymer: General Concepts of Dynamic Covalent Bonds and Their Application for Intrinsic Healable Materials[END_REF][START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF][START_REF] Fortman | Approaches to Sustainable and Continually Recyclable Cross-Linked Polymers[END_REF] This insolubility is regarded as one of the unique characteristics of vitrimer materials and has been commonly considered as a prerequisite to determine whether a material is vitrimer or not. [START_REF] Dahlke | How to Design a Self-Healing Polymer: General Concepts of Dynamic Covalent Bonds and Their Application for Intrinsic Healable Materials[END_REF][START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF][START_REF] Fortman | Approaches to Sustainable and Continually Recyclable Cross-Linked Polymers[END_REF] In a recent review of Nicolaÿ et al., it has been pointed out that vitrimers could be partially or completely dissolved in solvents due to bond reshuffling, which could lead to loop formation and release of soluble linear, cyclic and/or (hyper)branched polymers while the number of chemical bonds remains unchanged. [START_REF] Van Zee | Permanently crosslinked polymers with dynamic network topology[END_REF] Indeed, in a recent work of the same group, polybutadiene vitrimers with dynamic dioxaborolane crosslinks were found to be insoluble in tetrahydrofuran (THF) after 24 h at room temperature (insoluble fraction 90 %), but completely dissolved after 120 h. [START_REF] Breuillac | Polybutadiene Vitrimers Based on Dioxaborolane Chemistry and Dual Networks with Static and Dynamic Cross-links[END_REF] Similar behavior has also been observed in toluene, but with a slower kinetic. The authors suggested that the solubility tests are not always an appropriate way to assess the crosslinking density of vitrimers, if the tests are performed when crosslinks are dynamic. Instead, more studies should be carried out to investigate the kinetics of vitrimers as a function of network topology and functionality, dynamic linkages' lifetime, and solvent fraction and quality.

In recent years, efforts have been made to design vitrimer materials with good reprocessability at high temperatures and restricted reactivity at lower temperatures to preserve the integrity of the materials and prevent large creep. Several groups have reported tuning the mechanical behaviors of vitrimer materials by judiciously placing static crosslinkers in addition to exchangeable bonds. [START_REF] Breuillac | Polybutadiene Vitrimers Based on Dioxaborolane Chemistry and Dual Networks with Static and Dynamic Cross-links[END_REF][101][102][103] As an illustrative example, the stress relaxation transalkylation and boronic ester exchange, etc. have been investigated (Table 1.1). Olefin metathesis 2.2.9

Transesterification and its analogues

The transesterification of esters takes place in the presence of free alcohols. A common strategy to prepare transestrification vitrimers is to prepare β-hydroxy ester functions. Such functions are obtained by the reaction between epoxy and carboxylic acid (Fig. 1.9a) or anhydride (Fig. 1.9b) and usually in the presence of an organic salt or a strong base catalyst. [START_REF] Fortman | Approaches to Sustainable and Continually Recyclable Cross-Linked Polymers[END_REF] 

Synthesis of β-hydroxy ester vitrimer

In 2011, Leibler and coworkers first introduced the term vitrimer by synthesizing polyesterbased epoxy networks containing a Zn(II) catalyst that could undergo transesterification reaction (Fig. 1.9c). [START_REF] Montarnal | Silica-like malleable materials from permanent organic networks[END_REF] The vitrimers were prepared by curing a mixture of carboxylic acids and the diglycidyl ether of bisphenol A with a 1:1 epoxy/COOH stoichiometry (Fig ). [START_REF] Yue | Vitrimerization: Converting Thermoset Polymers into Vitrimers[END_REF] The anhydride-cured epoxy was converted into a vitrimer epoxy through a planetary ball mill processing with zinc acetate catalyst, allowing recycling and reprocessing without depolymerization. The vitrimerized thermoset exhibited comparable mechanical properties and solvent resistance with the original ones. This interesting approach enables unrecyclable thermosets to be recycled and reused without sacrificing mechanical properties and allows closed-loop recycling of thermosets with a minimum environmental impact. properties. 106 The transesterification reaction could be triggered by not only heat but also by near-infrared light and pH thanks to the introduction of an aniline trimer in a small quantity.

A few research groups have reported preparing vitrimers using Zn 2+ as both ionic crosslinks and transesterification catalysts. Nevertheless, the impregnated catalysts for transesterification reaction have generated numerous concerns. The catalysts used are usually organic salts (zinc(II), [START_REF] Montarnal | Silica-like malleable materials from permanent organic networks[END_REF][START_REF] Yue | Vitrimerization: Converting Thermoset Polymers into Vitrimers[END_REF][START_REF] Capelot | Catalytic Control of the Vitrimer Glass Transition[END_REF]104,106 Tin(II) 2-ethylhexanoate [START_REF] Brutman | Polylactide vitrimers[END_REF] ) or strong bases (1,8-Diazabicyclo[5,4,0]undec-7-ene (DBU), 110 TBD [START_REF] Capelot | Catalytic Control of the Vitrimer Glass Transition[END_REF]105 ).

These catalysts are usually toxic, which limits the application of vitrimer. Moreover, some have poor miscibility with organic compounds, which might lead to reduced mechanical properties of the prepared vitrimer due to improper mixing at high catalyst loading content.

Dynamic bond exchange reactions are often triggered at elevated temperatures, so the presence of catalyst might cause a lower thermostability because of accelerated thermal degradation. In addition, catalysts might cause corrosion to the substrates in some specific applications such as coating and adhesive. 111,112 There are also concerns about the long-term stability of the materials due to the catalyst aging or leaching, and ester hydrolysis. [START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF][START_REF] Fortman | Approaches to Sustainable and Continually Recyclable Cross-Linked Polymers[END_REF] To address these negative effects of catalyst in the transesterification vitrimer systems, some studies have been focused on developing catalyst-free epoxy vitrimers based on transesterification reaction.

β-hydroxyester vitrimer without exogenous catalyst

Altuna et al. reported a completely bio-based catalyst-free polyester vitrimer via the reaction between epoxidized soybean oil and citric acid in the presence of water. 113 No external catalyst was needed thanks to the presence of unreacted free carboxyl acid in close proximity to ester bonds (Fig. 1.12a). The reaction started off with the protonation of epoxy groups followed by either the attack of carboxylate groups to generate -hydroxyester linkages, or by the hydrolysis of epoxy groups with water molecules that led to vicinal diols. Then, new hydroxyesters were generated by residual COOH groups and OH groups with a post-cure at elevated temperature. The resulting polymer networks contained -hydroxyester groups together with a fraction of vicinal diol groups. The presence of these excess alcohol functions has allowed the transesterification with a viscous flow activation energy of 104 kJ•mol -1 , typically in the range of that of catalyzed transesterification, and exhibited almost complete recovery in the mechanical properties after healing fractured samples at 160 °C. However, the stress relaxation times were long (5.5 h at 150 °C, 4h at 160 °C) and vitrimer-like material is obtained probably due to irreversible ether crosslinks resulting from the homopolymerization of epoxy groups.

In recent years, the group of J. Zhang et al. prepared On the other hand, transesterification vitrimer without external catalyst can be obtained by including on the backbone of epoxy the tertiary amines that are catalytic for the epoxy-acid addition and the transesterification. Thus, a vitrimer elastomer was prepared by curing a vegetable oil-derived dimer acid and a tetrafunctional glycidylamine epoxy (Fig. 1.13). 115 An Ea around 75 kJ•mol -1 was extracted. The elastomers displayed healing and shape-changing properties because of the dynamic transesterification reaction at elevated temperatures (>170 °C). Moreover, the prepared material could be degradable in hydrothermal conditions above 170 °C without the use of catalyst and could be then repolymerized to give new crosslinked elastomers. 2-ethylhexanoate (Sn(Oct)2) as catalyst was prepared by using hydroxyl-terminated four-arm shaped polylactide, a polyester, and methylene diphenyl diisocyanate (Fig. 1.14a). [START_REF] Brutman | Polylactide vitrimers[END_REF] The prepared polylactide vitrimer showed remarkably short relaxation times (50 s at 140 °C) even with a small amount of free hydroxyl groups present in the network. An activation energy of 

Analogue of transesterification

There are also several analogous mechanisms of transesterifcation between esters and alcohols: transesterification of oxime-ester bonds (Fig. 1.15a), transcarbonation between carbonate and alcohol (Fig. 1.15b), and transcarbamoylation of carbamates with free hydroxyl groups (Fig. 1.15c). He et al. reported catalyst-free poly(oxime-ester) vitrimers (Fig. 1.15a) and acquired a viscous flow activation energy of 63.5 ± 7.8 kJ•mol -1 , which was lower than that of a conventional epoxy ester system containing catalysts. [START_REF] He | Poly(oxime-ester) Vitrimers with Catalyst-Free Bond Exchange[END_REF] The Tv values were found to be in the range of 12 -43 °C. These networks exhibited excellent malleability and reprocessability at high temperatures without the addition of catalyst owing to oxime transesterification.

Transcarbonation involves the associative reaction between hydroxyl nucleophile and carbonate (Fig. 1.15b). Some researchers have been taking advantage of transcarbonation to prepare polycarbonate (PC) vitrimers using Ti(IV) as a catalyst, [START_REF] Snyder | Reprocessable Acid-Degradable Polycarbonate Vitrimers[END_REF]117 which further broadens the possibilities of sustainable polymer networks. Transcarbamoylation of carbamates with free hydroxyl groups (Fig. 1.15c) can be observed with polyhydroxyurethane (PHU) networks.

PHUs are synthesized from polyfunctional cyclic carbonates and amines, providing one hydroxyl group in -position of the carbamate linkage (Fig. 1.15d). Fortman et al. developed PHU vitrimers that could relax stress and could be reprocessed at elevated temperature (160 °C) and high pressure in the absence of an external catalyst. 118 The associative transcarbamoylation enabled Arrhenian-type stress relaxation behavior in the resulting polymers with an activation energy of 111 ± 10 kJ•mol -1 . Although these materials displayed comparable mechanical properties to those of traditional polyurethane (PU) thermosets, the slow exchange kinetics is a limiting factor for these materials, with relaxation times of 80 min at 170 °C. The combination of prolonged relaxation times and elevated temperatures causes minor degradation, resulting in reduced mechanical properties over time. So, the original mechanical properties of pristine samples could not be fully recovered after recycling. In conclusion, transesterification is so far the most investigated vitrimer mechanism. The associative bond exchange takes place with the addition of a catalyst or by introducing excess free hydroxyl groups. In some studies, mechanisms similar to transesterification have also been implemented into polycarbonates, oximes-esters, and carbamates. The transesterification exchange reaction is usually activated at an elevated temperature (> 120°C). The viscous flow activation energy associated with the bond exchange between hydroxyl and ester bonds can be ranged from 60 to 150 kJ•mol -1 depending on the chemistry used. It should be underlined that in some cases side reactions triggering permanent crosslinking (e.g., epoxy homopolymerization) can occur, consequently full stress relaxation or reprocessability cannot be achieved and vitrimer-like materials are obtained. Despite of this, the abundant availability of precursors and ease of synthesis make this approach a promising candidate for future upscaling in industrial applications.

Transalkylation

In 2015, Obadia et al. reported transalkylation reaction of triazolium crosslinked materials to be used as the mechanism of vitrimer. [START_REF] Obadia | Reprocessing and Recycling of Highly Cross-Linked Ion-Conducting Networks through Transalkylation Exchanges of C-N Bonds[END_REF] Such polymeric networks with high ionic content were obtained by the solvent-and catalyst-free polyaddition of an α-azide-ω-alkyne monomer and simultaneous alkylation of the resulting poly(1,2,3-triazole)s using difunctional cross-linking agents such as dibromo and diiodo alkanes or alkyl mesylates (MsO -: CH3SO3 -) (Fig. 1.16a). The thermally activated transalkylation reaction was assured by the exchanges of C-N bonds between 1,2,3-triazolium cross-links and halide-functionalized dangling chains (Fig. 1.16b). The authors suggested that strictly associative exchange mechanisms were not necessarily required to induce vitrimer behavior. They proposed a dissociative two-step mechanism governing the N-transalkylation reaction. First, a nucleophilic attack of the 1,2,3triazolium crosslinks by the iodide counter-anion was initiated, yielding uncrosslinking by de-N-alkylation. Subsequent rapid re-N-alkylation of the formed 1,2,3-triazole by surrounding iodide-functionalized dangling chains allowed reshuffling of the covalent crosslink location. [START_REF] Obadia | Tuning the Viscosity Profile of Ionic Vitrimers Incorporating 1,2,3-Triazolium Cross-Links[END_REF] The almost constant storage modulus at the rubber plateau measured by DMA indicated a constant crosslink density span between 100 to 170 °C, notwithstanding the probable dissociative N-transalkylation equilibrium between 1,2,3-triazoles and 1,2,3-triazoliums. The resulting materials showed a high activation energy of 140 kJ•mol -1 and relaxation times varied from 30 min at 130 °C to a few seconds at 200 °C. The chemical kinetics of Ntransalkylation reaction could be controlled by the nature of counter-ions, as the relaxation time increased in the order of Br -<< I -< MsO -. Interestingly, they also observed fast relaxation times for networks with higher crosslink densities. ), probably due to their higher nucleophilicity in an SN2 reaction expected for a thioether compared to C-N dissociative mechanism. Polymeric materials based on this mechanism allow to achieve an effective recycling strategy for classical vulcanized rubbers via alkylation and subsequent transalkylation. Moreover, the presence of ionic species in these materials makes it possible to explore the use of transalkylation as dynamic ionically conductive materials.

Boronic ester exchange

Boronic esters can be facilely produced through the condensation of boronic acids with hydroxyl-group-containing compounds. The boronic ester bonds are a kind of thermally stable (B-O bond dissociation energy 519 kJ•mol -1 ) 124 and robust dynamic covalent bonds. They have been commonly implemented in vitrimer studies due to their hydrolysis ability, boronic ester transesterification and metathesis (Fig. 1.18). In 2015, Cash et al. described a healable boronic ester diene network via radical thiol-ene reaction between a tetrafunctional thiol and a difunctional vinyl monomer containing a boronic ester. 125 However, the healing of these materials had to be facilitated by water to induce dissociative boronic ester hydrolysis and re-esterification. In fact, hydrolysis of boronic esters would free interfacial polymer chains from the glassy state and create reactive sites for rebinding. In the same year, Cromwell et al. reported recyclable thermosets by implementing the associative boronic ester transesterification and demonstrated that the exchange rate could be tuned by neighboring groups. 124 The reprocessable polyolefin networks were synthesized from 1,2-diol containing polymer backbone and difunctional boronic ester crosslinkers. Chemical structures of the two diboronic ester crosslinkers with tunable exchange kinetics are shown in Fig. 1.19a. A significant extent of healing at 50 °C in the absence of water or alcohol was observed in tertiary amine-containing networks, whereas the network without tertiary amines showed minimal healing suggesting an acceleration of exchange reaction in the presence of amine. Even though small molecules boronic esters were susceptible to hydrolysis, the relatively hydrophobic bulk polymer ensured the hydrolytic stability of the boronic ester bonds embedded in the polymer system. A very recent study demonstrated that polydioxaborolane networks could be also remolded by mechanical force. 131 Polydioxaborolane networks with abundant boronic ester linkages were prepared and their theoretical Tv were lower than Tg. Interestingly, when these dynamic networks were remolded at temperatures between Tv and Tg without the involvement of water, the compressive force could break the reversible linkages into reactive sites and activate interfacial rebinding.

In conclusion on this mechanism, boronic ester exchanges do not generally need a catalyst, initiator, or elevated temperature and the activation energy is rather low. This exchange mechanism provides versatile approaches to prepare vitrimer materials thanks to the compatibility with a large number of chemical functionalities. However, the readiness of this exchange strongly depends on the nature of the polymer network comprising these bonds (e.g., hydrophilic, hydrophobic, glassy, semi-crystalline, or rubbery). For example, the boronic ester exchange can occur via hydrolysis at low temperature in a hydrophilic network, whereas in highly hydrophobic and semi-crystalline networks, the bond exchange can only occur at temperatures above melting. [START_REF] Röttger | High-performance vitrimers from commodity thermoplastics through dioxaborolane metathesis[END_REF]102,130 Small molecule boronic esters are susceptible to hydrolysis, so it should be borne in mind that the water and alcohol sensitivity of boronic ester bonds impacts the stability and the use of the materials.

Disulfide chemistry

Disulfide linkages have been paid great attention because of vulcanized rubbers. The exchange reaction involving disulfide can be categorized as both dissociative and associative mechanisms. As a dissociative CAN, disulfide crosslinks can be reversibly cleaved into thiyl radicals under external stimuli such as heat, light, redox, pH or shear (Fig. 1.21a). [START_REF] Wemyss | Dynamic crosslinked rubbers for a green future: A material perspective[END_REF][START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF]132 As an associative CAN, disulfide bonds are known to exchange with free thiols through intermediate thiolate anions (Fig. 1.21b). [START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF]133,134 They can also undergo disulfide metathesis with the aid of catalysts such as CuCl2, phosphine, rhodium for aliphatic disulfide, whereas more labile aromatic disulfide linkages give catalyst-free exchanges (Fig. 1.20c). 54 disulfide-based epoxy resin with a tetrafunctional thiol. 137 The resulting material led to a healable thermoset rubber that could regain 100% of the original mechanical properties after healing at 60 °C for 1 h. They attributed its healing ability to the exchange reactions of disulfide groups. In their latter work, they further looked into the mechanism of the healing process and concluded that the dominant mechanism was the associative thiol-disulfide exchange instead of disulfide metathesis. 132 However, as free thiols are easily oxidized, fewer thiol-disulfide exchanges took place, and the dynamic properties of these materials deteriorated over time.

Different additives other than thiols have also been implemented in disulfide chemistry.

Nevejans et al. demonstrated that the presence of a base, such as triethylamine and tri-nbutylphosphine, enhanced the exchange between disulfide bonds through a thiolate-anionmediated mechanism in addition to the radical-mediated mechanism (Fig. 1.22a). 138 Caraballo et al. proposed that polar solvents may facilitate disulfide metathesis when phosphine is involved owing to the ion-pair nature of the reaction intermediate. 139 Although phosphine catalysts are sensitive to air, particularly in the presence of water, oxygen and high temperatures, 140 Lei et al. proved that tri-n-butylphosphine could be used to promote airinsensitive disulfide metathesis under alkaline conditions at room temperature thanks to the hydrophobic nature of epoxidized polysulfide networks. 141 The resulting material demonstrated self-healing behavior and could be reshaped and reprocessed at room temperature. This approach is very interesting for applications such as room temperature self-healing materials. However, the rearrangement of the network structure at room temperature because of bond exchange would certainly result in creep or stress relaxation.

Xiang et al. reported the introduction of heat-resisting, oxygen-insensitive and cost-effective copper(II) chloride (CuCl2) catalyst into vulcanized polybutadiene rubber. 140 The catalyst enabled disulfide metathesis through circulated crossover reactions among disulfide and polysulfide bonds without forming radicals and ionic intermediates. The stress relaxation induced by disulfide metathesis was obvious only above 110 °C, which was higher than conventional service temperatures and thus quite suitable for crack healing and reprocessing of vulcanized rubbers. Either property restoration of damaged rubber or rubber recycling was allowed to proceed in air at 110 °C. Vitrimer materials based on disulfide chemistry are promising for developing roomtemperature self-healing materials and have also been used for surface modification. 134 Moreover, the reversibility of disulfide bonds can be controlled by various stimuli, enabling the design of multi-responsive materials. With increasing recycling facilities for sulfur-based materials, rubbers are expected to extend their lifetime and environmental pollution can be limited. However, when designing dynamic materials based on disulfide chemistry, it is important to consider the thiol-disulfide exchange that is oxygen-sensitive and requires heating, the relatively low healing efficiencies associated with aromatic disulfide exchange, the vulnerability of phosphine catalyst to air, etc.

Imine exchange

Imine, or Schiff base, can be easily synthesized through condensation of amines and aldehydes or ketones with or without acid catalysts. 133 Imine bonds are reversible and are labile towards water, they can be hydrolyzed to an aldehyde/ketone and an amine under acid conditions (Fig. 1.23a). [START_REF] Dahlke | How to Design a Self-Healing Polymer: General Concepts of Dynamic Covalent Bonds and Their Application for Intrinsic Healable Materials[END_REF][START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF]133 This reversible formation/hydrolysis of imines is clearly a dissociative pathway. In the absence of water, imines can undergo associative dynamic exchanges via transimination through intermediate aminal formation (formation of an organic compound that has two amine groups attached to the same carbon atom) (Fig. 1.23b) or imine metathesis (Fig. 1.23c). Unlike hydrolysis of imines, the latter two pathways proceed without disruption of the C=N bonds. [START_REF] Dahlke | How to Design a Self-Healing Polymer: General Concepts of Dynamic Covalent Bonds and Their Application for Intrinsic Healable Materials[END_REF][START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF]133,145 elastomer based on dynamic imine crosslinks that exhibited self-healing behavior in air at a temperature as low as -20 °C. 147 It has also been demonstrated that dynamic imine reactions could restore the polyimine network's integrity after the applied deformation without the need of water or heat. 148 However, the unavoidable sensitivity of polyimine networks towards hydrolysis limits their mechanical properties and any practical applications despite the interesting room-temperature water-induced malleability. To address this issue, CuCl22H2O, MgCl26H2O and FeCl36H2O were incorporated into polyimine networks to form polyiminemetal complexes to improve the thermal and mechanical properties, solvent, and acid resistance of the materials. 149

Transamination of vinylogous amides or vinylogous urethanes

Vinylogous amides and vinylogous urethanes have been explored as alternatives to transesterification vitrimers. They inherit the thermodynamic and hydrolytic stability of amides and urethanes. Both vinylogous amides and vinylogous urethanes can be prepared in water as a solvent. [START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF][START_REF] Denissen | Vinylogous urethane vitrimers[END_REF] The two moieties possess the high intrinsic reactivity of a Michael acceptor through a facile conjugated nucleophilic addition of an amine group, displacing the less stable carbon-carbon double bond rather than the much stronger carbonyl double bond. [START_REF] Winne | Dynamic covalent chemistry in polymer networks: A mechanistic perspective[END_REF][START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF][START_REF] Denissen | Vinylogous urethane vitrimers[END_REF] Vinylogous amides and vinylogous urethanes can undergo associative transamination reactions at elevated temperatures (> 100 -120 °C) without catalyst (Fig. 1.24). 

Urethane exchange

Crosslinked PUs are extensively used in domestic and industrial applications, for example in cushioning and thermal insulation. The strong carbamate bonds endow covalently crosslinked PUs with high performance, meanwhile, they also put recycling and reprocessing of these materials into an awkward situation. An efficient reprocessing needs to be implemented into these PU thermosets. The dissociative urethane exchange arises from the equilibrium process between the formation of PU based on of the reaction of alcohol and isocyanate, and carbamate linkages dissociation at elevated temperatures into their constituent alcohol and isocyanate (Fig. 1.26a). [START_REF] Fortman | Approaches to Sustainable and Continually Recyclable Cross-Linked Polymers[END_REF]118 Based on this mechanism, Zheng et al. developed catalyst-containing PUs that showed Arrhenius-type stress relaxation behavior and plasticity at 130 °C. [START_REF] Zheng | Thermoset Shape-Memory Polyurethane with Intrinsic Plasticity Enabled by Transcarbamoylation[END_REF] The use of dibutyltin dilaurate induced urethane exchange reaction insufficient for reprocessing but effective towards achieving thermal plasticity through a topological network rearrangement. PUs with thermally induced dual-shape memory effect and self-welding were also developed using 

Siloxane exchange and silyl ether metathesis

Si-O bond is a thermodynamically strong bond with a dissociation energy of about 535 kJ•mol -1 and is generally stable to water, air and radical coupling conditions. [START_REF] Fortman | Approaches to Sustainable and Continually Recyclable Cross-Linked Polymers[END_REF]154 In the mid-1900s, several patents and publications demonstrated that the inclusion of anionic moieties into a PDMS network led to stress relaxation of these elastomers. [155][156][157][158] In 2012, Zheng and

McCarthy reported reprocessable crosslink PDMS elastomers based on this forgotten chemistry. 159 The resulting materials could undergo exchange reactions of tetramethylammonium silonates with Si-O bonds (Fig. Guan et al. reported the first example of malleable polymer design based on silyl ether linkages as dynamic covalent motifs with the presence of free hydroxyl (Fig. 1.27b). 161 The exchange rate can be accelerated by almost three orders of magnitude by introducing neighboring amino groups to the bisalkoxysilane crosslinkers. Interestingly, the authors also reported the first experimental observation of the temperature-dependent viscosity transitioning from WLF behavior to Arrhenius behavior because of a special case scenario of Tv (47 °C) << Tg (125 °C). However, the presence of free hydroxyls may introduce side reactions such as dehydration and oxidation at elevated temperatures. During their search for new strategies to overcome this limitation, the group of Guan found that silyl ether groups can directly exchange (i.e., silyl ether metathesis) (Fig. 1.27c). 154 In contrast to anionic siloxane exchange and their previous work on silyl ether-hydroxyl exchange, 161 no free alcohol is required and the silyl ether motif is thermally and oxidatively stable. In this work, poly(ethylene-co-vinyl alcohol) was silylated with trimethylsilyl groups followed by crosslinking with a bis-silyl ether cross-linker. The material showed excellent thermal stability and demonstrated full reprocessability at 150 °C. This approach further expands the library of dynamic exchange reactions, and silyl ether groups can be easily introduced postpolymerization by silylation of free hydroxyl, methoxy, and acetate groups or by simple polymerization with a silyl ether functionalized monomer, unlike anionic siloxane exchange which is limited to polysiloxanes.

Olefin metathesis

In 2012, Guan et al. demonstrated the feasibility of fabricating ambient self-healing polymer networks based on the most important exchange reactions for C=C bonds, olefin metathesis. 162,163 Radically crosslinked polybutadiene networks were loaded with the secondgeneration Grubbs ruthenium alkylindene catalyst (Fig. 1.28). The resulting materials demonstrated stress relaxation, reprocessability and self-healing at room temperature while retaining insolubility. The healing efficiency was found to be dependent on the temperature, catalyst concentration and the applied compression pressure. As a result of a highly effective exchange reaction, the obtained materials showed significant stress relaxation and creep at room temperature. While this approach seems very promising for self-healing materials because of the highly effective exchange reaction, it remains undesirable for most applications where creep-free elastomers at room temperature are typically used. Moreover, the obligatory use of transition metal catalysts is costly. 

Application of dynamic covalent chemistry in ionically conducting materials

The most straightforward application of vitrimers would be as a substitute for conventional thermosetting materials, as they can be processed and reshaped after curing. The unique combination of properties, including mechanical properties at service temperatures, selfhealing, shape-memory, malleability, and recyclability of vitrimers open the door to a variety of applications. This work aims at developing ionically conductive polymer coatings in the frame of WEAFING project. Dynamic covalent bonds have been selected to be introduced into the ionic coatings to endow these materials with possible welding, healing ability and reprocessability. In this section, the use of dynamic covalent chemistry in ionically conducting materials will be more specifically discussed.

Ionogels are polymer networks with percolated ionic liquids (ILs). [START_REF] Zhong | Highly Conductive, Photolithographically Patternable Ionogels for Flexible and Stretchable Electrochemical Devices[END_REF][START_REF] Zhong | 3D structured and micro-patternable ionogels for flexible and stretchable electrochemical devices[END_REF] They are nowadays among the most studied volatile matter-free ionically conducting materials due to their high ionic conductivities coupled with their ability to work in the open air for long periods of time.

Some groups have reported healable ionogels based on dynamic covalent bonds. Ionogels composed of chemically crosslinked poly(furfuryl methacrylate-co-methyl methacrylate) (P(FMA-co-MMA)) and physically crosslinked poly(vinylidene fluoride-cohexafluoropropylene) (P(VDF-co-HFP)) networks with 80 wt% of 1-ethyl-3methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM TFSI) loading have been reported (Fig. 1.29a). 164 The furan-maleimide crosslinks used in the network endowed the ionogel with a fast thermal healing efficiency thanks to the dissociative reversible Diels-Alder reaction while the high IL loading provided the material with high ionic conductivity of 3.3 mS•cm -1 at room temperature. Besides, healable and reprocessable gelatin ionogels based on the reversible exchange of imine bonds have been designed for flexible supercapacitors. 165 These dynamic ionogels demonstrated an ionic conductivity higher than 1 mS•cm -1 at room temperature thanks to the use of 1-ethyl-3-methylimidazolium acetate (EMIM Ac). Without deep rheological studies, the authors point out that interactions between the ionic liquid and the abundant amide/hydroxyl groups on gelatin backbones may improve the self-healability of the ionogel. They addressed no comment concerning imine's sensitivity to hydrolysis, (Fig. 1.29b). 166 The dissociative dynamic hindered urea bonds and hydrogen bonds between the amide groups endowed ionogel with healing ability. Recently, Xu et al. reported healable PU ionogels by introducing boronic ester bonds through the click reaction of the double bonds on the dihydroxyl ILs monomers and the thiol groups on the boronic ester (Fig. 1.29c). 167 These ionogels demonstrated a high ionic conductivity of about 14 mS•cm -1 and could be readily healed at room temperature and restore their original performance owing to the dynamic boronic ester crosslinkers. Another team also showcased healable and recyclable boronic ester-based ionogels using 1-butyl-3-methylimidazolium tetrafluoro-borate (Fig. 1.28d). 168 The hydrogen interaction and disulfide metathesis reaction enabled the SPE with a high selfhealing efficiency and no changes in the ionic conductivity and cycling performance of the solid-state Li/LiFePO4 cell compared to the pristine one. The highest ionic conductivities of the LiTFSI-doped SPEs were 7.28 x 10 -6 S•cm -1 at 30 °C and 2.2 x 10 -4 S•cm -1 at 60 °C. Another group designed self-healing, stretchable and transparent PEO-based LiTFSI-containing ionconducting elastomers by introducing reversible imine bonds (Fig. 1.30c). 171 The materials showed an ionic conductivity of 2.04 x 10 -4 S•cm -1 at 25 °C and a maximum tensile strain of 563 %. The authors then used this ionic conductor as the electrodes and a dielectric elastomer to prepare two soft ionotronics devices (electroluminescent devices and triboelectric nanogenerator tactile sensors) in sandwich structures. Both devices showed self-healing behavior at ambient temperature and stretchable capabilities. In 2015, Montarnal and Drockenmuller first reported the design of all-solid polymeric ionic liquid (PIL) networks exhibiting vitrimeric properties using transalkylation reaction (Fig. 1.32a). [START_REF] Obadia | Reprocessing and Recycling of Highly Cross-Linked Ion-Conducting Networks through Transalkylation Exchanges of C-N Bonds[END_REF] The solvent-and catalyst-free polymeric ionic liquid networks based on triazolium showed typical Arrhenian-type stress relaxation and demonstrated a high viscous flow activation energy of 140 kJ•mol -1 and a Tv of 98 °C. [START_REF] Obadia | Tuning the Viscosity Profile of Ionic Vitrimers Incorporating 1,2,3-Triazolium Cross-Links[END_REF] These polyionic polymer networks were shown to be reprocessable but exhibited limited ionic conductivity (with 2  10 -8 S•cm -1 at 30 °C). [START_REF] Obadia | Reprocessing and Recycling of Highly Cross-Linked Ion-Conducting Networks through Transalkylation Exchanges of C-N Bonds[END_REF] The authors explained that this ionic conductivity value is typical of crosslinked polyionic polymer and is due to the reduced mobility of the ion pairs compared to linear PILs (DC < 10 -5 S•cm -1 at 30 °C) or ILs of the corresponding ions (DC < 10 -2 S•cm -1 at 30 °C). These materials are considered by the authors as promising candidates to develop recyclable or selfhealable solid electrolytes for application in supercapacitors, batteries, fuel cells, separation membranes, etc. More recently, Lopez et al. reported the incorporation of N-transalkylation into ion-conducting perfluoropolyether-based networks (Fig. 1.32b). 174 The Ea was found to be 161  23 kJ•mol -1 and the Tv was found to be 110 °C. Ionic conductivities for these materials range from 5  10 -7 S•cm -1 to 1.1  10 -6 S•cm -1 at 27 °C. 

probably

Conclusion

Vitrimers are permanently crosslinked networks with dynamic covalent bonds that allow the network to change its topology while maintaining a constant number of chemical bonds in the system at all temperatures below degradation. Ever since the introduction of vitrimers in 2011, vitrimers have drawn the attention of many researchers due to their unique combination of properties such as mechanical properties at service temperatures, self- CANs, especially when investigating how the material's thermal behavior deviates from linearity as the gel-to-sol transition temperature approaches. Similarly, it is recommended to perform dynamic mechanical thermal analysis at higher temperatures to potentially observe a gel-to-sol transition.

Another big challenge for vitrimer research is identifying exchange reactions with the appropriate kinetics for application. Over the last 10 years, much progress has been made on developing the underlying chemistry of vitrimers and prototyping them in commercially relevant applications. Transitioning vitrimers from academic materials to industrial products remains problematic. Numerous obstacles including design principles, synthesis, processing, and recycling need to be overcome to produce vitrimer materials as industrial products.

While most of the research focuses on the application of vitrimers for reprocessable and recyclable thermoset materials, there have been a few groups reporting the application of dynamic covalent bonds in ionic conductors. Some examples of SPEs with exogenous lithium salts have been demonstrated. Ionogels containing dynamic covalent bonds were also reported. However, these materials have limitations in some applications due to the use of a liquid phase that can potentially cause leakages and toxicity issues. All-solid PIL networks with exchangeable covalent bonds appear to be a promising approach to tackle these problems.

Some of these examples are particularly interesting for recyclable or healable solid polymer electrolytes. However, the ionic conductivities of these systems might be too low for certain applications.

This work aims at developing ionically conducting coatings necessary for the open-air actuation of electroactive fibers. LPPI has previously reported ionogels or PIL systems for applications in electroactive actuators. These materials appear to be promising candidates for ionic coatings.

This chapter of bibliographic research has shown that a large library of dynamic covalent chemistries is available. The goal of this work is to combine these chemistries to develop a new generation of dynamic ionic conductors for electrochemical devices. This will allow broadening their applications thanks to the dynamic abilities provided by vitrimer chemistry.

To endow the ionic coatings with healing ability and reprocessability, and also to ensure the formation of a stable and effective ionic connection between electroactive fibers, vitrimer chemistry will be introduced into these materials. Two vitrimer mechanisms have been selected as they can be easily integrated into the chosen ionically conducting systems, and they require no catalyst: S-transalkylation and boronic ester exchange. In the following chapters, the design ideas, preparation, and characterizations of these materials are explained. The growing demand for flexible, stretchable, and wearable electronic devices has emphasized a need for stretchable conducting materials. Among these materials, the recent development in ionically conducting materials has boosted the development of electrochemical devices (e.g., batteries and fuel cells, supercapacitors, electrochromic devices) and has opened the door to flexible and wearable sensors, ionotronics, etc. [START_REF] Zhong | Highly Conductive, Photolithographically Patternable Ionogels for Flexible and Stretchable Electrochemical Devices[END_REF][START_REF] Bideau | ionic liquid based hybrid materials[END_REF][START_REF] Zhong | 3D structured and micro-patternable ionogels for flexible and stretchable electrochemical devices[END_REF][START_REF] Ren | Ionic liquid -based click-ionogels[END_REF][175][176][177][178] These ionically conducting materials are gel-like materials making it possible to combine the mechanical properties of the polymer network with the ionic conductivity of the liquid electrolyte. 175 Depending on the nature of the liquid phase, different types of gels are described: hydrogels (salt + water), organogels (salt + organic solvent), or more recently ionogels (ionic liquid). [START_REF] Andrzejewska | Ionogels -materials containing immobilized ionic liquids[END_REF] While hydrogels and organogels present poor open-air stability due to drying and solvent evaporation, leading to an inevitable drop of their ionic conductivity, ionogels appear particularly interesting due to their air-stable properties. Indeed, ionic liquids (ILs) are organic salts that exhibit low melting temperatures, by convention below 100 °C, [START_REF] Zhong | Highly Conductive, Photolithographically Patternable Ionogels for Flexible and Stretchable Electrochemical Devices[END_REF][START_REF] Bideau | ionic liquid based hybrid materials[END_REF][START_REF] Andrzejewska | Ionogels -materials containing immobilized ionic liquids[END_REF][START_REF] Zhong | 3D structured and micro-patternable ionogels for flexible and stretchable electrochemical devices[END_REF][START_REF] Ren | Ionic liquid -based click-ionogels[END_REF]179,180 but more generally below room temperature. While consisting of only ions, they are liquid without any additional solvent. Some common examples of ions used in the formation of ILs are illustrated in Fig. 2. 1. 181 ILs have drawn the attention of a lot of researchers due to their low vapor pressure, thermal stability, nonflammability, high ionic conductivity, wide electrochemical stability, as well as a significant ability to solubilize organic, inorganic, and polymeric materials. [START_REF] Bideau | ionic liquid based hybrid materials[END_REF][START_REF] Andrzejewska | Ionogels -materials containing immobilized ionic liquids[END_REF]179,180,182 Ionogels are more precisely achieved by in situ gel network formation in an IL or by swelling a polymer network with ILs. [START_REF] Zhong | Highly Conductive, Photolithographically Patternable Ionogels for Flexible and Stretchable Electrochemical Devices[END_REF][START_REF] Zhong | 3D structured and micro-patternable ionogels for flexible and stretchable electrochemical devices[END_REF] Ionogels combine the mechanical properties of the crosslinked polymer networks with the ionic conductivity, non-volatility and non-flammability of ILs [START_REF] Zhong | Highly Conductive, Photolithographically Patternable Ionogels for Flexible and Stretchable Electrochemical Devices[END_REF][START_REF] Bideau | ionic liquid based hybrid materials[END_REF][START_REF] Andrzejewska | Ionogels -materials containing immobilized ionic liquids[END_REF][START_REF] Zhong | 3D structured and micro-patternable ionogels for flexible and stretchable electrochemical devices[END_REF][START_REF] Ren | Ionic liquid -based click-ionogels[END_REF] and appear as a promising ionic source for advanced electrochemical devices. In the frame of their applications and especially in the rising field of flexible, stretchable and wearable devices, ionogels are usually subjected to repeated deformation during functioning, making them susceptible to damage. Thus, developing a simple and effective approach to improve their durability and life span becomes crucial. Imparting ionogels with self-healing ability seems like a promising strategy because of their capabilities to repair mechanically induced damages. Healable ionogels based on hydrogen bonds, ionic bonds or metal-ligand coordination have been widely studied. [183][184][185][186] Despite that ionic and hydrogen bonds are known to achieve efficient self-healing performances, these are generally strongly impacted by heat, the presence of water and any other polar solvents, which might be limiting in regard to their practical applications. As detailed in the bibliographic chapter of this manuscript, another strategy to impart materials with healing functionality is to develop covalent adaptable networks (CANs) by introducing exchangeable chemical bonds into polymer networks. The exchange mechanism of these dynamic bonds can be dissociative or associative.

Chapter 2: Dynamic ionogels based on polythioether network and S-transalkylation

While healable ionogels based on dissociative CANs have already been reported so far, 164- 166,187,188 their topological rearrangements due to a sudden viscosity drop and uncrosslinking, can be a drawback in applications requiring dimensional stability. Dynamic ionogels based on associative CANs are on the opposite especially interesting for soft and wearable electrochemical devices since they maintain a constant crosslinking density during their topological rearrangement thanks to their associative exchange mechanism. However, only a few works have been reported so far, 167,168,189 as detailed earlier in the bibliographic chapter (Chapter 1 -section 2.3). Consequently, there is a strong interest in enlarging further the limited available library of such materials by developing new ionogel vitrimers combining high ionic conductivity, stretchability and healing/reprocessing ability.

As discussed in the introduction of this manuscript, when considering air-operating electrochemical smart textile as in the frame of the present project, specific additional requirements can be mentioned. Indeed, the ionogels must be developed as ionic coatings for the electroactive yarns acting as ion source/sink but also as an ionic bridge between two electroactive yarns (i.e., the two electrodes of the electrochemical cell). Then:

• The starting reactive mixture should present a low initial viscosity to facilitate its homogeneous coating onto the electroactive yarns.

• The crosslinking process should be fast when triggered to turn rapidly the highly fluid precursors into a stable and homogeneous coating.

• The chosen chemistry must allow the easy introduction of the dynamic functions. 9-oxoxanthen-2-yl)propionic acid 1,5,7-triazabicyclo[4.4.0]dec-5-ene salt (photobase generator, PBG). Reproduced from ref. 50. Copyright 2018, Royal Society of Chemistry. 50 In that matter, polythioether (PTE) networks appeared as promising candidates. Our group has previously reported PTE/EMIM TFSI ionogels with tailorable mechanical properties. [START_REF] Zhong | 3D structured and micro-patternable ionogels for flexible and stretchable electrochemical devices[END_REF] More precisely, these ionogels were developed from a low viscosity mixture of multifunctional thiols, poly(ethylene glycol)diacrylate (PEGDA) and ILs using thiol-ene Michael addition chemistry (Fig. 2.2). The thiol-ene Michael addition is the reaction that involves a base or nucleophile-catalyzed (strong bases, metals, organometallics, and Lewis acids) addition of a thiolate anion to electron-deficient alkenes such as maleimides, vinyl sulfones, acrylates and methacrylates. 190 The sole difference between base and nucleophile-catalyzed reactions lies in the way to generate the thiolate anion (Fig. 2.3). Classified as a 'click' chemistry, the thiol-ene Michael addition is rapid, highly efficient, insensitive to oxygen, generates no by-product and exhibits a nearly ideal 1 : 1 stoichiometric reactivity. 191,192 Owing to the stoichiometric reactivity of thiol-ene Michael addition, a fine-tuning of the crosslinking density, mechanical properties and surface functionality (by introducing an excess of one of the functions) was possible. [START_REF] Zhong | 3D structured and micro-patternable ionogels for flexible and stretchable electrochemical devices[END_REF] Tuneable Young's modulus and the strain at break could be achieved by varying precursor ratios or by introducing additional precursors such as dangling chains poly(ethylene glycol)methyl ether methacrylate (PEGMA) or chain extenders 1,4butanediol bis(thioglycolate (DT). These materials were already available and demonstrated high ionic conductivity (up to 7.4  10 -4 S•cm -1 at room temperature) using 1-ethyl-3methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM TFSI) as IL, as well as high stretchability (up to 155 %) but have not been studied yet as coating materials for yarns. By 190. Copyright 2021, American Chemical Society. 190 Polythioether networks also present great interest in enabling vitrimer properties. While it becomes possible to introduce easily in the formulation of the reactive mixture specific precursors containing dynamic bonds thanks to the thiol-ene chemistry (see chapter 3), the presence of thioether group itself within the polymer network enables turning these permanent networks into dynamic vitrimers. Indeed, Hendriks et al. turned permanent polythioether networks into catalyst-free vitrimer networks by covalently incorporating 1 to 10 mol% of alkylating agent (butyl brosylate-BuOBrs) in the course of the thermal treatment. 193 The resulting poly(thioether-sulfonium) materials can be recycled and remolded without loss of mechanical properties at elevated temperature through the Stransalkylation reaction of sulfonium salts with thioether nucleophiles (see Fig. 2.4).

Moreover, this exchange reaction is not water sensitive. Turning PTE/EMIM TFSI ionogels into vitrimer ionogels thanks to S-transalkylation seems then very promising to develop healable ionogels based on associative dynamic covalent bonds and suitable as electroactive textile coatings.

In this chapter, PTE/EMIM TFSI vitrimer ionogels are synthesized and characterized. First Stransalkylation polythioether networks PTE-BuOBrs were first prepared. These networks were prepared through the thiol-ene Michael addition between multifunctional thiols and PEGDA using 2-(9-oxoxanthen-2-yl)propionic acid 1,5,7-triazabicyclo[4.4.0]dec-5-ene salt as photobase generator (PBG). In the second part, the fabrication of dynamic polythioether ionogels PTE-BuOBrs-IL based on this reaction was demonstrated in the presence of 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide (EMIM TFSI) or 1-Ethyl-3methylimidazolium trifluoromethanesulfonate (EMIM Triflate). Thermal properties, mechanical properties, and the ionically conducting behavior of these ionogels were studied. Dynamic properties of these materials were examined with healing and stress relaxation experiments. Finally, preliminary coating tests of dynamic ionogels have been demonstrated on commercial carbon nanotubes (CNT) yarns.

Experimental section 2.1. Materials

The photobase generator (PBG) 2-(9-Oxoxanthen-2-yl)propionic acid 1,5,7triazabicyclo[4.4.0]dec-5-ene salt and 1,4-Butanediol Bis(thioglycolate) (dithiol, DT) were purchased from TCI Chemicals. Poly(ethylene glycol) diacrylate (PEGDA, Mn = 700 gmol -1 ), trimethylolpropane tris(3-mercoptopropianate) (trithiol, TT), triethylamine, 1-Ethyl-3methylimidazolium trifluoromethanesulfonate (EMIM Triflate), and sodium bicarbonate (NaHCO3) were purchased from Sigma-Aldrich. 4-bromobenzenesulfonyl chloride was purchased from Alfa Aesar. Magnesium sulfate heptahydrate (MgSO4.7H2O) was obtained from Acros Organics. 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM TFSI) was purchased from Solvionic. Hydrochloric acid 37% (HCl) and dichloromethane (DCM) were obtained from VMR Chemicals. Finally, carbon nanotube (CNT) yarns were obtained from DexMat (diameter = 150 μm; resistance = 10 Ωm).

Synthesis of alkylating agent butyl-4-bromobenzenesulfonate (BuOBrs)

The synthesis of the alkylating agent butyl-4-bromobenzenesulfonate (BuOBrs) is adapted from the work of Hendriks et al. (Fig.2.5). 193 In a round-bottom flask, 4bromobenzenesulfonyl chloride (4 g, 15.65 mmol) is dissolved in 20 ml of dry dichloromethane (DCM) and the system is cooled at 0 °C. Next, a solution of 1-butanol (4.64 g, 62.6 mmol) and triethylamine (12.68 g, 125.2 mmol) in 20 mL dry DCM is added dropwise.

The ice water bath is removed and the mixture is stirred at room temperature overnight. The reaction mixture is washed with water (100 mL), HCl (3 M, 100 mL), saturated NaHCO3 (100 mL), and water (100 mL). MgSO4 is added into the organic phase collected and then filtered.

Finally, the solvent is evaporated under reduced pressure and the desired product is obtained.

The successful synthesis of BuOBrs is confirmed by 1 H-NMR (Appendix 2, Fig. A1). [START_REF] Godfrey | From A to Z: Wearable technology explained[END_REF] H NMR (400 MHz, CDCl3) δ 7.84 -7.58 (m, 4H), 4.06 (t, J = 6.5 Hz, 2H), 1.72 -1.51 (m, 2H), 1.34 (h, J = 7.7, 7.0 Hz, 2H), 0.87 (t, J = 7.4 Hz, 3H). The purity of the obtained product has been determined to be 98 % by GCMS (Appendix 2, Fig. A2 and Fig. A3). 

Preparation of PTE-BuOBrs polythioether vitrimer networks

The alkylating agent (BuOBrs, 1,2 or 5 mol% to acrylate or thiol functional groups) is added into a vial containing PTE single network precursors stoichiometric mixture consisting of 1,4-Butanediol Bis(thioglycolate) (dithiol, DT) (0.2502 g, 1.05 mmol), trimethylolpropane tris(3mercoptopropianate) (trithiol, TT) (0.279 g, 0.7 mmol), PEGDA (1.47 g, 2.1 mmol) and 2.205 g acetone as the solvent (msolvent = 1.5  mPEGDA). In parallel, the photobase generator PBG (0.02 g, 0.049 mmol, 1 wt% of the total weight of thiol and acrylate precursors) is dissolved in 400 L EtOH (50 mgmL -1 ) and then added into the vial under a light-protected condition. The mixture is cast into a mold consisting of two glass plates separated by a 0.5 mm thick Teflon spacer. Free-standing PTE-BuOBrs films are obtained by curing the precursor solution with a UV curing conveyor system (Primarc UV Technology, Minicure, Mercury vapor Lamp, UV intensity 100 Wcm -2 , duration of each scan 4 s). 30 UV scans were applied for each sample.

The acetone is evaporated under vacuum after the synthesis at 50 °C for 1 day. A heat treatment at 140 °C for 1.5 h is applied to covalently incorporate the alkylating agent into the polythioether network, turning a fraction of thioether into sulfonium. 

Preparation of polythioether vitrimer ionogels PTE-BuOBrs-IL

Alkylation agent butyl brosylate (BuOBrs)

4 s). 30 UV scans were applied for each sample. The acetone is evaporated under vacuum after the synthesis at 50 °C for 1 day. A thermal treatment at 140 °C for 1.5 h is applied to covalently incorporate the alkylating agent into the polythioether network. The resulting network is named as PTE-BuOBrsX-TFSIY or PTE-BuOBrsX-TfOY for a PTE network containing X mol% of BuOBrs and Y wt% of EMIM TFSI or EMIM Triflate.

Preparation of coiled CNT with vitrimer ionogels PTE-BuOBrs-IL and dualelectrodes actuators

The linear CNT is coiled by a homemade designed device. Before the coiling technique, ozone treatment is conducted for 1 min on the CNT surface to enhance the wettability with ionogel precursors. The PTE-BuOBrs2-TFSI50 precursor is dropped onto the treated CNT, and then the CNT is clockwise twisted with constant 5 MPa preloading until to the completely coiled state (~ 50 turns/cm). The length of CNT is changed from 4.1 cm to 0.9 cm. Finally, UV lamp (154 mWcm -2 ) is used to trigger the photopolymerization for 5 min. Coiled CNT electrodes with ionogel coating are obtained. Finally, the dual-electrodes actuator is fabricated by gluing two electrodes together by the photopolymerization of an additional layer of precursors. A thermal treatment at 140 °C for 1.5 h is applied to covalently incorporate the alkylating agent into the polythioether network.

Methods and techniques

Healing test: The healing experiments were conducted in two different manners: stacked samples or edge-to-edge samples. Sample films were first cut into two pieces. Then the two pieces of the samples were either stacked together or closely placed in contact at their cross section in order to measure the ionic conductivity and mechanical properties of healed samples, respectively. The samples were protected by Teflon films and pressured by 2 glass plates with paper clips and then were heated at 140 °C for 2 h for PTE-BuOBrs films and 4 h for PTE-BuOBrs-IL ionogels in the oven.

Welding test of coiled CNT muscles: Two coiled CNT yarns with ionogel coatings were placed in close contact by a tweezer and heated at 140 °C for 2 h in the oven. Samples were pressured by a tweezer every 30 min during the experiment.

Synthesis and characterization of PTE-BuOBrs polythioether vitrimer networks

Firstly, dynamic polythioether networks PTE-BuOBrs were prepared, i.e., without ionic liquid, to investigate their different properties and to select the optimal alkylating agent content for the future dynamic ionogels. In the previous work of our group, [START_REF] Zhong | 3D structured and micro-patternable ionogels for flexible and stretchable electrochemical devices[END_REF] polythioether ionogels using poly(ethylene glycol) diacrylate (PEGDA), 1,4-butanediol bis(thioglycolate) (dithiol, DT), trimethylolpropane tris(3-mercoptopropianate) (trithiol, TT) in a functional group molar ratio of 100 : 50 : 50 in the presence of 50 wt% ionic liquid relative to the total mixture weight appeared particularly interesting. While the TT took the role of trifunctional crosslinkers, DT was introduced as chain extenders in order to increase the molar weight between the crosslinks and so to improve the stretchability of the resulting ionogels. Therefore, the same stoichiometric ratio of thiol vs acrylate in precursor mixture was used as starting point for the preparation of PTE-based vitrimers in this work. The chemical structures of all chemicals and illustration of polythioether vitrimer PTE-BuOBrs are shown in Fig. 2.6. Different quantities of BuOBrs (1, 2, 5 mol% vs acrylate functional groups) were mixed with thiol and acrylate precursors in the presence of 1 wt% PBG (vs the total weight of precursor mixture). Freestanding PTE-BuOBrs films were obtained by photopolymerization. A thermal treatment at 140 °C for 1.5 h is necessary to alkylate thioether functions of the network thanks to the alkylating agent BuOBrs, resulting in the formation of sulfonium. 120 As a blank, a network without BuOBrs was prepared. The compositions and properties of all samples are illustrated in Table 2.1. After verifying that the addition of alkylating agent does not disturb the formation of the polythioether networks, characterizations were carried out on PTE-BuOBrs samples that underwent an additional thermal treatment at 140 °C for 1.5 h to form sulfonium inside the polymer network through alkylation of the thioether functions. The same thermal treatment was also applied to the reference PTE sample. To verify the successful formation of polymer networks, soluble fractions of all UV-cured networks before and after thermal treatment were measured by Soxhlet extraction in DCM at 60 °C under 100 bar. Table 2.1 listed the soluble fractions of all materials. All samples except PTE-BuOBrs5 demonstrated similar extractable contents before and after the thermal treatment (below 8 wt%). However, an increase in the soluble fraction of PTE-BuOBrs5 sample was observed after thermal treatment (from 8 to 14 wt%) (Fig. 2.7b). This increase with increasing alkylating agent content has been reported by Hendriks et al.,193 and could probably be explained by the cleavage of network chain ends by the exchange to a butyl group, thus being removed from the bulk material. The composition of extractable content of PTE and PTE-BuOBrs5 samples before and after thermal treatment were examined by 1 H NMR. The NMR spectrum of the soluble fractions of PTE before and after thermal treatment can be found in Appendix 2 (Fig. A4 and Fig. A5), while those of PTE-BuOBrs5 before and thermal treatment can be found in Appendix 2 (Fig. A6 and Fig. A7). The Soxhlet residues of all samples contained a large amount of oligo-or polythioether and traces of PEGDA, DT, and TT precursors. For PTE-BuOBrs5 sample, the alkylating agent could only be observed before thermal treatment, implying that the BuOBrs was successfully incorporated into the PTE networks after the thermal treatment. Minimum amounts of acrylate bonds originating from PEGDA were extracted from thermally treated PTE and PTE-BuOBrs5 samples.

Integrations of peaks originating from precursors were examined and the ratio between PEGDA, DT, and TT was calculated. In the case of stoichiometric reactivity, the theoretical ratio of proton integration of PEGDA/DT/TT extracted should be 6/3/2, as samples were prepared using PEGDA, DT and TT precursors with a functional group ratio of 100 : 50 : 50.

Based on the calculation, residues of all samples after extraction were found to demonstrate ratios close to 6/3/2 (6/2.4  0. sample probably due to the lower extent of network formation for this composition, evidenced by the higher extractable content.

Thermal and mechanical properties

Healing test

As discussed previously in chapter 1, vitrimers are polymers that can change their topology through dynamic exchange reactions without degenerating the network, maintaining a constant crosslink density. [START_REF] Röttger | High-performance vitrimers from commodity thermoplastics through dioxaborolane metathesis[END_REF][START_REF] Montarnal | Silica-like malleable materials from permanent organic networks[END_REF][START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF][START_REF] Fortman | Approaches to Sustainable and Continually Recyclable Cross-Linked Polymers[END_REF][START_REF] Breuillac | Polybutadiene Vitrimers Based on Dioxaborolane Chemistry and Dual Networks with Static and Dynamic Cross-links[END_REF][START_REF] Denissen | Vinylogous urethane vitrimers[END_REF] At low temperatures, the topology of the network is expected to be frozen, and they behave like permanently cross-linked thermosets. At elevated temperatures, the network can flow by topology rearrangement and behave like viscoelastic liquids. To examine the dynamic nature of transalkylation exchange reaction, the healing abilities of PTE-BuOBrs series samples were studied by cutting film samples into two pieces and then stacking them together. The films were clipped between two glass plates at 140 °C for 2 h. The healing test was also conducted with the single PTE control sample.

Pictures of all samples before and after healing are shown in Fig. 2.10. After heating, films of PTE-BuOBrs2 and PTE-BuOBrs5 completely fused into one piece, no trace of the original films could be seen. In contrast, the PTE control sample films could be easily separated, and no healing could be observed. These results proved that the transalkylation exchange reaction enabled by the alkylating agent is directly responsible for the healing behavior of our materials. However, despite that PTE-BuOBrs1 sample contained 1 mol% of alkylating agent, the two films could still be separated but with some difficulties. These results indicated that the content of 1 mol% of BuOBrs is insufficient for effective healing behavior. Thus, further characterizations will only be conducted on samples containing 2 and 5 mol% of BuOBrs. As shown in Fig. 2.13, the relaxation times indeed followed the Arrhenius law, and a viscous flow activation energy of 73.6 kJ•mol -1 and 60.6 kJ•mol -1 were calculated from the slope of Arrhenius linear fit of PTE-BuOBrs2 and PTE-BuOBrs5, respectively. These values are lower than those reported in the literature, 120,122,123 probably because of the polar environment of our polymer matrix which favors the transalkylation reaction that takes place between ionic reactants. The more available alkyl sulfonium existing in PTE-BuOBrs5 network resulted in faster exchange kinetics and consequently lower activation energies of the viscous flow. The topology freezing temperature Tv is another characteristic for vitrimer materials.

Conventionally, the hypothetical Tv is chosen as the temperature at which the viscosity equals 10 12 Pa.s as this value describes the liquid-to-solid transition of a glass-forming liquid. [START_REF] Montarnal | Silica-like malleable materials from permanent organic networks[END_REF][START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF] Tv values were extrapolated based on the method described in the experimental section in Appendix (Table 2. Characterizations were carried out on ionogel samples after thermal treatment. Bearing in mind that 50 wt% of ILs were incorporated into ionogels, these results demonstrated the well-formed nature of the polymer networks. 

Ionic conductivity behavior of ionogels

The ionic conductivity behaviors of PTE-BuOBrs-IL ionogels at different temperatures were studied by electrochemical impedance spectroscopy (Fig. 2.17). solid electrolytes in electroactive devices. 186 By increasing the temperature, the ionic conductivities increased as the ion mobility rises to finally reach 1.4  10 -3 S•cm -1 and 2.9  10 - 3 S•cm -1 at 80 °C, respectively. The Vogel-Tamman-Fulcher (VTF) behaviors of all PTE-BuOBrs-IL samples were studied and all parameters extrapolated are listed in Table 2.6. The values of R 2 of the VTF linear fit are about 0.99, which shows that the VTF model is suitable for describing the ionic behavior of these materials, indicating that the movements of the charge carriers are correlated with the polymer chain movements. The parameter A was found to be 1.0 S•K 1/2 •cm -1 for PTE-BuOBrs2-TFSI50 sample and 12.4 S•K 1/2 •cm -1 for PTE-BuOBrs2-TfO50, while the Ea of ionic conduction of 5.6 kJ•mol -1 and 8.5 kJ•mol -1 was assigned to each material.

The higher A parameter which is correlated to the number of charge carriers can be explained by the higher cation and anion concentration of EMIM Triflate (5.3 mol•L -1 ) than EMIM TFSI (3.9 mol•L -1 ) 194 . Moreover, compared to the hydrophobic EMIM TFSI, EMIM Triflate is more hydrophilic, thus more subjected to absorb ambient humidity, resulting in a higher conductivity in open air condition with better ion dissociation. applying a constant deformation of 3 % for 1 h, slight stress relaxation followed by a stress plateau can be seen in both samples as the transalkylation exchange reaction and the corresponding network rearrangement is not occurring significantly at this temperature (Fig. 2.18). On the whole, the ionogels relax at higher temperatures than the PTE-BuOBrs samples. For instance, at 140 °C a relaxation time of 114.8 min was observed for PTE-BuOBrs2-TFSI50 and 190.8 for PTE-BuOBrs2-TfO50, which were much higher than that of PTE-BuOBrs2 sample (relaxation time 8.2 min). This significant decrease of relaxation rate after adding ILs could be possibly explained by a dilution effect of the dynamic alkyl sulfonium/thioether bonds by the IL but also by a screening effect of the ions from the IL on the sulfonium / BrsO - couple. We further studied the stress relaxation behavior of these ionogels at higher temperatures. For both PTE-BuOBrs2-TFSI50 (Fig. 2.18a) and PTE-BuOBrs2-TfO50 (Fig. for PTE-BuOBrs2-TFSI50 and 96.0 kJ•mol -1 for PTE-BuOBrs2-TfO50, which are higher than that of PTE-BuOBrs2 (73.6 kJ•mol -1 ). These higher activation energies are due probably to the modification of the polarity environment with the presence of IL. The higher Ea of PTE-BuOBrs2-TFSI50 than PTE-BuOBrs2-TfO50 could be explained by the more elevated ion concentration of EMIM Triflate contributing to a more evident screening effect. On the other hand, the hypothetical Tv increased from 23 °C to 79 °C and 74 °C for the two materials with the introduction of IL. These results are in accordance with the observed longer relaxation times and slower exchange rates. It indicates that higher energy is required to realize network rearrangement of these dynamic ionogels but also that the ionogel topology is stable over a larger temperature range than its PTE network counterpart, which can be promising for application into practical devices. The dynamic ionogels were subjected to two different healing experiments at 140 °C for 4 h (well above the relaxation time at 140°C) where two pieces of the samples were either stacked together or laterally assembled edge-to-edge. For healable ionogels, the materials must retrieve their ionically conducting behavior. Thus, ionic conductivity measurements have been carried out on face-to-face stacked pieces of samples after the healing experiment. On the contrary, mechanical properties after failure were evaluated on samples healed edge-toedge thanks to tensile tests to assess the interfacial healing.

Pictures of PTE-BuOBrs2-TFSI50 and PTE-BuOBrs2-TfO50 samples before and after stacked healing tests are inserted in Fig. 2.19a and Fig.2.19b, respectively. For both samples, the two films could not be separated after the healing process, demonstrating that co-bonding took place at the interface thanks to the dynamic bond exchanges. The stacked healed samples showed similar bulk ionically conducting behaviors as pristine samples (Fig. 2. 19), indicating that the healing process was able to ensure the ionic conduction between the two films and maintain the pristine ionically conducting behavior. of these ionogels are limited and are up to 55 %, these values are potentially sufficient compared to the stretchability of textile fibers. Moreover, these materials exhibited vitrimer properties such as stress relaxation and healing, making it possible to develop durable and potentially recyclable ionic coatings.

Vitrimer ionogels as ionic coatings for electroactive yarns

Electroactive textile muscles, as any electrochemical smart textile, require the development and the combination of two components: (i) two electroactive yarns (i.e., anode and cathode) that can present the desired stimuli-responsive behavior (volume variation and mechanical work, energy storage, color changes,…) as a function of the targeted application under an electrochemical stimulation and (ii) an ionic coating providing the counter-ions necessarily involved during the electrochemical process, i.e., acting as ion source/sink but also as an ionic bridge between the two electrodes (Fig. 2.21). coating experiments have been performed on yarns made of carbon nanotubes (CNT). This choice is justified by two reasons: (i) first, as electronically conducting materials, the CNT yarns should not only allow evaluating the coating ability of the vitrimer ionogels but also their electrochemical behavior, and (ii) CNT yarns have been recently described as good candidates for the development of textile muscles. Indeed, twisted CNT yarns have been reported to convert torsional actuation into tensile stroke upon electrochemical stimulation when immersed in liquid electrolyte. On the contrary to conducting polymers that actuate through a faradaic process, the CNT muscles expand and contract during electrochemical stimulation thanks to ion insertion and expulsion from the electrochemical double layer (EDL) generated in the yarn structure, according to capacitive process only. [195][196][197] While their pristine electrochemical capacitance is small and their tensile deformation low, they can present a significant increase of their electromechanical response when coiled by overtwisting (Fig. 2.22). The ionogel precursor solution is required to possess low viscosities to be used to coat fiber actuators with a uniform, conformal coating with controllable thickness prior to curing. PTE-BuOBrs2-TFSI50 dynamic ionogel liquid precursors, arbitrarily selected, were first coated on ozone-treated CNT yarns followed by CNT coiling by overtwisting them thanks to a homemade setup (50 turns/cm under 5 MPa preload). The dynamic ionogel coating was then obtained by UV-initiated photopolymerization (154 mWcm -2 for 5 minutes) directly onto coiled CNT muscles. The dual-electrodes actuator was fabricated by gluing two coated electrodes together with an additional layer of ionogel precursors that were then polymerized. The detailed coating process is depicted in Fig. 2.24. Thermal treatment at 140 °C for 1.5 h was applied before characterization for alkylating agent activation. As expected, no obvious faradaic reaction occurred in this potential range, indicating that electrochemical stimulation of the device will occur as expected from capacitive processes only. The stroke variations were then recorded under the square potential waves between 0 (discharging) to 3V (charging) with various pulse times under 25 mN preload force (used to maintain the yarns straight). When applying a potential of 3 V, a linear contraction is observed while an elongation is observed when a potential bias of 0V is applied (Fig. 2.28a). This behavior confirms that during charging at 3V, TFSI -anions will charge the EDL at the surface of the positive electrode whereas EMIM + cations move to charge the EDL at the negative electrode. Because of the similar size of EMIM + and TFSI -ions 198 , both electrodes experience the same degree of swelling simultaneously, resulting in a synchronized contraction motion.

When discharging the electrochemical device, an efflux of ions from the EDLs occurs and the dual-electrode actuator returns to its elongated state.

The dual-electrodes actuator has shown a maximum stroke of 0.15% with 60 s pulse. The small drift can be probably related to a slightly high preload force that has not been optimized.

Increasing the pulse time to 120 s and 240 s led to a maximum stroke of 0.4 % and 0.6 % respectively (Fig. 2.28b). The actuator has a slow response speed, increasing the pulse time allows the EDL layers to be fully charged with ions and give an optimized contractile stroke. These results demonstrate that the vitrimer ionogels developed in this work can be effectively used as ionic coating for electroactive textiles. The limited deformation measured here can be probably explained by the non-optimized device fabrication but also by the properties of the commercially available CNT yarns. Indeed, when comparing the morphology after coiling of the custom-made CNT yarns reported in the literature 197 and the one of the commercially available yarns, in Fig. 2.22 and Fig. 2.23b, it can be observed that the commercial coiled yarns present very loose coiling. This can be responsible for much lower transduction between the electrochemical stimulation and the mechanical response, limiting de facto the accessible strain.

Finally, as PTE-BuOBrs2-TFSI50 ionogel films have demonstrated vitrimer behavior such as stress relaxation and healing ability, the dynamic nature of the ionogel coatings has been investigated for coiled CNT muscles. Indeed, vitrimer chemistry has been introduced into the ionic coatings to endow these materials with possible healing ability and reprocessability. It is interesting to evaluate whether this dynamic behavior can be used to enable the welding of two coated yarns without using any additional step of gluing. Two coiled CNT muscles with thin ionogel coatings were placed in close contact, and simply pressed together locally every 30 min, for 2h at 140 °C (Fig. 2.29a). It is worth mentioning that it was very difficult to ensure a perfect contact of the two coated CNT yarns with a homogeneous pressure applied over their entire length. However, some sections of the CNT yarns successfully fused together after 2 h (Fig. 2.29b). It is reasonable to expect improved remeshing performances when electroactive yarns coated with dynamic ionogels will be assembled in close contact into the textile structure through either weaving or knitting. 

Conclusions

In this chapter, S-transalkylation PTE-BuOBrs vitrimers were synthesized through the thiolene Michael addition between multifunctional thiol and diacrylate using a photobase generator. These PTE-BuOBrs networks exhibited vitrimer properties such as healing and stress relaxation at elevated temperatures thanks to the exchange reaction of sulfonium salts with thioether nucleophiles. These materials could completely relax stress and demonstrated viscous flow activation energies ranging from 60.6 kJ•mol -1 and 73.6 kJ•mol -1 . Vitrimer ionogels based on S-transalkylation exchange reaction were then developed by loading EMIM TFSI or EMIM Triflate within the polymer network. These ionogels demonstrated Young's modulus of 0.9 MPa and ionic conductivities in the order of 10 -4 S•cm -1 at room temperature. Dynamic properties of these materials were examined with healing and stress relaxation experiments.

It has been found that the addition of ILs modifies the dynamic properties of the systems, probably because of a dilution effect of the dynamic functions by the IL but also because of a screening effect of the alkyl sulfonium OBrs -couple by the ions of the IL itself. A slowing down of the dynamic exchange kinetics and an increase of both their activation energy (from 73.6 kJ•mol -1 to 96 -119 kJ•mol -1 ) and Tv (from 23.3 °C to 74.4 -79 °C) is observed. While it is resulting in a less efficient dynamic healing at a given temperature, it can provide also more dimensionally stable networks at application temperatures and could provide a new approach to develop tunable dynamic ionogels for flexible electronics with a longer lifespan.

Coating tests of PTE-BuOBrs-IL dynamic ionogels were conducted on CNT yarns and the low viscosity of the ionic precursor solution enabled an easy coating process onto CNT yarns. Thin and homogeneous coatings were obtained after photopolymerization. The construction of the dual-electrodes actuator composed of two coiled CNT yarns has been demonstrated. The actuator showed capacitive behavior at a scan rate of 20 mV•s -1 from 3 V to -3 V and a maximum stroke of 0.6 % by applying a square potential between 3 and 0 V with 240 s pulse.

Moreover, coiled CNT muscles with dynamic ionogel coating demonstrated welding ability thanks to the transalkylation exchange reaction. A short distance between electrodes is preferred to reduce the diffusion distance between the electrode and favors the faster electrochemical response.

PTE-BuOBrs-IL dynamic ionogels require the thermal treatment at 140 °C to covalently incorporate the alkylating agent into the polythioether network. While this temperature poses no problems for common applications of flexible electronics where the dynamic ionogels are mounted on devices after the thermal treatment, it might bring inconvenience when being used as a coating for electroactive textiles as the underlying electronically conducting polymers could potentially degrade at this temperature. 199 In chapter 3 and chapter 4, another dynamic mechanism (i.e., boronic ester exchange), which does not require a thermal treatment, has been used to prepare dynamic ionically conducting membranes. The specific boronic ester precursor containing thiol functional groups can be easily introduced in the formulation thanks to the thiol-ene chemistry.

Chapter 3: Dynamic ionogels based on polythioether network and boronic ester exchange

Chapter 3: Dynamic ionogels based on polythioether network and boronic ester exchange

Introduction

In the previous chapter, PTE/EMIM TFSI ionogels were turned into vitrimer ionogels thanks to S-transalkylation. They were developed from a low viscosity mixture of multifunctional thiols, PEG diacrylate and ILs using thiol-ene Michael addition chemistry. Their fast-crosslinking process turned rapidly the highly fluid precursors into a stable and homogeneous coating for electroactive yarns acting as the ion source for future integration in an air-operating electrochemical smart textile. However, the thermal treatment required by these systems might be challenging for them to be used as coatings for electronically onducting polymers.

In this chapter, another approach is proposed: part of the thiol precursor of the PTE-based ionogel is replaced with a specific precursor containing dynamic bonds to confer it vitrimer properties. Boronic esters can be facilely produced through the condensation of boronic acids with hydroxyl-group-containing compounds. As detailed in chapter 1 of this manuscript, the exchange reactions between boronic ester linkages do not generally need a catalyst, initiator, nor elevated temperature and the activation energy of this exchange is relatively low. These features are essential because in the frame of the WEAFING project, we intend to coat the ionogel on electronicallyl conducting polymer-based yarns, the properties of which might be affected by any additional chemicals or thermal treatments. 199 Recently, Chen et al. synthesized a novel boronic ester bearing two thiol groups (2,2′-(1,4-Phenylene)-bis[4-mercaptan-1,3,2-dioxaborolane], BDB, Fig. 3.1) which was used as a crosslinker with pendant vinyl groups of styrene-butadiene rubber chains via thermally initiated thiol-ene "click" reaction. 128 The catalyst-free dynamic exchange of boronic ester bonds endowed the resulted materials with healing ability demonstrated at 80 °C and malleability demonstrated at 160 °C. As this novel boronic ester BDB contains two thiol groups, it can be easily integrated into the PTE networks demonstrated in the previous chapter through thiol-ene Michael addition. To further explore the potentials of polythioether networks as the substrate of dynamic ionogels, BDB was synthesized following the protocol reported in literature, 128 and was selected as the dynamic chain extender to prepare PTEbased dynamic ionogels with boronic ester exchange. In this chapter, PTE-BDB dynamic networks based on boronic ester exchange were first prepared using thiol-acrylate Michael addition. In the second part, the preparation of dynamic ionogels PTE-BDB-IL was realized by using either EMIM TFSI or EMIM Triflate, as ionic liquid (IL). Thermal properties, mechanical properties, and the ionically conducting behavior of these ionogels were studied. Dynamic properties of these materials were examined with healing and stress relaxation experiments. Finally, coating tests of these dynamic ionogels were conducted on CNT yarns to check the electrochemical response of electroactive yarns with such coatings in open-air and on polyamide yarns to examine the continuous coating process. 

Experimental section

Preparation of PTE-BDB-IL dynamic ionogels

In a vial, the dithiol-containing boronic ester (BDB) is solubilized in acetone (msolvent = 0.5  mPEGDA) before introducing thiol precursors (TT and/or DT), acrylate precursor PEGDA), and either EMIM TFSI or EMIM Triflate (50 wt% vs total weight). In parallel, the photobase generator PBG (1 wt% of the total weight of thiol and acrylate precursors) is dissolved in EtOH (50 mgmL -1 ) and then added into the vial under a light-protected condition. The mixture is poured into a mold consisting of two glass plates separated by a 0.5 mm thick Teflon spacer.

Free-standing PTE-BDB-IL films are obtained by curing the precursor solution with a UV curing conveyor system after 50 scanning passages (Primarc UV Technology, Minicure, Mercury vapor Lamp, UV intensity 100 Wcm -2 , duration of each scan 4 s). The acetone is evaporated under vacuum after the synthesis at 50 °C for 1 day. The resulting network is name as PTE-BDBX-TFSIY or PTE-BDBX-TfOY for a PTE network containing X mol% of BDB and Y wt% of EMIM TFSI or EMIM Triflate.

Preparation of coiled CNT with vitrimer ionogels PTE-BDB-IL and dualelectrodes actuators

The linear CNT is coiled by a homemade designed device. Before the coiling, ozone treatment is conducted for 1 min on the CNT surface to enhance the wettability with ionogel precursors.

Either PTE-BDB25-TFSI50 or PTE-BDB25-TfO50 precursor is dropped onto the treated CNT, and then the CNT is clockwise twisted with constant 5 MPa preloading until to the completely coiled state (~ 50 turns/cm). The length of CNT is changed from 4.1 cm to 0.9 cm. Finally, a

UV lamp (154 mWcm -2 ) is used to trigger the photopolymerization for 5 min. Coiled CNT electrodes with ionogel coating are obtained. Finally, the dual-electrodes actuator is fabricated by gluing two electrodes together by the photopolymerization of an additional layer of ionogel precursors.

Continuous dip-coating process of PTE-BDB-IL ionogel on polyamide yarns

A continuous dip-coating process was used to coat commercial polyamide yarns with PTE-BDB25-TfO50 precursor solution at a constant speed of 0.67 m•min -1 . A cross-slit cap was fixed to the rim of a small-sized bath in order to withdraw the excess precursor solution taken with the upward motion of the yarn. The coated yarns were then cured continuously by UV light when passing through a reflective cylinder lit within by a UV lamp (154 mWcm -2 ). The samples were maintained vertically in a fume hood for one day before characterization.

Methods and techniques

Healing test: Sample films were first cut into two pieces and stacked together. The films were protected by Teflon films and pressured by 2 glass plates with clips and then were heated at Scanning electronic microscopy (SEM): Samples were mounted directly on SEM stubs, sputtered with 4 nm of platinum (ACE600, Leica) and imaged using a Field Emission Gun Scanning Electron Microscope (GeminiSEM300, Carl Zeiss) with an acceleration voltage of 2 keV under high vacuum. Secondary electrons were collected. Scan speed and line averaging were adjusted during observation.

Welding test of coiled CNT muscles: Two coiled CNT yarns with ionogel coatings were placed in close contact by a tweezer and heated at 120 °C for 2 h in the oven. Samples were pressured by a tweezer every 30 min during the experiment.

Synthesis and characterization of PTE-BDB dynamic networks

Firstly, to select the best substrate of dynamic ionogels, dynamic PTE-BDB networks were prepared by photopolymerization initiated by 1 wt% of photobase generator (PBG, vs the total weight of precursor mixture), while keeping constant all other parameters in comparison to the PTE-BuOBrs systems, i.e., the 1:1 stoichiometric ratio between thiol and acrylate groups, and the molar content of trithiol (TT) crosslinker (50 mol% of the total thiol groups), the choice of dithiol spacer is varied between the dynamic BDB and static DT (50 mol% of total thiol groups) to control the dynamic properties. Three systems were prepared: i. full vitrimer system PTE-BDB50 with 50 mol% of thiols from BDB dynamic spacer (i.e., 100 % of dithiol spacer being the dynamic BDB); ii. partial vitrimer system PTE-BDB25 with 25 mol% of thiols from BDB and 25 mol% of thiols from the DT static spacer; iii. Non-vitrimer system PTE-BDB0 with 50 mol% of thiols from the DT static spacer (i.e., 100% of dithiol spacers being static DT).

Chemical structures of all chemicals and the idealized illustration of PTE-BDB dynamic networks are illustrated in Fig. 3.3. The composition and properties of all samples are reported in Table 3.1. The soluble fractions of all samples were examined in DCM to verify the successful formation of polymer networks. Extractable contents of PTE-BDB25 and PTE-BDB50 samples were 8 wt% and 12.5 wt% respectively, which were higher than that of PTE-BDB0 sample without dynamic spacer (3.9 wt%). BDB accounted for 8 wt% of the total weight of precursors for preparing PTE-BDB25, and 15.7 wt% for PTE-BDB50 sample. To verify that BDB was successfully incorporated into the polymer networks, extractable contents were examined by 1 H NMR.

Integrations of peaks originating from precursors were examined and the ratio between PEGDA, BDB, DT, and TT was calculated. PTE-BDB25 and PTE-BDB50 samples were prepared using PEGDA, BDB, DT, and TT precursors with functional group ratios of 100 : 25 : 25 : 50 and 100 : 50 : 0 : 50 respectively. Therefore, in the case of stoichiometric reactivity, the theoretical ratios of PEGDA/BDB/DT/TT extracted should be 6/1.5/1.5/2 for PTE-BDB25 sample and 6/3/0/2 for PTE-BDB50 sample. Based on the calculation, residues of all samples after extraction were found to demonstrate ratios close to the theoretical values, even if the proportion of BDB tended to be progressively over-represented in the extractable fraction with increasing the dynamic crosslinker content (6/1.9/1.1/1.7 for PTE-BDB25 and 6/4.9/0/3 for PTE-BDB50). The NMR spectrum of the soluble fractions of PTE-BDB25 and PIL-BDB50 samples can be found in Appendix 3, Fig. A9 and Fig. A10, respectively. These results indicate that all thiol and acrylate precursors participated in the polymerization successfully but also confirm the less reactive nature of BDB. 
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Thermal and mechanical properties

Differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA) and tensile strength tests were conducted to study thermal and thermomechanical properties of these materials and to evaluate how the dynamic spacer content impacts these properties. There is an evident shift to higher Tg values when the rigid aromatic BDB chain extenders replace the more flexible DT spacers, as previously reported. 130,201 The more rigid BDB moieties restrict segmental chain mobility of the polymer networks, leading to higher Tg values. Fig. 3.5b shows the storage modulus and tan  versus temperature of all samples with different contents of BDB chain extender. The storage modulus of glassy states of all samples were about 2 GPa at low temperatures, and then reduced dramatically as the samples went through an α relaxation. All curves exhibit only one transition with values of the relaxation temperature T, corresponding to the peak of tan  and reported in Table 3.2, which follow the same trend as Tg measured by DSC. In addition, the storage moduli of all samples at rubbery states are comparable. The influence of BDB spacer loading on the mechanical properties of polymer networks was examined also by tensile strength tests (Table 3.2 

Stress relaxation behavior

To study the exchange dynamics of boronic ester groups, stress relaxation experiments were conducted on PTE-BDB samples at various temperatures by measuring the decrease of stress over time at a constant strain of 3 %.

The relaxation curves of samples containing 0, 25 and 50 mol% of BDB dynamic spacers at 80°C are compared in The relaxation times of PTE-BDB25 and PTE-BDB50 extracted from stress relxation experiments are listed in Table 3.3. PTE-BDB50 sample with a higher BDB fraction exhibits shorter relaxation times than PTE-BDB25 sample at the same temperature. With an increasing number of exchangeable boronic ester linkages, faster network rearrangement is expected.

Moreover, the relaxation times exhibit an Arrhenius-like temperature dependence behavior (Fig. Accordingly, the viscous flow activation energies (Ea) were calculated to be 75.6 kJ•mol -1 and 49.9 kJ•mol -1 from the slope of Arrhenius linear fit of PTE-BDB25 and PTE-BDB50 respectively.

These values are within the range of 50 -90 kJ•mol -1 reported in literature where the same dioxaborolane groups are used as dynamic chain extenders. 131,201 The more available boronic ester groups existing in PTE-BDB50 network resulted in faster exchange kinetics and consequently lower activation energy of the viscous flow. The hypothetical topology freezing temperatures Tv were calculated using the method described in the experimental section in Appendix (Table 3.3). T v of PTE-BDB25 and PTE-BDB50 were calculated to be 11.7 °C and -31 °C, respectively. Despite the low Tg and Tv values, as indicated by the relaxation experiments, a relaxation stress plateau is observed at 30°C for both materials, confirming their stable topological behavior at room temperature. 

Healing behavior

To examine the dynamic exchange of boronic ester groups, the healing abilities of PTE-BDB series samples were studied by cutting film samples into two pieces and then stacking them together face-to-face. The films were clipped between two glass plates at 120 °C for 2 h.

Pictures of all samples before and after the healing test are shown in Fig. 3.9. After 2h, the two pieces of PTE-BDB25 and PTE-BDB50 samples could not be separated without breaking them. However, the two film pieces are not fully fused, indicating an incomplete healing, which is consistent with the incomplete stress relaxation described earlier. On the contrary, the two pieces of PTE-BDB0 could be easily separated, no healing effect could be observed.

These findings demonstrate that the boronic ester exchange is directly responsible for the healing behavior of these materials. Table 3.4 compares the compositions and properties of PTE-BDB-IL ionogels with PTE-BDB25 samples. 

Thermal and mechanical properties of the ionogels

The thermal properties of ionogel samples were investigated and compared with PTE-BDB25 sample. All samples are completely amorphous materials, with no crystallization or melting seen in the thermograms even at temperatures lower than the melting point of the ionic liquids (Fig. 3.12a). These materials displayed only one glass transition, suggesting that these ionogels can be potentially utilized at temperatures as low as -20°C. Tg onset values of -49.4 °C and -51.8 °C were found for PTE-BDB25-TFSI50 and PTE-BDB25-TfO50 respectively, which were lower than that of PTE-BDB25 (-41°C). Indeed, the plasticizing effect of ILs is responsible TfO50, which were comparable to those values of PTE-BDB25 sample (75.6 kJ•mol -1 and 11.7 °C). The similar Ea values indicate that the ILs are spectator compounds in regard to the exchange reaction. However, the behavior of the PTE-BDB25-TFSI50 seems to deviate from the expected linear behavior, which can be due to experimental error but also to the presence of TFSI -counterion, susceptible to form boron-TFSI adduct as previously reported, 173 where a significant decrease of relaxation times in the presence of LiTFSI salt has been observed. The Tv displayed the same 10 °C decrease as observed for the Tg. One can assume that this comes from the already mentioned IL plasticizing effect which promotes the mobility and rearrangement of the polymer chain at low temperature.

Ionically conducting and healing profiles of the ionogels

After demonstrating that the presence of ILs does not seem to disturb significantly the boronic ester dynamic exchange, the ionic conductivity behaviors of PTE-BDB-IL ionogels at various temperatures were studied using electrochemical impedance spectroscopy (Fig. were evaluated and all extrapolated parameters are provided in Table 3.7. The R 2 values of the VTF linear fit are above 0.99, indicating that the ionic behavior of these materials can be properly described by the VTF model and that the polymer chain segmental mobility takes part in facilitating ion conduction. VTF fits of the two samples are close to identical, with the parameter A found to be 5.6 S•K 1/2 •cm -1 for PTE-BDB25-TFSI50 sample and 5.7 S•K 1/2 •cm -1 for PTE-BDB25-TfO50, and the Ea of ionic conduction of 8.1 kJ•mol -1 and 8.5 kJ•mol -1 respectively. For healable ionogels, the materials must retrieve their ionically conducting behavior after failure. Thus, ionic conductivity measurements have been carried out on samples after the healing experiment. It has been found that the healed samples demonstrated similar behaviors as pristine samples and the ionic conductivity remained in the same order of magnitude (Fig. 3.14a). These results indicate that the topology rearrangement of the polymer electrolytes enabled by boronic ester groups allows the materials to be healed and keep their original ionically conducting profile.

Coating of ionogels on yarns

Coating of PTE-BDB-IL ionogels on polyamide yarns

In the frame of the European H2020 WEAFING projects, the core of electroactive yarns will be ultimately developed from coated classical commercial yarns (viscose, polyamide, …). So Thin and homogeneous coatings were obtained after photopolymerization (Fig. 3.16b). In textile industries, the fineness  of textile yarn is defined as its mass m per unit length L and is expressed in tex. A tex is defined as 1 g•km -1 or 10 -6 kg•m -1 in SI units, so a dtex equals to 10 -7 kg•m -1 or 10 -6 g.cm -1 . For each sample, a single measurement of the mass and length

Chapter 3: Dynamic ionogels based on polythioether network and boronic ester exchange 125 is done to calculate their fineness  (eq.1), and  of commercial polyamide yarns and the PTE-BDB25-TfO50 ionogel coated yarns were measured to be 15.6 tex and 24.6 tex, respectively.

𝜆 = 𝑚 𝐿 (1) 
The ionogel coating uptake (wt%) was calculated with eq.2, with tot fineness of the coated yarn and 0 fineness of the bare yarn, and was found to be 36.6 wt%, indicating the good compatibility of the ionogel precursor solution with the dip-coating process thanks to its good wettability, low viscosity and fast curing efficiency.

𝐶𝑜𝑎𝑡𝑖𝑛𝑔 𝑢𝑝𝑡𝑎𝑘𝑒 (𝑤𝑡%) = 𝜆 𝑡𝑜𝑡 -𝜆 0 𝜆 𝑡𝑜𝑡 × 100% (2) 
The ionic conductivities of the ionogel coatings were evaluated by electrochemical impedance spectroscopy at ambient temperature and relative humidity, and the conductivity of the coated yarns (S•cm -1 ) can be defined with eq.3:

𝜎 = 𝐿 𝑅×𝐴 ( 3 
)
where L is the distance between the electrodes in cm, R the resistance of the sample in  and A the cross-section area in cm 2 . However, textile fibers have unusual and uneven crosssections with non-circular geometries along their length (Fig. 3.17), making it unsuitable to use their cross-section area. Thus, to solve this issue, an analogous property called fiber conductivity which is equivalent to the conductivity from eq.3 divided by the mass density ρ of the sample, has been proposed

by Huniade et al. 202 The fiber conductivity of the sample therefore denoted by f was calculated by eq.4:

𝜎 𝑓 = 𝜎 𝜌 = 𝐿 𝑅 × 1 𝐴 × 1 𝜌 𝜎 𝑓 = 𝐿 𝑅 × 𝐿 𝑉 × 𝑉 𝑚 = 𝐿 𝑅 × 𝐿 𝑚 𝜎 𝑓 = 𝐿 𝑅×𝜆 ( 4 
)
where R is the charge transfer resistance in M, L is the distance between the two electrodes in cm,  is the fiber fineness in tex or dtex. f is expressed in µS•cm•dtex -1 , which can be compared as a unit to S•cm -1 since  of textile fibers approximately equals to 1 g•cm -3 .

Amongst other factors, the mass density and the irregularity of the sample along its length influence the proportionality between the conductivity and fiber conductivity. The ionogel sheath conductivity, f coating (µS•cm•dtex -1 ) can then be calculated with the eq.5, where tot and 0 are the fineness of the coated yarn and the commercial bare yarn, respectively.

𝜎 𝑓 𝑐𝑜𝑎𝑡𝑖𝑛𝑔 = 𝐿 𝑅×(𝜆 𝑡𝑜𝑡 -𝜆 0 ) (5) 
Thus, the ionogel sheath conductivity of the PTE-BDB25-TfO50 ionogel coating alone  f coating was calculated to be 3.4  10 -4 µS•cm•dtex -1 , which is comparable to the ionic conductivity of the PTE-BDB25-TfO50 ionogel films (1.1  10 -4 S•cm -1 ). This measurement confirms that the ionogel will be able to play the role of ion source/sink along textile fibers for smart electronic development.

Coating of PTE-BDB-IL ionogels on carbon nanotubes (CNT) yarns

As mentioned earlier, the electroactive yarns will be ultimately developed by coating classical c). At 3 V, the EDL at the CNT-ionogel interface is charging for the two electrodes: the influx of anions occurs at the CNT electrode acting as the positive anode and the influx of cations occurs at the CNT counter-electrode acting as the negative cathode. This capacitive process induces the overcoiling of the yarns and then a linear contraction of the actuator. On the opposite, at 0 V, the discharging of the EDL for both CNT electrodes leads to the elongation of the actuator toward its initial length. The dual-electrodes actuator has shown a maximum stroke of 0.15 % with 60 s pulse (Fig. 3.20d). Increasing the pulse time to 120 s and 240 s led to a maximum stroke of 0.3 % and 0.6 % respectively, similar to those obtained using PTE-BuOBrs-IL ionogels in chapter 2. This result indicates that the actuator has a slow response speed, probably due to a combination of (i) the ionic conductivity of the ionogels (~10 -4 S•cm - 1 ), (ii) the distance between the yarns (~0.5-1 mm) increasing the diffusion distance and electrolyte resistance, but also (iii) the morphology of the commercial CNT yarns presenting a loose coiling state and then a probable low electromechanical transduction ability. By increasing the pulse time further, it should be possible to fully charge the EDL and to reach the maximum contractile stroke. Here again, these actuation experiments demonstrate that the vitrimer ionogels developed in this work can be effectively used as the ionic coating for electroactive textiles. The close to identical limited deformation measured with PTE-BDB-IL dynamic ionogels compared to those measured with PTE-BuOBrs-IL dynamic ionogels (chapter 2) can also be explained by the nonoptimized device fabrication or the properties of the commercial CNT yarns. A decrease of the ionogel thickness should be targeted in the future in order to achieve maximum deformation with fast response time, more suitable for artificial muscle application [START_REF] Maziz | Demonstrating kHz frequency actuation for conducting polymer microactuators[END_REF] , but also to use either optimized CNT yarns or more ideally the conducting polymer electroactive yarns developed by the partners of the WEAFING project.

The ability to assemble two coiled CNT yarns coated with ionogel by direct welding, i.e., without extra ionic precursor glue, has been investigated. Indeed, the dynamic behavior of the vitrimer ionogels allows in theory their direct assembly by using the dynamic bond exchanges at their surface. Then two coiled CNT yarns coated with PTE-BDB25-TFSI50 dynamic ionogels have been put into direct contact, and simply pressed together locally every 30 minutes, for 2 h at 120°C. The optical microscope image after the welding process is presented in Fig. 3.22. The two coated CNT yarns appear to be attached to each other, confirming that wielding occurred in a similar way as for healing experiments, only some sections of the coated CNT yarns are not fused together after 2 h. This uncomplete co-bonding is probably due to the insufficient surface contact between the ionogel coatings during the welding experiment. It can be assumed that better remeshing performances would be obtained when electroactive yarns coated with dynamic ionogel will be assembled into the textile structure. 

Conclusions

In this work, we demonstrated the preparation of polythioether-based vitrimer ionogels at 1:1 stoichiometric reactivitve functions of thiol-acrylate Michael addition. In the first step, to select the best substrate of dynamic ionogels, dynamic PTE-based polymer networks were prepared by keeping the amount of the trithiol crosslinker constant (0.5 molar ratio of thiol groups vs acrylate groups). The choice of the dithiol spacers (0.5 molar ratio, by reactive functions) is varied between a dynamic chain extender BDB containing boronic ester groups and static dithiol to control the dynamic properties of these materials. These vitrimer-like PTE-BDB networks exhibited properties such as healing and stress relaxation at elevated temperatures thanks to the boronic ester exchange reaction. In the second part, 50 wt% of either EMIM TFSI or EMIM Triflate compared to the total weight was used to prepare dynamic ionogels. The resulting materials are completely amorphous, suggesting that these ionogels can be potentially utilized at temperatures as low as -20°C (Tg ~ -50 °C). These ionogels demonstrated Young's modulus between 0.4 to 0.6 MPa and ionic conductivities in the order of 10 -4 S•cm -1 at room temperature. It has been found that the dynamic properties of these materials such as stress relaxation and healing are retained and not significantly modified in the presence of a large quantity of IL.

A continuous dip-coating process of PTE-BDB-IL dynamic ionogels on commercial polyamide yarns was first demonstrated. The low viscosity and fast UV curing efficiency of the ionogel precursor solution led to a thin and homogeneous coating layer with an uptake of 36.6 wt%.

The ionogel sheath conductivity was measured to be 3.4  10 -4 µS•cm•dtex -1 , a comparable value after conversion to the typical units of the ionic conductivity measured on films.

Coating tests of PTE-BDB-IL dynamic ionogels were also conducted on coiled CNT yarns. The ionic precursor solutions' low viscosities allowed an easy coating process onto CNT yarns and thin and homogeneous coatings were obtained. The construction of the dual-electrodes actuators composed of two coiled CNT yarns has been demonstrated with PTE-BDB25-TFSI50

and PTE-BDB25-TfO50 using the corresponding ionic glue. Applying square potential between 3 and 0 V on the dual-electrodes actuator with PTE-BDB25-TFSI50 coating led to a maximum contractile stroke of 0.6 % in 240 s. Coiled CNT yarns with dynamic ionogel coatings displayed welding behavior thanks to the exchange reaction of boronic ester groups. Nonetheless, in contrast to transalkylation reaction, boronic ester exchange does not require thermal curing, making PTE-BDB-IL dynamic ionogels better candidates to be coated on the future electroactive yarns functionalized with more temperature-sensitive electronically conducting polymers.
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In the previous chapters, dynamic ionogels based on PTE networks have been made possible using S-transalkylation and boronic ester exchange. PTE-BDB-IL dynamic ionogels appeared to be promising candidates to be coated on electroactive yarns. Although ionogels combine the mechanical properties of the crosslinked polymer networks with the ionic conductivity, non-volatility and non-flammability of ILs, [START_REF] Zhong | Highly Conductive, Photolithographically Patternable Ionogels for Flexible and Stretchable Electrochemical Devices[END_REF][START_REF] Bideau | ionic liquid based hybrid materials[END_REF][START_REF] Andrzejewska | Ionogels -materials containing immobilized ionic liquids[END_REF][START_REF] Zhong | 3D structured and micro-patternable ionogels for flexible and stretchable electrochemical devices[END_REF][START_REF] Ren | Ionic liquid -based click-ionogels[END_REF] these materials have limitations in some applications due to the use of a liquid phase that can potentially cause leakages and toxicity issues. Polymeric ionic liquids (PILs), a type of polyelectrolyte with ionic liquid-like species covalently bonded to the polymer backbone, [START_REF] Plesse | All-solid state ionic actuators based on polymeric ionic liquids and electronic conducting polymers[END_REF] appear to be promising materials for the development of safe and liquid-free electrolytes. Their ions are highly dissociated and mobile without any additional solvent, resolving de facto any potential leakage and toxicity issues of liquid-contained electrolytes. Such chemical architecture allows combining all beneficial properties of ionic liquids with those of classical polyelectrolytes. In that context, developing PIL-based vitrimers would offer a unique possibility to develop truly all-solid-state and healable electrochemical devices.

State of the art of polymeric ionic liquids (PILs)

The possibility of grafting IL-type ions onto polymer chains, leading to the formation of PILs, appears to be a promising approach. The first attempt at turning ILs into PILs was reported by Ohno et al. in 1998 (Fig.4.1). 203 The polymerizable IL monomer 1-ethyl-3-vinylimidazolium bis(trifluoromethane)sulfonimide (TFSI) was prepared by the quaternization of 1vinylimidazole with bromoethane followed by anion exchange or also known as metathesis converting the anion species into TFSI. After polymerization of the vinyl groups of these monomers, the resulting PIL demonstrated an ionic conductivity of about 10 -7 S•cm -1 at 30 °C with a low Tg of -75.4 °C. (1-ethyl-3-vinylimidazolium [TFSI]). 203 Chapter 4: Healable all-solid electrolyte designed from polymeric ionic liquid and boronic ester exchange 135 Depending on the nature of the charge, PILs can be categorized as polycations when having cationic moieties in the polymer backbone, polyanions when bearing anions and polyzwitterions for both ions [179][180][181]204 . Some of the PIL structures are illustrated in Fig. 4.2a 180 .

Different types of copolymers (random, alternate, block) and macromolecular structures such as linear, branched dendritic or crosslinked are also possible. A broad range of PILs can be designed by a combination of cations such as imidazolium, 1,2,3-triazolium, pyridinium, phosphonium, tetraalkylammonium or phosphonium, etc. and anions such as Cl -, Br -, tetrafluoroborate (BF4 -), hexafluorophosphate (PF6 -), triflate (CF3SO3 -), TFSI-((CF3SO2)2N -), acetate (CH3CO2 -), and cyanoiminomethylideneazanide (C2N3 -) (Fig. 4.2b). PILs combine the ionic conductivity, thermal stability, tunable solubility and chemical stability of ILs with the physical properties provided by the polymer backbone. In the next sections, physicochemical properties of PILs and their applications in electrochemical devices will be detailed. The counter-ions of PILs have been found to have a strong influence on the solubility behavior of PILs. This influence is particularly evident for cationic PILs. 180 Mecerreyes et al. have demonstrated that the solubility of PILs can be easily tuned from water-soluble to hydrophobic but soluble in organic solvents such as methanol, acetone, DMSO and DMF due to the hydrophobic character of the counter-ion and the reduced columbic interactions. 180,205,206 For example, a series of PILs was synthesized by the polymerization of 1-vinyl-3-ethylimidazolium and 1-vinyl-3-butylimidazolum halide monomers. The resulting polymers bearing Br -or Cl -, were soluble in water. However, the solubility characteristics of these PILs could be easily tuned from hydrophilic to hydrophobic via anion exchange in BF4 -, PF6 -, CF3SO3 -, (CF3SO2)2N -, (CF3CF2SO2)2N -, ClO4 -. Salamone et al. demonstrated modifying the solubility of 3-n-alkyl-1-vinylimidazolium iodide by changing the length of the substituent chain of the imidazolium unit. 207 For the same counterion (I -), PILs having short alkyl chains (up to n-propyl) are soluble in water whereas PILs bearing longer chain lengths (from n-hexyl) are completely insoluble.

Thermal stability

The thermal stability of PIL is critical as many applications of these polymers require high temperature performance. The nature of the polymer backbone plays the biggest role in influencing the thermal stability of PILs. Generally, aromatic PILs, such as polyimides and other polyheteroarylenes, possess a higher onset decomposition temperature (Tonset) than aliphatic PILs 208 . The structures of immobile ions also affect Tonset values of PILs. Ammonium polycations exhibit lower thermal stability than imidazolium-and pyrrolidinium-based polycations. The thermal stability of PILs is also affected by the chemical structures of their counter-ions. The study on poly (1-vinyl-3-ethyl-imidazolium) based PIL concluded that anion structure influences the thermal stability in the order CF3SO3 -> (CF3SO2)2N -> C12H25C6H4SO3 -> PF6 -> Br -> C16H34PO4 -. 180 Similarly, imidazolium anionic PILs show higher thermal stability than pyrrolidinium anionic PILs because of the conjugated structures and the steric hindrance of imidazolium. 209 Moreover, increasing the length of a substituent in the cation improves the thermal stability of a PIL. 208 Chapter 4: Healable all-solid electrolyte designed from polymeric ionic liquid and boronic ester exchange

Glass transition temperature

In most cases, PILs are amorphous materials probably resulting from the difficult crystallization processes, which was assumed by Mecerreyes to be due to the mobile nature of the counter-ions. 180 Compared to classical polyelectrolytes, PILs possess lower Tg even at high charge densities because of the weaker electrostatic ion-pair interactions. 182,204,209 The glass transition temperature Tg of PIL depends on both the polymer architecture and the IL moieties.

Tang as spacers between the imidazolium cations and the backbone. 211 The results indicate that a longer spacer leads to a lower Tg. The conductivities of PILs after the polymerization of IL monomers usually decrease down to the order of 10 -6 -10 -7 S cm -1 , which is in sharp contrast to the ionic conductivity of ILs (usually in the order of 10 -2 S cm -1 ). 215 This significant drop can be explained by the decrease in the number of mobile ions after covalent bonding of the polymerizable ions. 179,204,209,215 The first report on PILs by Ohno et al. pointed out the PILs obtained from polymerization of IL monomers presented an ionic conductivity (about 10 -7 S•cm -1 at 30 °C) lower than onehundredth compared to that of the IL monomers (Fig. 4.5). 203 An equimolar amount of LiTFSI to the imidazolium unit was added to the PILs to improve the ionic conductivity. Even though the mixture of polymer and salt showed a higher Tg (-47 °C) due to the ion-dipole interactions

Chapter 4: Healable all-solid electrolyte designed from polymeric ionic liquid and boronic ester exchange 139 than the PIL without salt (Tg = -75.4 °C), a 10-time increase in ionic conductivity was observed at temperature above room temperature (7.52  10 -6 S•cm -1 at 30 °C). In general, the ionic conductivity of PILs is dependent on various factors such as Tg, polymer backbone, spacer between the polymer backbone and grafted ions, counter-ions, molecular weight, temperature, pressure and mesophase morphology. 180,208,209 Higher temperature facilitates ion mobility and the ionic conductivity increases with faster ion motion. On the other hand, higher pressure leads to a decrease in the general free volume for the ion mobility, and consequently a lower ionic conductivity. 180 Besides these intrinsic factors, external factors such as impurities, the presence of water in the polymer, external humidity, measurement technique and types of electrodes may also influence the ionic conductivity. 180 An illustrative example demonstrating the influence of humidity on ionic conductivity can be found in the work of Shaplov et al.,216 the bulk ionic conductivity of hydrophilic polyanions increased up to 220 times by transferring from a dry environment to 20 % relative humidity. The authors explained this increase by the potential plasticizing effect of water on polymers 217 and the more pronounced counterion dissociation in the presence of water.

Chemical structure:

In general, the ionic conductivity of PIL is greatly dependent on the interaction between ionic moieties and the dissociation of the ion pair, thus dependent on their chemical structures.

Furthermore, the presence of delocalization of charge on the ionic moieties has an important influence on the ionic conductivity of the PIL. Mecerreyes et al. have reported that for the anionic counter-ions, highly delocalized counter-anion TFSI -presents a higher ionic Chapter 4: Healable all-solid electrolyte designed from polymeric ionic liquid and boronic ester exchange 140 conductivity compared to halide anions, BF4 -, PF6 -or sulphonates. 180 The similar result could be observed in the case of polyanions having the same pyrrolidinium mobile cation. Shaplov et al. suggest that the ionic conductivity is determined by the delocalization of charge on the anion and its size. 208 The same behavior is observed on cationic counter-ions, the highly delocalized imidazolium cation leads to a higher ionic conductivity than pyrrolinium, pyrrolidonium, tetraalkylammonium and piperidinium ones. 180 Mecerreyes et al. also concluded that polyanions possess higher conductivities than polycations in general. 180 In line with the influence of chemical structure on the Tg of PIL, the combination of EMIM-based cation and TFSI anion moieties conducts among the best ionic conductivity PIL.

The length and polarity of the spacer between a polymer backbone chain and the ionic substituent group can also influence ionic conductivity. The group of Ohno reported that polyether spacers in polyanion-type PILs having benzene sulfonate (Fig. 4.6) improved the ionic conductivity from 10 -8 S•cm -1 (spacer length of 0) to over 10 -6 S•cm -1 (whatever spacer length with n=2 or n=8) at room temperature. 218 Shaplov et al. compared polycations and polyanions with pyrrolidinium and imidazolium cations reported in the literature. 208 They have noticed a marked increase in the ionic conductivity with the transition from alkyl spacer to oxyethylene spacer. Generally, some concepts in designing the PILs are believed to provide large segmental mobility and consequently a good ion motion. For example, the polymer main chain should be flexible, the ionic center is favored to situate at the end of the polymer side chains, 216 and it is also a common strategy to implement polar ethyleneoxide units into the polymer backbone of PILs to increase the ionic conductivity 180 .

The ionic conductivity is generally related to the glass temperature of the materials. The drawback of this approach is the de facto reduced conductivity of these PILs due to the increased rigidity and the reduced mobility of their polymer chains. Another way to improve the mechanical properties of PILs is through the crosslinking of PILs with polymerizable functional groups, which will be demonstrated in this chapter. Noted that by crosslinking PILs into a network, the ionic conductivity of the material will notably decrease as a result of reduced ion mobility.

Combining linear or crosslinked PILs with polymer networks in the (semi-)interpenetrating network (semi-IPN) structure has also been reported to improve the mechanical properties of PILs. 224,225 But as a general rule, the mechanical properties and ionic conductivities of PILs are often antagonistic and combining these two properties within the same material remains a challenge.
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Applications of PILs in actuators

The excellent properties of PILs offer a broad range of applications in electrochemical devices such as fuel cells, 226-230 solar cells, 231-235 batteries, 236-240 supercapacitors, [241][242][243][244][245] electrochromic devices, 246 and actuators, [START_REF] Plesse | All-solid state ionic actuators based on polymeric ionic liquids and electronic conducting polymers[END_REF]247,248 in developing thermal-responsive materials, 249,250 in gas separation, 210,222,[251][252][253][254][255] analytical chemistry, 256-259 biotechnology, [260][261][262] optoelectronics 263 and catalysis, [264][265][266][267] etc. This section will only focus on the applications of PILs in electrochemical actuators as this work intends to use them in this context. were used as electrodes, while the electrolyte membranes consisted of a series of crosslink networks of imidazolium PIL with TFSI -as the mobile counter-anion and with either ethylene oxide or hydrocarbon linkers (Fig. 4.9). The best ionic conductivity of these materials was 3.1  10 -5 S•cm -1 at 25 °C with a relative humidity of 50 %. The trilayer ionic actuator reached a maximum displacement of 6.7 mm (0.9% strain) in 2 min for a potential of +/-3V at 0.1 Hz.

Electrochemical actuators based on

The fatigue study showed that the actuator retained 85 % of its actuation performance after 1000 testing cycles.

(a) (b) (c)
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+ Oxydation Reduction

Chapter 4: Healable all-solid electrolyte designed from polymeric ionic liquid and boronic ester exchange 145 example of the all-solid-state ionic actuator based on a linear PIL was demonstrated in 2018 (Fig.4.11). [START_REF] Plesse | All-solid state ionic actuators based on polymeric ionic liquids and electronic conducting polymers[END_REF] Electrodes were based on a mixture of PPy and PIL. Two of these electrodes were then assembled on a flexible polyimide PIL-based membrane combining both ionic and mechanical properties to develop an ionic actuator with a 3-layer structure. The ionic conductivity of the central membrane was measured at 1.2  10 -5 S•cm -1 at 25 °C. The actuator reached a maximum displacement of 0.15 mm and an actuation strain of 0.56 % for a potential of +/-1.75 V after 20 min of electrical stimulation. These inspiring examples are particularly interesting for recyclable or healable all-solid Chapter 4: Healable all-solid electrolyte designed from polymeric ionic liquid and boronic ester exchange 146 polymer electrolytes. However, the ionic conductivities of these systems might be too low for use as ionically conducting materials in electroactive devices. In addition, these are high modulus materials (8 MPa) with poor stretchability (elongation at break = 20 %) [START_REF] Obadia | Reprocessing and Recycling of Highly Cross-Linked Ion-Conducting Networks through Transalkylation Exchanges of C-N Bonds[END_REF] .

In this chapter liquid-free, stretchable, highly conducting and reprocessable PIL-based vitrimers are reported. Polymeric ionic liquid bearing allyl functional group (PIL allyl) will be first synthesized from the quaternization of N-allylimidazole with a high molecular weight commercially available poly(epichlorohydrin-co-ethylene oxide) rubber. The PIL-based network will be then obtained by the crosslinking of PIL allyl with di-thiol crosslinkers through the thiol-ene click reaction. The presence of dynamic boronic ester function in the crosslinker structure will turn the liquid-free ionically conducting material into a reprocessable and healable vitrimer. The introduction of polar poly(ethylene glycol) dangling chains onto the main chains will be used to enhance the material's free volume and polarity, resulting in the tuning of the mechanical properties and ionic conduction of the material. The effects of dynamic crosslinkers and dangling chains on thermomechanical and ionic conductivities of the materials are first investigated and described. The vitrimer dynamic properties of the resulting materials such as stress relaxation healing and recyclability are presented. Finally, coating tests of these dynamic PIL networks were conducted on polyamide yarns to examine the continuous coating process and on CNT yarns to check the electrochemical response of coatings for electroactive yarns and textiles.

Experimental Section

Materials

The copolymer of poly(epichlorohydrin) and poly(ethyleneoxide) (Hydrin C2000XL, Mw = 8.7  10 6 g•mol -1 ) is obtained from Zeon chemicals ( 1 H NMR spectrum in Appendix 4, Fig. A11).

Benzene-1,4-diboronic acid was purchased from Apollo Scientific. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was purchased from Solvionic.

Tetreachloroethylene (C2Cl4) 99% was obtained from Alfa Aesar. Mercury vapor Lamp, UV intensity 100 W•cm -2 , duration of each scan 4 s). The acetone is evaporated under vacuum after the synthesis at 50 °C for 1 day. Reference samples without thiol precursors have also been prepared using the same method.

2.5. Preparation of coiled CNT with PIL-BDB25-PEGSH50 and dual-electrodes actuators

The linear CNT is coiled by a homemade designed device. Before the coiling, ozone treatment is conducted for 1 min on the CNT surface to enhance the wettability with ionic precursors.

The PIL-BDB25-PEGSH50 precursor is deposited onto the treated CNT, and then the CNT is clockwise twisted with constant 5 MPa preloading until to the completely coiled state. The length of CNT is changed from 4.1 cm to 0.9 cm. Finally, a UV lamp (154 mWcm -2 ) is used to initiate the polymerization for 5 min. Coiled CNT electrodes with PIL-BDB25-PEGSH50 coating are obtained. Finally, the dual-electrodes actuator is fabricated by gluing two electrodes together with the ionic precursor.

Continuous dip-coating process of PIL-BDB25-PEGSH50 on polyamide yarns

A continuous dip-coating process was used to coat commercial polyamide yarns and polyamide yarns with PEDOT:PSS/PPy conducting polymer layer with PIL-BDB25-PEGSH50

precursor solution at a constant speed of 0.67 m•min -1 . A cross-slit cap was fixed to the rim of a small-sized bath in order to withdraw the excess precursor solution taken with the upward motion of the yarn. The yarns were also cured continuously by UV light when passing through a reflective cylinder lit within by a UV lamp (154 mWcm -2 ). The samples were maintained vertically in a fume hood for one day before characterization.

Methods and techniques

Remolding tests: Compression molding tests were conducted using a SPECAC hydraulic press with 4000 Stability Temperature Controller at 120 °C and a pressure of 285 kg•cm -2 for 2 h.

Washability test: PIL-BDB25-PEGSH sample films were immersed in a common dry-cleaning solvent C2Cl4 at room temperature for 1h without stirring. The ionic conductivities of the samples before and after the washability test were measured at ambient temperature.

Swelling ratios of the samples were also calculated with eq.1:

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 𝑤𝑡% = 𝑚 𝑎𝑓𝑡𝑒𝑟 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 -𝑚 𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑚 𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (1) 
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Synthesis and characterization of PIL allyl

In this chapter, dynamic all-solid electrolytes were prepared by combining wisely recent achievements in material science (PIL and vitrimer) and adequate polymer chemistry. In the first section of this chapter, we started with an overview of the physicochemical properties of PILs such as solubility, thermal properties, ionic conductivity as well as mechanical properties, and how these intrinsic properties of PILs can be tuned by different factors. It remains a challenge to combine PIL and vitrimer properties within the same material. In this frame, this section reports the synthesis and characterizations of a PIL bearing allyl functional group (PIL allyl), which will be later crosslinked with di-thiol crosslinker containing dynamic bonds.

The synthetic route of PIL allyl is adapted from the synthesis protocols of PILs previously described (Fig. 4.12). [START_REF] Plesse | All-solid state ionic actuators based on polymeric ionic liquids and electronic conducting polymers[END_REF]241 crosslinking PILs into a network, the ionic conductivity of the material will significantly decrease as a result of reduced ion mobility. In this frame, polar poly(ethylene glycol) dangling chains will be introduced with the aim to enhance the ionic conductivity by increasing material's free volume and polarity.

Synthesis of crosslinked PIL networks

In order to obtain free-standing PIL vitrimer networks, PIL allyl was crosslinked with different quantities of di-thiol dynamic crosslinkers containing boronic ester functions (BDB) (Fig. 4.14, path i). Poly(ethylene glycol) chains terminated with a thiol functional group (PEGSH, average Mn = 800 g•mol -1 )) were also introduced into the PIL networks as polar dangling chains and as free volume enhancers (Fig 4.13, path ii). Darocur 1173 (2-Hydroxy-2-methylpropiophenone)

was selected as the free-radical photoinitiator as it has been previously reported to be efficiently used for the addition reaction between thiol and 1-allylimidazole. 274 Details of all sample compositions and characterizations are listed in Table 4. 4.1, the soluble fractions of PIL-DT networks are reported in Appendix 4, Table A3). The extractable content of the blank sample PIL-D1 without any thiol functional group was found to be 9 wt%, indicating the formation of a polymer network through the radical crosslinking reaction of allyl bonds. Indeed, a limited crosslinking between a few allyl functional groups would be sufficient to form an insoluble network from high molecular weight PIL. The obtained material was very soft, gluey and not manipulable.

On the other hand, the thiol-ene click reaction between boronic ester crosslinkers and allyl functional groups led to free-standing non-sticky materials with relatively low soluble Thermal and mechanical properties of the dynamic ionic materials, i.e., the PIL-BDB series More pictures of stretched dynamic PIL networks can be found in Appendix 4, Fig. A16. All these results demonstrated that the mechanical properties of the PIL networks can be easily tuned by both crosslinker and dangling chain content to reach high stretchability.

Stress relaxation behaviors of dynamic PIL networks

To study the exchange dynamics of boronic ester bonds, PIL-BDB and PIL-BDB-PEGSH samples were subjected to stress relaxation experiments at various temperatures by monitoring the decrease of stress over time at a constant strain of 3%. Same tests were conducted on PIL-DT samples which served as non-dynamic control samples, without the boronic ester crosslinkers. On the other side, the PIL-BDB25 sample relax stress continuously, decreasing to 63% of the initial stress after 1h at 30°C and 90% after only 1 h at 60 °C. These results provide convincing confirmation that the dynamic boronic ester crosslinkers enable the network rearrangement at 30 and 60°C in PIL-BDB samples as expected from a vitrimer material. Same contrasts are also seen by comparing between PIL-BDB50 and PIL-DT50 in Appendix 4, Fig. A17a and PIL-BDB100 and PIL-DT100 in Appendix 4, Fig. A17b. Stress relaxation curves for increasing temperature are reported in Fig. 4.20a, for PIL-BDB25.

This material presents large stress relaxation whose rate increases with increasing temperature up to 100 °C as the relaxation process is essentially controlled by the thermally activated boronic ester exchange reaction. 128 Similar tests performed on PIL-BDB50 and PIL-BDB100 are reported in Fig. 4.20b and Fig.4.20c, respectively. The same tendency is observed for those samples, and it is worth noting that the rates of relaxation increase with the content of dynamic crosslinker in the material, i.e., PIL-BDB100 relaxed about 63 % in 1 min only at 30 °C, for instance. This sample even completely releases stress in less than 40 min at 60°C

when PIL-BDB25 is not fully relaxed after 1h at higher temperatures. Despite the increase in crosslink density, the higher availability of the exchangeable linkages has a more dominant effect on the stress relaxation behavior of the material, leading to an acceleration of the associative exchange reaction. In addition, the full relaxation of PIL-BDB100 also confirms the statement that the thiol-ene addition is dominant over allyl-allyl radical crosslinking in these synthesis conditions. However, the uncomplete relaxation observed for PIL-BDB25 and PIL-BDB50 might indicate that a limited amount of permanent allyl-allyl crosslinks is present, as typically described for so-called vitrimer-like materials. 275 between these samples shows that the dangling chains also increase the relaxation rate as it takes 1h at 30°C for PIL-BDB25 to relax 63% whereas it takes only 1.1 min for PIL-BDB25-PEGSH50. The high relaxation rates of PIL-BDB-PEGSH samples could be explained by the presence of dangling chains that facilitates the motion of polymer chains and consequently the exchange reaction between boronic ester groups. At -10°C and 0°C, stress relaxation is also observed, since these temperatures are still above the T g of the materials preventing the quenching of the network topology coupled to the quenching of segmental motions. [START_REF] Denissen | Vinylogous urethane vitrimers[END_REF] Chapter 4: Healable all-solid electrolyte designed from polymeric ionic liquid and boronic ester 4.3. The Ea of PIL-BDB25, PIL-BDB50 and PIL-BDB100 were found to be 41.6 kJ•mol -1 , 13.0 kJ•mol -1 and 11.9 kJ•mol -1 respectively. The abundant exchangeable linkages existing in PIL-BDB50 and PIL-BDB100 networks result in very fast exchange kinetics and consequently low activation energies of the viscous flow. These results are similar to the activation energies (7.7

-13.8 kJ•mol -1 ) for styrene-butadiene rubber with the boronic ester crosslinker. 128 The Ea are 21.9 and 24.1 kJ•mol -1 for PIL-BDB25-PEGSH25 and PIL-BDB25-PEGSH50, respectively, which are lower than that of PIL-BDB25 (41.6 kJ•mol -1 ) probably because of increasing polymer chain mobility with the introduction of PEG dangling chains. The hypothetical topology freezing temperature T v of PIL-BDB25, PIL-BDB50 and PIL-BDB100, reported in Table 4.3, are -44, -154, and -169 °C, confirming that an increase in BDB content, i.e., in exchangeable functions, tends to facilitate the dynamic behavior and to lower the apparent Tv. As expected, the hypothetical Tv of PIL-BDB25-PEGSH50 and PIL-BDB25-PEGSH50 dropped with the introduction of PEG chains to -128 °C and -130 °C, respectively, confirming here the enhancement of the dynamic behavior by the presence of dangling chains and free volume in the PIL networks. While these Tv are all below the Tg of the corresponding materials, theoretically enabling the topological rearrangement at any temperature above Tg, it should be noted that after prolonged contact of PIL-BDB samples at room temperature for several months, the two films could still be easily transition (41.5 °C) (Fig.4.17a), where the mobility of the polymer chain is restricted and not sufficient to support the conduction. The ionic conductivity behaviors of the PIL-DT series samples were also studied and reported in Appendix 4, Fig. A22. Interestingly, the ionic conductivity of PIL-DT sample is higher than that of the PIL-BDB sample with an identical crosslinking density, ranging from 3.1 × 10 -6 S•cm -1 for PIL-DT25 to 3.7 × 10 -7 S•cm -1 for PIL-DT100 sample at 30 °C. These results could be explained the more flexible nature of DT crosslinker than that of BDB crosslinker. Adding dangling chains into crosslinked PIL-BDB networks increases the free volume and medium's polarity. We hypothesized that it would facilitate ion mobility and dissociation, and consequently lead to higher ionic conductivity. [276][277][278] To verify this hypothesis, we compared the ionic conductivities of pristine PIL allyl, PIL-BDB25, PIL-BDB25-PEGSH25 and PIL-BDB25-PEGSH50 samples at various temperatures (Fig. 4.23b). PIL-BDB25 sample demonstrated an ionic conductivity of 8.0 × 10 -7 S•cm -1 at 30 °C. With the addition of 25 mol% of PEG dangling chains, this value increased by 4 times to 3.0 × 10 -6 S•cm -1 . The ionic conductivity further escalated to 1.6 × 10 -5 S•cm -1 at 30 °C with 50 mol% of PEGSH, which was 20 times higher compared to PIL-BDB25 sample with the same crosslinking density but in the absence of dangling chains. Notably, PIL-BDB25-PEGSH50 demonstrated an ionic conductivity at 30 °C slightly below that of PIL allyl linear polymer, proving that the addition of polar PEG dangling chains could effectively counterbalance the ionic conductivity lost due to crosslinking. To our knowledge, the ionic conductivities reported herein are higher than any other all-solid ionconducting dynamic PIL networks reported in the literature. [START_REF] Obadia | Reprocessing and Recycling of Highly Cross-Linked Ion-Conducting Networks through Transalkylation Exchanges of C-N Bonds[END_REF][START_REF] Obadia | Tuning the Viscosity Profile of Ionic Vitrimers Incorporating 1,2,3-Triazolium Cross-Links[END_REF]174 It should be highlighted that apolar alkyl chains were also introduced into crosslinked PIL networks in a similar manner Chapter 4: Healable all-solid electrolyte designed from polymeric ionic liquid and boronic ester exchange 164 in order to increase the free volume. Details of these materials can be found in Appendix 4, Table A1. It has been found that despite the Tg decreased after introducing alkyl dangling chains, the ionic conductivities of those PIL-based networks decreased from 10 -6 to ~ 10 -8 -10 -7 S•cm -1 at 30 °C. It demonstrates that the choice of polar dangling chains such as PEG is critical in the enhancement of ionic mobility. Indeed, it has been reported the existence of hydrogen bonding between the imidazolium group and PEO. 279,280 This interaction could allow better the dissociation of the 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM TFSI) ionic pair as well as creating a polar medium to promote ionic movement. VTF parameters of the PIL networks were extrapolated, with R 2 fit values above 0.99, confirming that the movement of ions was correlated to those of polymer segment chains.

For either PIL allyl, PIL-BDB and PIL-BDB25-PEGSH samples, the activation energies of ionic conduction were around 10 kJ•mol -1 , which demonstrates that the modification in polymer network environment does not affect the energy necessary to make the charge carrier participate in the ionic conduction. It is also noticed that the A value significantly decreases with increasing BDB, indicating a decrease in charge carrier proportion as observed elsewhere. 281,282 Additionally to the dilution of charges by the increasing content of BDB, the reduction of the movement of the polymer chain via crosslinking and the decrease of overall polarity might build up ion clusters and limit dissociated ion pair proportion. Regarding the effect of PEGSH on the conductivity of PIL-BDB25-PEGSH samples, the introduction of Chapter 4: Healable all-solid electrolyte designed from polymeric ionic liquid and boronic ester exchange 165 additional ethylene glycol segments via PEGSH induces several antagonist effects. It promotes the dissociation of ion clusters, decreases the Tg of the material, but also dilutes the concentration of charge carriers. In other words, the introduction of 25 wt% PEGSH leads to a huge increase in A factor thanks to the dissociation potential of ethylene oxide units.

However, an additional increase in PEGSH further dilutes the charge carrier concentration, thus decreasing A value. Besides, the associated decrease in Tg value in the VTF equation is beneficial for reaching high ionic conductivity since the movement of polymer chain is promoted. Finally, the introduction of polar dangling chains allows bringing the ionic conductivity back to that of the bare PIL allyl, attenuating thus the effect of crosslinking. As a result, the PIL-BDB25-PEGSH samples exhibit high ionic conductivity with high stretchability.

In addition, these two parameters can be tuned by both crosslinker and dangling chain content.

Recycling behavior of PIL networks

Based on the results of healing tests and stress relaxation tests, we further envisioned that the dynamic boronic ester crosslinks could allow the reprocessing of these materials. To verify this, samples were cut into small chips and then remolded using a hydraulic press under a A2). 

Washability of the ionic conductive membranes PIL-BDB25-PEGSH

As mentioned in the introduction of this manuscript, the washability of the ionic coatings should be ultimately considered to further evaluate the feasibility of turning the innovative WEAFING device into practical consumer products. In this frame, the washability of PIL-BDB25-PEGSH samples has been evaluated by comparing the ionic conductivities before and after immersing the samples in a classical dry-cleaning solvent (C2Cl4) at ambient temperature for 1h. Meanwhile, the swelling ratios of the ionic conductive membranes have also been measured (see eq.1 in the experimental section) because the application of these materials as coatings requires them to maintain their dimensional stability during washing.

PIL-BDB25-PEGSH25 sample demonstrates a swelling ratio of 5.6 wt% and an ionic conductivity of 1.5 × 10 -6 S•cm -1 at 25 °C after the washability test, which is very similar to its Chapter 4: Healable all-solid electrolyte designed from polymeric ionic liquid and boronic ester exchange 167 ionic conductivity before immersion (1.7 × 10 -6 S•cm -1 at 25 °C). PIL-BDB25-PEGSH50 exhibits a swelling ratio of 8.6 wt% and an ionic conductivity of 1.5 × 10 -5 S•cm -1 at 25 °C after immersion, which is identical to its pristine value (1.5 × 10 -5 at 25°C). The swelling ratios of the two samples are below 9 wt% and the volume increases are potentially negligible when they are used as coating materials. All these results indicate that PIL-BDB25-PEGSH ionically conducting membranes are promising coating materials compatible with the dry-cleaning process as they are able to maintain their dimensional stabilities and ionically conducting behaviors.

Coating tests of dynamic all-solid PIL networks

The coating performances of all-solid PIL networks have been evaluated through the continuous coating process on polyamide yarns and through the coating tests on CNT yarns of PIL-BDB25-PEGSH50 because of its dynamic properties and highest ionic conductivity among all the PIL networks.

Coating of PIL-BDB25-PEGSH50 on polyamide yarns

The coating test of PIL-BDB25-PEGSH50 ionically conducting membrane was first carried out on bare commercial polyamide yarns and polyamide yarns with an electroactive conducting polymer layer (PEDOT:PSS/PPy) to evaluate their sheathing efficiency and their capability to drive ionic conduction. PIL-BDB25-PEGSH50 ionic precursors were coated on both yarns in a continuous dip-coating and UV-curing process at a constant speed of 0.67 m•min -1 (coating process see Fig. Chapter 4: Healable all-solid electrolyte designed from polymeric ionic liquid and boronic ester exchange 168

The finesse  of commercial polyamide yarns and coated yarns were measured to be 15.6 tex and 19.2 tex, respectively. The ionic coating uptake was calculated and found to be 18.8 wt%.

When coating the ionic layer on polyamide yarns functionalized with electronically conducting polymer, both finesse and ionic coating uptake increased (22.6 tex and 31.0 wt%). These results indicate the ionic precursor solution is compatible with the dip-coating process thanks to its low viscosity (0.53 Pa•s) and fast curing efficiency, especially when coated on electroactive yarns.

Electrochemical impedance spectroscopy was used to assess the ionic conductivity of the coated polyamide yarns at ambient temperature and relative humidity (25.3 °C and 32 %RH).

The ionic coating sheath conductivity of the ionic coating alone f coating was calculated to be 3.3  10 -5 µS•cm•dtex -1 , which is comparable to the ionic conductivity of the PIL-BDB25-PEGSH50 ionically conducting membrane (1.5 × 10 -5 S•cm -1 at 25 °C). This result shows that the ionic coating can act as an ion source/sink along textile fibers, which is critical for smart electronic development.

Coating of PIL-BDB25-PEGSH50 on CNT yarns

Coating test of dynamic PIL networks was also demonstrated on commercially available CNT yarns. The reactive precursor solution of the dynamic PIL-BDB25-PEGSH50 was directly deposited on CNT yarns, which were then coiled by overtwisting using a homemade setup ( 50turns/cm under 5MPa preload). The ionic precursor is subsequently polymerized using UV light. The procedure is depicted in Fig. 2.24 of Chapter 2. Thin and uniform coatings were obtained after photopolymerization. No bead is observed along the length. The ability to directly weld two coiled CNT yarns with ionic coatings, i.e., without the use of extra ionic precursor glue, has been examined. In theory, the dynamic properties of PIL networks should allow their direct assembly via the dynamic bond exchange at their surface.

Then, two coiled CNT yarns coated with PIL-BDB25-PEGSH50 network were placed in direct contact for 2 h at 120°C. The closeness of the two coils was achieved by simply pressing them together locally every 30 minutes. The optical microscope images after the welding process are presented in Fig. 4.27c and Fig.4.27d. The two coated CNT yarns appear to be attached to each other, confirming that welding occurred in a similar manner as healing experiments.

However, as observed in previous chapters, some sections of the coated CNT yarns are not fused together after 2 h, probably due to the insufficient surface contact between the ionic coatings during the welding experiment. In the following studies, ionic precursors were used as reactive glue to attach the two coated coiled yarns.

The open-air dual-electrodes actuator was thus prepared by gluing two coiled and PIL-coated CNT yarns with an additional coating layer of ionic precursor, which was then photopolymerized. The image of the dual-electrodes CNT actuator is shown in Fig. 4.28a. An interval spacing of ~ 0.5 mm was set between the two electrodes thanks to the thin sheath of the ionic coating on each CNT yarn. The resulting dual-electrodes actuator was studied. It is noteworthy that PTE-BDB25-PEGSH50 coating is a polycationic electrolyte with fixed EMIM + cations on the polymer chains and mobile TFSI -anions. Fig. 4.30a shows the schematic illustration of the mechanism for the stroke strain of the dual-electrodes actuator coated with polycationic networks (i.e., PIL-BDB25-PEGSH50 coating). When applying a positive voltage on the coiled CNT coated with polycationic coating as the working electrode, the EDL will charge by the migration of anions to the working electrode. This electrochemical charging of the working electrode will result in a contractile stroke of the CNT yarn. However, at the counter-electrode, the applied negative voltage will lead to a charge of the EDL by the expulsion of anions since the polymeric cationic species are non-mobile. Consequently, the electrochemical charging of the counter electrode is expected to induce an elongation stroke.

On the opposite, at 0V, the discharging of the system will lead to efflux of anions at the working electrode and influx of anions at the counter electrode, leading to a deformation of the actuator towards its original state. Since antagonist motion should be observed for each coupled electrode, close to zero deformation should be observed for the dual-electrodes These actuation experiments demonstrate that the PIL-based polycationic coatings developed in this work can be used as liquid-free ionic coatings for electroactive textiles.

Chapter 4: Healable all-solid electrolyte designed from polymeric ionic liquid and boronic ester exchange 173 However, the limited deformation, which is lower than those observed in previous chapters with ionogel coatings containing two mobile ions, can be explained by the fact that the only mobile ions are anions. Due to the mechanism involved with such coating, the stroke will be de facto limited by the two yarns electromechanically working against each other. In the future, it appears then promising to develop similar polyanionic coatings. The polycationic coating on one CNT yarn would allow the anion to move and to charge the working electrode, while the coating of the second coiled CNT yarn with a polyanionic coating would allow the cation to move and charge the counter electrode (Fig. On the other hand, the response speed could be improved either by developing PIL-based coatings with higher ionic conductivity, for instance with more mobile ions or by optimizing the device elaboration, more precisely by decreasing the distance between the two yarns.

Finally, optimization of CNT yarns or, more ideally, of the conducting polymer electroactive yarns developed by the partners of the WEAFING project should be conducted.

Conclusion

In summary, a novel polymeric ionic liquid bearing allyl functional groups was successfully synthesized. It was then crosslinked with dynamic boronic ester crosslinkers with or without the presence of PEG dangling chains through thiol-ene 'click' free-radical photoaddition and resulted in healable all-solid polymer electrolytes based on PIL networks. Effects of dynamic crosslinker and dangling chain contents on thermomechanical properties, ionic conductivities and dynamic behavior of the materials were investigated. It has been found that higher
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On the other hand, increasing the amount of PEG dangling chains leads to a decrease of Tg and of Young's modulus with an increase in elongation at break and in ionic conductivity. The ionic conductivities followed typical VTF dependence due to the correlation between the charge transport of the ionic species and the segmental mobility of the polymer chains. These materials exhibit a promising combination of high liquid-free ionic conductivity reaching 1.6

 10 -5 S•cm -1 at 30 °C and high stretchability reaching 300% elongation. These all-solid polymer electrolytes based on PIL networks exhibited vitrimer properties such as Arrheniustype stress relaxation, healing and recyclability thanks to the associative exchange reaction between boronic ester bonds. Moreover, the recycled materials could recover their original mechanical properties and ionically conducting behaviors.

A continuous dip-coating procedure of PIL-BDB25-PESH50 dynamic all-solid polymer electrolyte on commercial polyamide yarns and polyamide yarns with PEDOT:PSS/PPy layer was demonstrated. The low viscosity and fast curing efficiency of the ionic precursor solution resulted in a thin and homogeneous coating layer. The presence of conducting polymer layers on polyamide yarns facilitates the ionic coating process and increases the coating uptake to 31 wt%. Furthermore, the ionic sheath conductivity was measured to be 3.3  10 -5 µS•cm•dtex -1 , which is comparable to the ionic conductivity measured on films.

Coating experiments of PIL-BDB-PEGSH50 were also conducted on commercial coiled CNT yarns. Coiled CNT muscles wrapped with all-solid polymer electrolyte layers demonstrated welding ability. Dual-electrodes actuator with this coating demonstrated a maximum contractile stroke of 0.2 % with the square potential waves changed from 6 to 0V with 240 s pulse.

Conclusion and perspectives

The European Horizon 2020 WEAFING project aims at developing novel, unprecedented garments based on conducting polymer textile muscles for haptic stimulation. Within its multidisciplinary consortium, one target is to develop ionically conducting coatings necessary for the open-air actuation of electroactive fibers and textiles. While the development of suitable but "classical" ionogels has been carried out in parallel, this Ph.D. work was focused on the development of ionogels with vitrimer properties suitable for textile coating application and combining high ionic conductivity, good mechanical properties and healing ability.

First, a bibliographic chapter allowed identifying different vitrimer chemistries making it possible to endow materials with dynamic properties. The starting point of this project is PTE/EMIM TFSI ionogels potentially usable as coating materials for yarns which have been developed by our group in collaboration with our project partner Linköping University [START_REF] Zhong | 3D structured and micro-patternable ionogels for flexible and stretchable electrochemical devices[END_REF] . Two different catalyst-free mechanisms were chosen for this chemistry, i.e., the S-transalkylation associative exchange of thioether/sulfonium and the associative exchange of boronic esters.

In chapter 2, a PTE ionogel is obtained from thiol-ene Mickael addition between poly(ethyleneglycol)diacrylate and di-and trithiol, in the presence of 50wt% of IL, EMIM TFSI or EMIM Triflate. The PTE ionogels are made dynamic by the alkylation of the thioether groups present along the polymer backbone thanks to an alkylating agent BuOBrs. A quantity of 2 mol% of BuOBrs was chosen to prepare these ionogels because of the interesting vitrimer properties and working temperature range that they have demonstrated. The resulting PTE-BuOBrs-IL dynamic ionogels demonstrate Young's modulus of 0.9 MPa and elongations at break between 30 % to 60 %. Despite the limited stretchability, these values are potentially sufficient compared to the stretchability of textile fibers. PTE-BuOBrs-IL dynamic ionogels possess the highest ionic conductivity (~ 3 × 10 -4 Scm -1 at 30 °C) among all materials prepared in this work. Thanks to the associative S-transalkylation, these ionogels demonstrated healing abilities and were able to recover their pristine ionic conductivities and Young's modulus after failure. These materials also showed Arrhenius-like temperature dependency of relaxation times at elevated temperatures. It has been found that the addition of ILs modifies the dynamic properties of the systems and increases the Ea from 74 to 119 kJmol -1 , probably because of a dilution effect of the dynamic functions by the IL but also probably because of a screening effect of the ions from the IL on the sulfonium / OBrs -couple. Coating tests of these materials show that the low viscosities of the ionic precursor solutions allow a facile coating process on coiled CNT yarns. The CNT coiled yarns with PTE-BuOBrs-IL coatings demonstrate welding ability and the dual-electrodes actuator shows a deformation with a maximum stroke of 0.6 % by applying a square potential between 3 and 0 V with 240 s pulse.

In the 3 rd chapter, to further explore the potentials of PTE networks to be used as the substrate of ionogels, a specific dithiol-containing boronic ester crosslinker BDB was introduced into these networks to prepare PTE-BDB-IL dynamic ionogels in the presence of 50wt% of IL, EMIM TFSI or EMIM Triflate. The exchange reaction between boronic ester groups does not require a catalyst, initiator, or elevated temperature, and the Ea of this exchange is relatively low as mentioned in the bibliographic chapter (generally < 50 kJmol -1 ).

To determine the optimal substrate for dynamic ionogels, dynamic PTE-based polymer networks were developed in the first stage by maintaining the amount of trithiol crosslinker constant (0.5 molar ratio of thiol groups) while varying the dithiol spacers (0.5 molar ratio, by reactive functions) between the dynamic chain extender BDB dithiol-containing boronic ester groups and static dithiol. After examining the physicochemical and dynamic properties of these polymer networks, a content of 25 mol% of BDB dynamic spacer was chosen as the optimal ratio to prepare PTE-based dynamic ionogels because of the higher dimensional stability at the given temperature of PTE-BDB25 sample. The resulting PTE-BDB-IL ionogels demonstrate Young's modulus between 0.4 to 0.6 MPa, elongations at break in the range of 50 ~ 65 %, and ionic conductivities about 1.2 × 10 -4 Scm -1 at 30 °C. It has been found that in the presence of a large amount of IL, the dynamic features of these materials, such as stress relaxation and healing, are retained and not significantly modified. Moreover, the topology rearrangement, enabled by boronic ester groups, allows the ionogels to be healed and to retrieve their original ionically conducting performances. A continuous dip-coating process of PTE-BDB-IL ionogels was demonstrated on commercial polyamide yarns. Thin and homogenous coating layers with uptake of 36.6 wt% were obtained thanks to the low viscosity and fast curing efficiency of the ionogel precursor solution. Coiled CNT yarns with PTE-BDB-IL coatings displayed welding behavior and the dual-electrodes actuator shows a maximum contractile stroke of 0.6 % in 240 s when applying a square potential between 3 and 0 V.

In chapter 4, to resolve the potential leakage and toxicity issues due to the presence of the liquid IL phase in ionogels, a liquid-free ionically conducting vitrimer was synthesized and characterized. A novel PIL with imidazolium cations attached to the polymer backbone, mobile TFSI -counter ions and pendant allyl functional groups was first synthesized. This linear PIL is subsequently crosslinked with a thiol-function-based boronic ester crosslinker BDB. PEG dangling chains were also introduced along the polymer network backbone to increase the free volume and to increase ionic mobility. It has been found that higher crosslinking density leads to materials with higher Tg, higher Young's modulus and lower ionic conductivity. On the other hand, increasing the content of PEG dangling chains leads to decreasing Tg and Young's modulus with an increase in elongation at break and in ionic conductivity. Particularly, the sample with 25 mol% of dynamic crosslinker and 50 % of dangling chains exhibits a promising combination of low Young's modulus of 0.2 MPa, high stretchability reaching 300 % elongation, high ionic conductivity of 1.6 × 10 -5 Scm -1 at 30 °C, and a low viscous flow Ea of 24 kJmol -1 . Thanks to the associative boronic ester exchange, these materials were able to be recycled while maintaining their pristine mechanical properties and ionically conducting behaviors. Moreover, these ionically conducting vitrimers are potentially washable with the dry-cleaning process. The materials developed here are truly all-solid, resolving the potential leakage and toxicity issues of ionogels. The continuous dip-coating process of the dynamic allsolid polymer electrolytes was demonstrated on commercial polyamide yarns with or without PEDOT:PSS/PPy layer. Coiled CNT muscles wrapped with PIL-BDB-PEGSH coating demonstrated welding behavior and the dual-electrodes actuator showed a maximum contractile stroke of 0.2 % by applying a square potential between 6 and 0 V with 240 s pulse.

Table 5.1 summarizes Young's modulus, stretchability, ionic conductivity, and viscous flow activation energy of the best performing sample among these materials. were to be developed. So, we further explore the potentials of PTE networks to be used as the substrate of vitrimer ionogels PTE-BDB-IL based on the associative exchange between boronic ester groups. These two vitrimer ionogels are developed using mostly commercially available products, thus allowing an easy approach to endow ionogels with vitrimer properties without a negative effect on their ionic conductivity. These materials demonstrated in this work further enlarge the library of vitrimer ionogels and provided simple and effective methods to develop healable ionogels with satisfying ionic conductivity in the range of other dynamic ionogels reported in the literature.

The presence of both mobile cations and anions results in higher ionic conductivities compared to PIL-BDB-PEGSH where only TFSI -anions are free to move. However, the presence of ILs leads to potential leakage issues, toxicity issues, and non-compatibility with the washing process. The liquid-free ionically conducting vitrimers PIL-BDB-PEGSH, on the other hand, resolves these issues. However, there arestill some limitations. These materials have restricted ionic conductivities because only one ion is mobile reducing de facto actuation.

Nonetheless, they are truly all-solid, stretchable, compatible with the textile production process, potentially compatible with the dry-washing process and demonstrated the highest ionic conductivity (1.6 × 10 -5 Scm -1 at 30 °C) compared to other all-solid ionically conducting PIL networks reported in the literature. [START_REF] Obadia | Reprocessing and Recycling of Highly Cross-Linked Ion-Conducting Networks through Transalkylation Exchanges of C-N Bonds[END_REF][START_REF] Obadia | Tuning the Viscosity Profile of Ionic Vitrimers Incorporating 1,2,3-Triazolium Cross-Links[END_REF]174 The design concepts demonstrated in this work could potentially open a new path for the development of flexible electrochemical-based electronics with a longer lifetime, especially for electroactive yarns and textiles.

Future perspectives of this work can be discussed separately for the dynamic ionogels containing ILs and the all-solid polymer electrolytes based on PILs. For the ionogels discussed in chapter 2 and chapter 3, their limitation can be attributed to the potential toxicity of the ILs EMIM TFSI and EMIM Triflate. Consequently, a perspective to this work could be to replace these ILs with recently described biocompatible ILs. 283 There should be specific considerations to be taken into account when selecting such ILs. For example, the biocompatible choline acetate might not be suitable for PTE-based ionogels as it can trigger uncontrolled thiol-ene Michael addition once added due to its alkalinity, making it problematic for the synthesis.

Moreover, the hydrophilic nature of choline acetate is probably not ideal for the boronic ester exchange. Further studies should also be conducted on PTE-BuOBrs-IL to study the underlying reasons for the modified dynamic properties in the presence of ILs.

For all-solid polymer electrolytes based on PIL networks, modifications of PIL can be expected to improve the toxicity issues, domestic washability and actuator performance.

• PIL with biofriendly and less toxic counter ions instead of TFSI can be developed.

• (Semi-)Interpenetrating polymer network (semi-)IPN PTE/PIL with PTE network and PIL allyl can be developed to obtain liquid-free electrolytes.

• To improve the domestic washability of the materials, hydrophobic materials with high ionic conductivities should be developed. In this work, crosslinked PIL networks with only hydrophobic dangling alkyl chains have been developed instead of PEG chains. The resulting materials demonstrate low ionic conductivities. Developing an amphiphilic material based on (Semi-)IPN PIL/PTE by replacing the PEGDA with the more hydrophobic 1,6-hexanediol diacrylate might be a possible solution.

• For upscaling perspectives, thiol-terminated poly (ethylene glycol) PEGSH has been synthesized based on the protocol reported in the literature (Appendix 4). 289 This compound can be introduced into the PIL-based networks to yield ionically conducting materials.

The dual-electrodes actuator wrapped with polycationic layer PIL-BDB25-PEGSH50 demonstrates a limited contractile stroke of 0.2 % by applying a square potential between 6 and 0 V with 240 s pulse because the only mobile ions in these systems are TFSI -anions.

• Developing polyanion-type PILs and dual-electrodes actuator by combining electrodes with polycationic and polyanionic ionic coatings is a possible solution to overcome the limitation of low contractile stroke and low response speed because the two electrodes would present cooperative motions.

• On the other hand, to improve the actuator performance, optimization of CNT yarns or more ideally the conducting polymer electroactive yarns developed by the WEAFING project partners should be carried out to improve the actuator.

Even though this work has been mainly centered on applications as actuators, these ionogels can be used as electrolytes in other electrochemical devices, such as sensors, batteries, supercapacitors, electrochromic devices. Moreover, their combination with porous or structured electrodes could be considered. Indeed, the use of low viscosity precursors can be an asset to fill all the porosity of the pores before polymerization. The healing nature should make it possible to extend the lifetime of these electrolytes when subjected to mechanical stress. New research involving the piezoionic properties of these ionogels is being developed, whose applications concern the 'ionic skin' or the microgenerators. While these studies focus essentially on conventional materials, endowing dynamic properties to these materials could make them more interesting for their varied conditions of use thanks to their potential healing, reprocessing and welding abilities.

The PIL-based materials developed here have healing properties like the dynamic ionogels, with no risk of electrolyte leakage. The major drawback is the lower conductivity of these materials. However, these materials might be promising to be used in applications such as microelectrochemical systems. In these systems, it is possible to minimize the distance between electrodes, thus compensating for the lower ionic conductivities of PIL materials, making it possible to obtain fast electrochemical systems 284,285 . These materials can also be useful for space applications under low pressure [START_REF] Fannir | Actionneur à base de polymères conducteurs présentant une déformation linéaire à l'air et compatible avec un environnement spatial[END_REF] where the presence of a liquid electrolyte is a handicap.

The ionic coating uptake (wt%) can be calculated with eq.7, with tot fineness of the coated yarn and 0 fineness of the bare yarn:

𝐶𝑜𝑎𝑡𝑖𝑛𝑔 𝑢𝑝𝑡𝑎𝑘𝑒 (𝑤𝑡%) = 𝜆 𝑡𝑜𝑡 -𝜆 0 𝜆 𝑡𝑜𝑡 × 100% (7) Fiber conductivity f: The ionic conductivity was measured by electrochemical impedance spectroscopy using a VSP 150 potentiostat (Biologic SA). The measurement was conducted using a two-point probe at ambient temperature and relative humidity (25.3 °C and 32 %RH).

The cylinder parts of the electrodes were held parallel and horizontal with a 20 mm space between their axes. The samples were looped once around each electrode and held down by attaching clips with a weight of 1.8 g each on both ends. The conductivity of the coated yarns (S•cm -1 ) is defined with eq.8:

𝜎 = 𝐿 𝑅×𝐴 ( 8 
)
where L is the distance between the electrodes in cm, R the resistance of the sample in  and A the cross-section area in cm 2 . However, textile fibers have unusual and uneven crosssections with non-circular geometries along their length, making it unsuitable to use their cross-section area.

Thus, to solve this issue, an analogous property called fiber conductivity which is equivalent to the conductivity from eq.6 divided by the mass density ρ of the sample, has been proposed

in the literature 202 . The fiber conductivity of the sample therefore denoted by f was calculated by eq.9:

𝜎 where R is the charge transfer resistance in M, L is the distance between the two electrodes in cm,  is the fiber fineness in tex or dtex. f is expressed in µS•cm•dtex -1 , which is in the same scale as S•cm -1 since  of textile fibers approximately equals to 1 g•cm -3 . Amongst other factors, the mass density and the irregularity of the sample along its length influence the proportionality between the conductivity and fiber conductivity. The ionic coating sheath conductivity,  f coating (µS•cm•dtex -1 ) can then be calculated with the eq.10:

𝜎 𝑓 𝑐𝑜𝑎𝑡𝑖𝑛𝑔 = 𝐿 𝑅×(𝜆 𝑡𝑜𝑡 -𝜆 0 ) (10) 

Résumé

Le développement de textiles électroactifs actionneurs et de vêtements haptiques nécessite l'élaboration de revêtements conducteurs ioniques, en tant que source d'ions nécessaire à leur fonctionnement à l'air libre. Les travaux de cette thèse visent donc à concevoir des matériaux conducteurs ioniques adaptés à l'enduction de fibres textiles avec une conductivité ionique élevée, de bonnes propriétés mécaniques et une capacité de cicatrisation grâce à la chimie des ionogels, des polymères liquides ioniques (PIL) et des vitrimères.

Après un état de l'art sur les vitrimères et leurs applications comme conducteurs ioniques cicatrisables, deux mécanismes d'échange associatif dynamique ne nécessitant pas de catalyseur ont été sélectionnées :la transalkylation entre thioéther et sulfonium et l'échange associatif dynamiques des esters boroniques.

Des ionogels dynamiques à base de polythioéther ont été synthétisés par addition de Michael entre un PEG diacrylate et des précurseurs di-et trithiol, en présence de 50 % en poids de liquide ionique : le 1-éthyl-3-méthylimidazolium bis(trifluorométhylsulfonyl)imide ou le 1-éthyl-3méthylimidazolium trifluorométhanesulfonate. Les propriétés dynamiques de vitrimère ont été introduites au sein des ionogels soit par l'alkylation des groupes thioéther présents dans le réseau de polymère, soit par l'utilisation d'un monomère dithiol contenant un groupement ester boronique dynamique. Ces deux séries de ionogels vitrimères ont présenté à température ambiante des modules d'Young inférieurs à 0,9 MPa, des allongements à la rupture de l'ordre de 30 ~ 65 % et des conductivités ioniques de l'ordre de 10 -4 S•cm -1 . Les deux matériaux présentent les caractéristiques dynamiques attendues et se sont avérés prometteurs pour le développement de fibres actionneurs.

Des réseaux dynamiques de polymères liquides ioniques, ne contenant aucune phase liquide, ont ensuite été développés. Tout d'abord, un PIL cationique linéaire présentant des cations imidazolium fixes, des groupes fonctionnels allyle pendants et des contre-ions mobiles bis(trifluoroméhylsulfonyl)imide a été synthétisé. Ce PIL linéaire a ensuite été réticulé à l'aide d'un dithiol contenant la fonction dynamique ester boronique. Des chaînes pendantes de PEG ont également été introduites pour augmenter le volume libre et pour augmenter la mobilité ionique. L'ajustement des quantités de réticulant et de chaîne pendante a permis l'obtention de matériaux étirables (E = 0,2 MPa et ε = 300 %) et hautement conducteur ioniques (σ ≈ 10 -5 S•cm -1 ). La réaction d'échange entre les groupements esters boroniques leur a conféré des propriétés vitrimères telles que la cicatrisation, la soudure et la recyclabilité. Le processus d'enduction de ces matériaux conducteur ionique sur des fibres textiles et le développement d'actionneurs fibres fonctionnant à l'air libre ont également été démontrés.

En conclusion, des ionogels vitrimères et des réseaux vitrimères de polymères liquides ioniques, peuvent être fabriqués en combinant judicieusement les avancées récentes en science des matériaux (PIL, ionogel et vitrimère) et une chimie des polymères adéquate. Leur conception ouvre des perspectives prometteuses dans différentes technologies émergentes telles que les électrolytes pour les supercondensateurs, les batteries, les piles à combustible et les revêtements ioniques pour le textile électronique.

Mots-clés : vitrimère, ionogel, polymère liquide ionique, polythioéther, transalkylation, échange d'esters boroniques, cicatrisation, textiles électroactifs

Figure 2 :

 2 Figure 2: (a) Chemical structures of some typical electronic conducting polymers; (b) Volume variation of conducting polymers.

Figure 3 :

 3 Figure 3: Configurations of ECP-based actuators operating in a liquid electrolyte (a) A free-standing film actuator with linear deformation; (b) A bilayer actuator with bending deformation; (c) A trilayer actuator with bending deformation.[START_REF] Hu | PEDOT-Based Conducting Polymer Actuators[END_REF] 

Figure 4 :

 4 Figure 4: Configurations of the ECP-based actuators operating in air. (a) A tubular fiber actuator with linear deformation; (b) A buckling sheet actuator with linear deformation; (c) A trilayer actuator with bending deformation; (d) A tubular fiber actuator with bending deformation.30

Figure 5 :

 5 Figure 5: Illustration of the textile actuators presented in the work ofMaziz, A. et al. 38 

Figure 6 :

 6 Figure 6: (a) Graphical abstract describing the methodology of WEAFING with WP2 being the frame of the work reported in this manuscript (reproduced from WEAFING application proposal); (b) Concept of the ionogel-coated electroactive yarns and open-air actuating system based on two coated yarns.

Figure 1 . 1 :

 11 Figure 1.1: Illustration of (a) a thermoplastic polymer (b) a thermoset polymer. With growing environmental awareness and the demand to address multiple problems of traditional polymer networks, tremendous interest has been paid to the development of sustainable high-performance polymer materials by combining the facile processability of thermoplastics with the advantages of permanently crosslinked thermosets. In this perspective, healable materials based on reversible reactions including covalent bonds have been considered. Indeed, the fabrication of dynamic reversible polymer networks has become a popular strategy, particularly by introducing exchangeable chemical bonds into polymer networks, which are known as covalent adaptable networks (CANs). Based on the intrinsic mechanism of bond exchange reaction, CANs are further divided into dissociative (Fig.1.2a) and associative (Fig.1.2b) mechanisms.[START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF] 

Figure 1 . 2 :

 12 Figure 1.2: (a) Dissociative CANs where bonds are first broken and then formed again, resulting in a loss of network integrity and the illustration of dissociative Diels-Alder reaction; (b) Associative CANs where bonds are only broken after new bonds

  1.2b). The bond cleavage is accompanied by the simultaneous formation of a new crosslink and, as a result, such systems can change their topology with no loss of connectivity, making such networks permanent and insoluble. In 2011, Leibler et al. introduced associative bond exchange

Figure 1 . 3 :

 13 Figure 1.3: Angell fragility plot that shows viscosity as a function of the inverse temperature scale with Tg (or Tv for vitrimers when Tv > Tg). Thermoplastics such as polystyrene (PS) demonstrate a narrow Tg and a very fast decrease in viscosity near Tg. On the contrary, vitrimers (such as Epoxy-anhydride, Epoxy-acid and vinylogous urethane systems), demonstrate an Arrhenius-like viscosity dependence, resulting in a progressive viscosity decrease comparable to vitreous silica. Reproduced from ref.58 with permission from the Royal Society of Chemistry.58

Figure 1 . 4 :

 14 Figure 1.4: Illustrations of the viscoelastic properties of (a) amorphous vitrimer with Tg < Tv; (b) semi-crystalline vitrimer with Tm < Tv; (c) amorphous vitrimer with Tg > Tv. Reproduced with permission from Ref.59. Copyright 2020 Elsevier B.V. 59 2.1.2 How to determine the topology freezing temperature Tv

Figure 1 . 5 :

 15 Figure 1.5: (a) 'Dilatometry' experiments for transesterification epoxy thermosets with different catalyst loadings; (b) Stress relaxation curves of transesterification epoxy thermosets with different catalyst loadings. Reprinted with permission from ref.91. Copyright 2020 American Chemical Society.[START_REF] Yue | Vitrimerization: Converting Thermoset Polymers into Vitrimers[END_REF] 

  dec-5-ene (TBD), Zn(OAc)2, and triphenylphosphine (PPh3) was 106, 86 and 43 kJ•mol -1 respectively (Fig.1.6b). Some other examples have also demonstrated the possible control of the flow properties of transesterification vitrimers via the catalysis or quenching of the exchange reaction.[START_REF] Brutman | Polylactide vitrimers[END_REF][START_REF] Snyder | Reprocessable Acid-Degradable Polycarbonate Vitrimers[END_REF] Tuning the viscoelastic properties of vitrimers by manipulating the exchange rate has also been demonstrated by Du Prez et al. on vinylogous urethane vitrimer networks.[START_REF] Denissen | Chemical control of the viscoelastic properties of vinylogous urethane vitrimers[END_REF] 

Figure 1 . 6 :

 16 Figure 1.6: Viscoelastic properties of -hydroxyl-ester vitrimers obtained from bisphenol A diglycidyl ether and a mixture of tricarboxylic and dicarboxylic fatty acids. (a) Arrhenius plot of the viscosity for vitrimers containing 1 (blue), 5 (red), and 10 (black) mol % of Zn(OAc)2; (c) Arrhenius plot of the viscosity for vitrimers containing 5 mol % of Zn(OAc)2 (black), PPh3 (red), and TBD (blue).Reproduced with permission from ref.97. Copyright 2012 American Chemical Society. 97 Nonetheless, in a recent study by Kaiser et al., they have noticed profound discrepancies when comparing the Tv values obtained from the two most commonly used dynamic analytical methods, stress relaxation and dilatometry. 95 Moreover, they have found that the

Figure 1 . 7 :

 17 Figure 1.7: Example of imperfect evaluation of Tv illustrated in the minireview of Du Prez et al. due to measurement errors, based on standard deviations and small temperature window or unconsidered low-temperature interactions. Reproduced from ref.100 with permission from the Royal Society of Chemistry. 100

  curves of epoxy-based transesterification materials with permanent crosslinkers reported by Torkelson et al. are shown in Fig.1.8. 101 Such systems are defined as vitrimer-like materials as they demonstrate incomplete stress relaxation behaviors due to the presence of permanent crosslinks.

Figure 1 . 8 :

 18 Figure 1.8: Stress relaxation recorded for epoxy-based vitrimers possessing different ratios of permanent cross-links. Incomplete relaxation is observed in composition having more than 20% permanent linkers. Reproduced from ref.100 with permission from the Royal Society of Chemistry. 100 2.2 Different mechanisms of vitrimers or materials exhibiting vitrimeric properties A large number of researchers have set their sights on vitrimers to tackle environmental problems. Subsequent to the pioneering work of Leibler and co-works, a series of vitrimers or systems exhibiting vitrimeric properties have been developed based on different dynamic exchange reaction mechanisms. Exchangeable reactions such as olefin metathesis, imine exchange, disulfide chemistry, siloxane exchange, silyl ether metathesis, transesterification, transcarbamoylation, transcarbonation, transamination of vinylogous amide or urethane,

  .1.9a). After the initial reaction, ester bonds and hydroxyl groups were formed. Subsequently, zinc acetate catalyzed the exchange reaction between hydroxyl and ester groups at elevated temperatures. Following the introduction of the concept of vitrimers, transesterification reaction has been widely studied because of the robustness of the reaction and a large range of commercially available raw materials for preparing ester-based networks.Capelot et al. showed that the exchange rate of transesterification varies with the catalyst content as well as the concentration of OH groups.104 They concluded that the exchange reaction between βhydroxyester exhibits the highest rate compared to diester-diester or diester-hydroxyester exchange reaction (Fig.1.9d). They also demonstrated that the viscous flow activation energy Ea and/or Tv of ester-based vitrimers can be tuned by changing the nature or the amount of the catalyst.[START_REF] Capelot | Catalytic Control of the Vitrimer Glass Transition[END_REF] 

Figure 1 . 9 :

 19 Figure 1.9: (a) Addition-esterification of acids on epoxy rings; (b) Epoxy-anhydride ring-opening polymerization; (c) Polyesterbased epoxy networks containing free hydroxyl groups exchange via transesterification reported by Leibler et al. From ref.57. Reprinted with permission from AAAS. 57 (d) Model molecule studies demonstrated the importance of hydroxyl groups in the exchange reaction reported by Capelot et al. Reprinted with permission from ref.104. Copyright 2012 American Chemical Society. 104

Figure 1 . 10 :

 110 Figure 1.10: Illustration of the vitrimerization concept of converting the thermoset network into a vitrimer network via mechanochemical approach. Reprinted with permission from ref.91. Copyright 2020 American Chemical Society.[START_REF] Yue | Vitrimerization: Converting Thermoset Polymers into Vitrimers[END_REF] While most of the malleability of vitrimer networks is enabled by activating the reversible bond exchange reaction through the application of heat, applications of some other external stimuli such as light or pH have also been described.Yang et al. reported that light could be used to trigger transesterification exchange reaction using photo-thermal effect.105 They have demonstrated that, by dispersing carbon nanotubes into the polymer matrix, the photothermal effect of carbon nanotubes can increase the temperature to above Tv (about 160 °C) to activate the transesterification reaction in epoxy/acid-based vitrimers with 1,5,7triazabicyclo[4,4,0]dec-5-ene (TBD) as a catalyst with an Ea of 58.5 kJ•mol -1 . More recently,

  Niu et al. designed transesterification vitrimers where the Zn 2+ not only acted as transesterification catalysts and physical ionic crosslinks, providing triple-shape-memory capability, but also enhanced the mechanical properties of epoxy-resin vitrimer (Fig.1.11a). 107,108 More recently, Hayashi et al. investigated the effects of ion aggregation on the bond-exchange properties of polyester transesterification vitrimers bearing ester bonds, OH groups, and COOH groups neutralized with Zn 2+ (Fig.1.11b). 109 Thermal annealing was applied to the material to induce aggregation of Zn 2+ ionic groups (Fig.1.11c). When Zn 2+ ions are aggregated, significantly slower stress relaxation and larger Ea values (152 kJ•mol -1 without aggregation vs 242 kJ•mol -1 with aggregation) were observed.

Figure 1 .

 1 Figure 1.11: (a) Chemical structure of the vitrimer with additional ionic crosslinks and schematic view of triple-shape memory properties and the corresponding bond exchange processes via transesterification. Reproduced from ref.108 with permission from 2019 WILEY-VCH Verlag GmbH 108 ; (b) Preparation scheme of polyester vitrimers combined with an ionomer concept; (c) illustration of the transformation of the self-assembled structure by thermal annealing of PE-IV. The red and blue regions on the left bottom side of the schematic of PE-IV-AN represent the ion-rich and ion-poor phases, respectively. Reproduced from ref.109 with permission from the Royal Society of Chemistry. 109

  different catalyst-free epoxy vitrimer systems starting from hyperbranched epoxy polymer and succinic anhydride. 111 Schematic illustration of the epoxy polymer is shown in Fig.1.12b. The abundant free hydroxy groups present in the resulting material were reported to serve as both reacting moiety and internal catalyst. The branched structure of the network rendered large free volume for the motion of polymer chains and the transesterification reaction was activated above 120 °C. 111 A lower Ea of 62.8 kJ•mol -1 compared to most epoxy-based vitrimers (usually between 70 -150 kJ•mol -1 ) was calculated which was probably due to the abundant hydroxyl groups present in the system. In another work, they introduced glycerol as a catalytic co-curing agent into an epoxy-anhydride curing system to have an additional hydroxyl and accelerate the dynamic transesterification. 114 A viscous flow activation energy of 64.4 kJ•mol -1 was calculated.

Figure 1 .

 1 Figure 1.12: (a) Citric acid-based esters with unreacted free carboxyl acid in close proximity to ester bonds; (b) Schematic illustration of the hyperbranched epoxy polymer. Reprinted with permission from ref.111. Copyright 2018 American Chemical Society. 111

Figure 1 . 13 :

 113 Figure 1.13: Preparation of transesterification vitrimer by curing a vegetable oil-derived dimer acid and a tetrafunctional glycidylamine epoxy. Reproduced from ref.115 with permission from the Royal Society of Chemistry. 1152.2.1.3 Vitrimer containing ester functionBesides the classical epoxy/acid and epoxy/anhydride systems, other chemistries have been implemented to prepare transesterification vitrimers. A polyester vitrimer containing Tin(II)

150 ± 3

 3 kJ•mol -1 was extracted from the Arrhenius relationship and Tv calculated is around 60 °C. The authors also confirmed that the increase of the concentration of hydroxyl functions in the network decreased relaxation times. More recently, Gablier et al. took advantage of the epoxy-thiol 'click chemistry' to prepare transesterification vitrimer networks using a tetraester as the crosslinker (Fig.1.14b). 116 They found that in their case, under TBD catalytic action, the transesterification kinetics is dependent on both elastic stiffness of the materials and the concentration of the hydroxyls and esters.

Figure 1 .

 1 Figure 1.14: (a) Preparation of isocyanate crosslinked star-shaped polylactide-based vitrimers. Reprinted with permission from ref.98. Copyright 2014 American Chemical Society 98 ; (b) Preparation of transesterification vitrimers using the 'click' chemistry of epoxy and thiols. Reproduced from ref.116 with permission from the Royal Society of Chemistry. 116

Figure 1 .

 1 Figure 1.15: (a) Transesterification of oxime-ester bonds; (b) Transcarbonation exchange reaction whereby a hydroxyl nucleophile reacts with a carbonate; (c)Associative transcarbamoylation of carbamates with free hydroxyl group; (d) Basic poly reaction of difunctional cyclic carbonate and diamines to prepare linear polyhydroxyurethanes (PHUs). Reprinted with permission from ref.118. Copyright 2015 American Chemical Society. 118

Figure 1 .

 1 Figure 1.16: (a) Preparation of ion-conducting poly(1,2,3-triazole) networks with a series of difunctional crosslinkers Reproduced from ref.58 with permission from the Royal Society of Chemistry; (b) Schematic overview of C-N transalkylation exchange reaction. 58 In a study of the cationic ring-opening polymerization of cyclic thioethers in the 1970s, Goethals et al. first reported that benzylic sulfonium salts and thioethers could readily exchange alkyl chains at room temperature without requiring any additives or catalysts. 119 More recently, Du Prez et al. revealed the feasibility of catalyst-free S-transalkylation reaction between sulfides and sulfonium salts through an associative mechanism (Fig.1.17a). 120 A poly(thioether) network was prepared through the thiol-ene photopolymerization of alkene and thiol monomers. An alkylating agent (butyl brosylate -BuOBrs) was physically incorporated into the networks by simply adding it to the monomer mixture before curing. A thermal treatment at 140 °C allows covalently incorporating this additive into the polymer network resulting in poly(thioether-sulfonium) networks. The vitrimer could completely relax the applied stress at elevated temperature based on a classical SN2 type reaction of sulfonium salts with thioether nucleophiles (Fig.1.17b). A Tv of 65 °C and an Ea of 113 ± 12 kJ•mol -1 were deduced from the stress relaxation experiments. Subsequent to the introduction of

Figure 1 .

 1 Figure 1.17: (a) Schematic overview of C-S transalkylation exchange reaction; (b) Bond exchange through alkylation in poly(thioether-sulfonium) networks. Reprinted with permission from ref.120. Copyright 2017 American Chemical Society. 120 Tang et al. reported the incorporation of associative S-transalkylation into sulfur-cured rubber to confer the materials with the ability to be reprocessed to address the scarcity of rubber resources and environmental pollution. 122 Crosslinked styrene-butadiene rubbers (SBR) could rearrange the network topology by adding a small amount of trimethylsulfonium iodide. The resulting materials were assigned a Tv of 95 °C and an Ea of 115 kJ•mol -1 , which was consistent with the previous example based on C-S transalkylation. In a similar system, Xu et al. found a lower Ea of 87 kJ•mol -1 associated with the transalkylation exchange reaction enabled by trimethylsulfonium iodide with their vulcanized natural rubber systems. 123

Figure 1 .

 1 Figure 1.18: (a) Reversible hydrolysis of boronic ester; (b) Associative transesterification of boronic ester bonds; (c) Associative boronic ester metathesis.

Figure 1 .

 1 Figure 1.21: (a) Reversible cleavage of disulfide bonds into thiyl radicals; (b) Associative thiol-disulfide exchange; (c) Associative disulfide metathesis. Stern and Tobolsky demonstrated in 1946 that different vulcanized unsaturated polyolefin rubbers exhibited stress relaxation and creep at temperatures above 60 °C, representing the first illustration of possible reprocessability in networks containing sulfur. 135 Later in 1964, Tobolsky et al. demonstrated that these vulcanized rubbers relaxed through homolytic cleavage and rapid S-S bond recombination. 136 More recently, Goossens et al. reported a

Figure 1 .

 1 Figure 1.22: (a) Disulfide exchange through the formation of sulfur-based radicals and sulfur-based anions. Reproduced from ref.138 with permission from the Royal Society of Chemistry 138 ; (b) Proposed interactions involved in the self-healing process

Figure 1 .

 1 Figure 1.23: (a) Reversible formation/hydrolysis of imine bonds; (b) Associative transimination between imines and amines through intermediate aminal formation; (c) Imine metathesis through an associative pathway.The imine metathesis is usually carried out in organic solvents at high temperatures (typically around 100 °C) in the presence of metal catalysts. Di Stefano et al. demonstrated that in the presence of even a minimum amount of primary amines within polyimine networks, imine metathesis occurred smoothly at room temperature as a result of coupled transimination reaction.145 Taynton et al. first reported a catalyst-free malleable polyimine network prepared via the condensation of aldehydes and a mixture of di-and triamines.146 The resulting materials demonstrated a fast stress relaxation (less than 1 min at 130 °C) which could be accelerated by the presence of water. The polyimine network could also be reprocessed by the application of either heat or water. The fast stress relaxation and malleability of the polyimine network could be explained by the combination of imine metathesis and transimination. In another work, Zhang et al. prepared a poly(dimethylsiloxane) (PDMS)

Figure 1 . 24 :

 124 Figure 1.24: Schematic illustration of transamination of vinylogous amides or urethanes.In 2015, Denissen et al. first reported catalyst-free vitrimers based on vinylogous urethane.[START_REF] Denissen | Vinylogous urethane vitrimers[END_REF] The vitrimer polymer network was prepared through bulk polymerization using the spontaneous condensation of polyfunctional amines and acetoacetate esters. The presence of free amines in the network was required to achieve a swift exchange reaction. The vitrimers demonstrated short stress relaxation times (3 min at 150 °C and 85 s at 170 °C) without the addition of a catalyst. A viscous flow activation energy of 60 kJ•mol -1 was associated with the transamination reaction. The networks also demonstrated recyclability up to four times without significant mechanical or chemical degradation. Later, Guerre et al. identified two competing vinylogous urethane exchange pathways for perfluoropolymer vitrimers with a dual temperature response, i.e., the protic iminium pathway and aprotic Michael-type pathway (Fig.1.25).150 Each mechanism operates as the dominant process at different

Figure 1 . 25 :

 125 Figure 1.25: Proposed mechanisms of vinylogous urethane vitrimers exhibiting a dual temperature response. Reprinted with permission from ref.150. Copyright 2018 American Chemical Society. 150

  catalyzed urethane exchange reaction.153 Although this exchange reaction is most likely dissociative, these PUs demonstrate vitrimeric behaviors because only a limited number of carbamate linkages are dissociated under typical reprocessing conditions. These results demonstrate that the traditional PUs can adopt vitrimeric properties based on urethane exchange in the presence of a suitable catalyst.

Figure 1 .

 1 Figure 1.26: (a) Dissociative urethane exchange occurs through isocyanate and hydroxyl groups; (b) Structure of the dynamic PUs based on phenol-carbamate linkages. Reprinted with permission from ref.84. Copyright 2020 American Chemical Society 84 ; (c) Reversible oxime-carbamate bonds.

  1.27a), as a result, these PDMS elastomers healed completely at 90 °C in 24 h. Later, Schmolke et al. explored the effects of both catalyst concentration and crosslink density on the dynamics of the network.160 These PDMS networks were capable of stress relaxation and self-healing at room temperature and even at 5 °C.

Figure 1 .

 1 Figure 1.27: (a) Siloxane exchange reaction through addition and elimination of a silonate anion; (b) Silyl ether-hydroxyl exchange; (c) Silyl ether metathesis.

Figure 1 . 28 :

 128 Figure 1.28: Schematic illustration of olefin metathesis enabled by the 2nd generation Grubbs catalyst.

  intensified due to the presence of basic and hydrophilic EMIM Ac, and promotes healing through the dissociative pathway. Li et al. designed ionic skins by impregnating 1,2dimethyl-3-ethoxyethyl-imidazolium bis(trifluoromethanesulfonyl)imide (DEIM TFSI) into a mechanically robust poly(urea-urethane) network with an ionic conductivity of 1.2 mS•cm -1

Figure 1 .

 1 Figure 1.29: (a) Schematic illustrations of the composition of the double network ionogel with thermal healing capability via thermally reversible Diels-Alder reaction. Readapted with permission from ref.164. Copyright 2018 American Chemical Society 164 ; (b) Chemical structure of the PU network. Reproduced from ref.166 with permission from 2020 WILEY-VCH Verlag 166 ; (c) Compositions of PU dynamic ionogels based on boronic ester bonds. Readapted with permission from ref.167. Copyright 2021 Elsevier B.V. 167 ; (d) Schematic illustration of the compositions of boronic ester-based dynamic covalent gels. Readapted from ref.168 with permission from the Royal Society of Chemistry. 168 Recently, some studies have explored the lithium-ion conductivity of CANs. Kato et al. investigated lithium-ion conduction and adhesion of poly(ethylene oxide) (PEO)-based solid polymer electrolytes (SPEs) containing disulfide bonds (Fig.1.30a).169 At optimal loading of LiTFSI salt, the ionic conductivities at 90 °C were about 1 x 10 -4 S•cm -1 and 1 x 10 -5 S•cm -1 at the lowest and highest crosslinking density, respectively. Remarkably, when compared to the reference network, the ionic conductivity of the dynamic network demonstrated a positive deviation above 90 °C, implying the enhancement of ion transport arising from the dynamic disulfide exchange/uncrosslinking and the resulting changes in the network's structural relaxation. Xue and co-workers synthesized self-healing SPEs containing hydrogen bonds between urea functional groups and disulfide bonds for lithium-ion batteries (Fig.1.30b). 170 

Figure 1 .

 1 Figure 1.30: (a) Schematic illustration of ion conducting dynamic SPE with disulfide bonds. Reprinted with permission from ref.169. Copyright 2020 American Chemical Society 169 ; (b) Schematic illustration of SPE containing disulfide bonds and hydrogen bonds between urea groups. Reprinted with permission from ref.170. Copyright 2020 American Chemical Society 170 ; (c) Structure of the dynamic crosslinked PEO network with reversible imine bonds. Reproduced from ref.171 with permission from 2021 WILEY-VCH Verlag GmbH. 171Boronic ester bonds have also been implemented in dynamic network SPE. The group of Xue reported the preparation of self-healing SPEs via the photopolymerization of macromolecular crosslinker with boronic ester bonds and poly(ethylene glycol) diacrylate (PEGDA) with various chain lengths (Fig.1.31a).172 The highest ionic conductivity of 2.4 x 10 -4 S•cm -1 at 60 °C was obtained in the presence of LiClO4 salt. They have found that the boronic ester groups could tether the anions of electrolyte salts via Lewis acid-base interaction to improve the dissociation of ion pairs and facilitate the conduction of lithium ions. Evans et al.demonstrated the feasibility to access healable and recyclable lithium ion-conducting films based on LiTFSI-doped borate ester containing PEO network (Fig.1.31b).173 The material

Figure 1 .

 1 Figure 1.31: (a) Preparation of self-healing SPEs via the photopolymerization of macromolecular crosslinker with boronic ester bonds and poly(ethylene glycol) diacrylate (PEGDA). Reproduced from ref.172 with permission from the Royal Society of Chemistry. 172 (b) Synthesis of dynamic network electrolytes based on PEO networks containing boronic ester bonds and lithium salt. Reprinted with permission from ref.173. Copyright 2019 American Chemical Society.173

Figure 1 .

 1 Figure 1.32: (a) Preparation of polyionic polymer network based on triazolium moieties. Reproduced from ref.57 with permission from the Royal Society of Chemistry 58 ; (b) Preparation of the perfluoropolyether-based vitrimers with ionic conductivity. Reprinted with permission from ref.174. Copyright 2019 American Chemical Society. 174
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 2 Dynamic ionogels based on polythioether network and Stransalkylation 1. Introduction

Figure 2 . 1 :

 21 Figure 2.1: Illustration of commonly used cations and anions of ILs. Reproduced from ref.181. Copyright 2013, Royal Society of Chemistry. 181

Figure 2 . 2 :

 22 Figure 2.2: Chemical structures of materials used to prepare PTE/EMITFSI ionogels: (a) trimethylolpropane tris(3mercoptopropianate) (TT), (b) poly(ethylene glycol)diacrylate (PEGDA, average Mn = 700 g mol 1), (c) poly(ethylene glycol)methyl ether methacrylate (PEGMA, average Mn = 500 g•mol -1 ), (d) 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM TFSI), (e) 1,4-butanediol bis(thioglycolate)(dithiol, DT), (f) triethylamine (TEA) and (g) 2-(9-oxoxanthen-2-yl)propionic acid1,5,7-triazabicyclo[4.4.0]dec-5-ene salt (photobase generator, PBG). Reproduced from ref.50. Copyright 2018, Royal Society of Chemistry. 50 

  photobase generator (PBG), the UV curable mechanism of these PTE-based ionogels makes them a suitable candidate to be used in textile coating processes.

Figure 2 . 3 :

 23 Figure 2.3: Mechanism of thiol-ene Michael addition through a base or nucleophile-catalyzed addition of a thiolate anion to electron-deficient alkenes. Reprinted with permission ref.190. Copyright 2021, American Chemical Society. 190 

Figure 2 . 4 :

 24 Figure 2.4: Exchange mechanism of S-transalkylation through butyl.

Figure 2 . 5 :

 25 Figure 2.5: Synthetic route of the alkylating agent butyl brosylate (BuOBrs). 193

  0.0246 g BuOBrs (0.084 mmol, 2 mol% to acrylate functional groups) is added into a vial containing PTE single network precursors mixture consisted of DT (0.2502 g, 1.05 mmol), TT (0.279 g, 0.7 mmol), PEGDA (1.47 g, 2.1 mmol), either EMIM TFSI or EMIM Triflate (1.9992 g, 50 wt% vs total weight) and 0.735 g acetone as the solvent (msolvent = 0.5  mPEGDA). In parallel, the photobase generator PBG (0.02 g, 0.049 mmol, 1 wt% of the total weight of thiol and acrylate precursors) is dissolved in 400 L EtOH (50 mgmL -1 ) and then added into the vial under a light-protected condition. The mixture is poured into a mold consisting of two glass plates separated by a 0.5 mm thick Teflon spacer. Free-standing PTE-BuOBrs films are obtained by curing the precursor solution with a UV curing conveyor system (Primarc UV Technology, Minicure, Mercury vapor Lamp, UV intensity 100 Wcm -2 , duration of each scan

Figure 2 . 6 :

 26 Figure 2.6: Chemical structures of the compounds and illustration of polythioether vitrimer PTE-BuOBrs. Rheological studies were carried out on PTE-BuOBrs5 sample containing 5 mol% of alkylating agent and its corresponding control sample (PTE) by pouring the precursor mixtures into the rheometer followed by an in-situ photopolymerization at 30 °C. Storage modulus (G') and loss modulus (G'') were recorded as a function of time (Fig.2.7a). The initial viscosities of the PTE-BuOBrs5 and PTE precursor mixtures were low (about 0.1 Pa.s), which enable possible coating applications. The gel points, where G' and G'' curves intersected, were reached in less than 20 s, indicating the fast polymerization kinetics of thiol-ene Michael addition in the chosen experimental conditions. The two samples reached a similar G' plateau of about 300 kPa within 5 min. These results indicate the successful formation of polymer network through UVactivated thiol-ene Michael addition and that the presence of BuOBrs does not hinder the polymerization.

Figure 2 .

 2 Figure 2.7: (a) Rheological properties of PTE-BuOBrs5 and PTE precursor mixtures as a function of time during photopolymerization; (b) Soluble fractions of PTE-BuOBrs samples after thermal treatment at 140 °C for 1.5 h as a function of alkylating agent content.

  3/1.8  0.1), which confirmed the stoichiometric reactivity of thiol-ene Michael addition. Moreover, ratios of PEGDA, DT and TT extracted before and after the thermal treatment remained unchanged. These results indicate that despite the increase in sol fractions of PTE-BuOBrs5 sample, thermally treated PTE-BuOBrs and PTE networks still consisted of the same compositions as pristine samples.After thermal treatment, PTE-BuOBrs samples should already demonstrate an ionically conducting behavior thanks to the presence of alkyl sulfonium ions and their sulfonate counter-ions as depicted in Fig.2.6. Thus, the ionically conducting behaviors of PTE-BuOBrs2 sample before and after thermal treatment have been characterized by electrochemical impedance spectroscopy. The material without thermal treatment showed no conducting behavior, while the samples after thermal treatment demonstrated an ionic conductivity of 1.8 × 10 -7 S•cm -1 at 60 °C. These results confirmed the presence of sulfonate counter-ions and the successful alkylation of thioether groups through thermal treatment. After verifying the well-formed nature of PTE-BuOBrs and the incorporation of alkylating agent through thermal treatment, different characterizations were carried out on these materials. Samples without thermal treatment are not discussed further in this chapter.

Figure 2 . 8 :

 28 Figure 2.8: DSC curves of thermally treated PTE-BuOBrs and PTE samples Fig.2.9a shows the storage modulus and tan  versus temperature of crosslinked PTE and PTE-BuOBrs networks with different loads of alkylating agent BuOBrs. At low temperatures, the storage modulus of glassy states of all samples were about 2 GPa, whereas the storage modulus decreased remarkably when the samples went through an evident and narrow α relaxation. All curves exhibit only one transition, which is in line with the results obtained by DSC. From DMA, the relaxation temperature T is defined as the peak of tan  versus temperature curve. All T values of PTE-BuOBrs samples are shown in Table 2.2 and are around -25 °C. Furthermore, the storage moduli E' of rubbery states were similar.

Figure 2 . 9 :

 29 Figure 2.9: (a) DMA curves of PTE-BuOBrs series samples and PTE control sample; (b) Young's modulus, tensile strength at yield and elongation at break extracted from the stress-strain test as a function of BuOBrs mol% of PTE-BuOBrs samples. Tensile tests were performed on PTE-BuOBrs series samples to study the influence of alkylating agent content on the mechanical properties of the materials. Values of Young's modulus and elongation at break extracted from tensile tests are listed in Table 2.2 and are plotted as a function of BuOBrs mol% in Fig.2.9b. A slight decrease of Young's modulus is observed from 1.7 to 1.1 MPa when increasing the alkylating agent content. This observation

Figure 2 . 10 :

 210 Figure 2.10: Healing behavior of PTE-BuOBrs samples and PTE control sample after thermal treatment at 140 °C during 2h.3.3. Stress relaxation behaviorVitrimers are able to demonstrate macroscopic flow and to relax stress thanks to the dynamic exchange reactions at elevated temperature, 143 while conventional thermosets are resistant to relaxation under an applied strain due to their stable crosslinked networks.111 To study the exchange dynamics of transalkylation reaction, PTE-BuOBrs2 and PTE-BuOBrs5 samples were subjected to stress relaxation experiments at various temperatures by monitoring the decrease of stress over time at a constant strain of 3 %. The same tests were conducted on the PTE control sample without alkylating agent.

Fig. 2 .Figure 2 . 11 :

 2211 Fig.2.11 compares the relaxation curves of samples containing 0, 2 and 5 mol% of alkylating agent at 140°C, where the relative stress percentage is plotted as a function of time. Both PTE-BuOBrs2 and PTE-BuOBrs5 completely relaxed the applied stress after 86 min and 15 min respectively, whereas PTE control sample showed slight stress relaxation followed by a stress plateau. These results provide convincing evidence that the alkylating agent BuOBrs plays a key role in network rearrangement in PTE-BuOBrs samples.

Figure 2 . 12 :

 212 Figure 2.12: Stress relaxation curves at different temperatures of (a) PTE-BuOBrs2 sample and (b) PTE-BuOBrs5 sample. Relaxation time is defined as the time required to relax to 37% (1/e according to the Maxwell model for viscoelastic fluids) of initial stress 92 . The values of relaxation time of PTE-BuOBrs samples can be found inTable 2.3. By comparing the relaxation times, PTE-BuOBrs samples

3 ).

 3 The hypothetical Tv of PTE-BuOBrs2 and PTE-BuOBrs5 samples were calculated to be 23 °C and 1 °C respectively. These values of Tv seem to indicate that the transalkylation reaction can start to take place at a such low temperature, while stressrelaxation experiments state a behavior similar to that of PTE network. Indeed, Du Prez et al.pointed out that extrapolation could result in significant errors when determining Tv in low Tg Chapter 2: Dynamic ionogels based on polythioether network and S-transalkylation vitrimer materials, 100 as in our case. The hypothetical Tv can be considered more as an estimation of relative importance for the exchange mechanism than a crucial characteristic of the materials. The fact that Tv value decreases with the increase in BuOBrs content is in line with the increase in dynamic sites for exchange reaction, leading to faster achievement of liquid-to-solid transition.

Figure 2 . 13 :

 213 Figure 2.13: Arrhenius linear fit of relaxation times of PTE-BuOBrs2 and PTE-BuOBrs5 samples plotted as a function of 1000/T.

Figure 2 . 14 :

 214 Figure 2.14: Schematic illustration of the preparation of polythioether dynamic ionogels PTE-BuOBrs-IL.

Figure 2 . 15 :

 215 Figure 2.15: Rheological properties of PTE-BuOBrs-IL precursor mixtures as a function of time during photopolymerization 4.1. Thermal and mechanical properties of the ionogels Thermal properties of crosslinked PTE-BuOBrs2-TFSI50 and PTE-BuOBrS2-TfO50 samples were studied and compared with PTE-BuOBrs2 (Table 2.5). All samples are completely amorphous materials as they display only one glass transition (Fig.2.16a). Tg values of -51.2 °C and -55.8 °C were measured for PTE-BuBrs2-TFSI50 and PTE-BuOBrs2-TfO50 respectively, which were lower than that of PTE-BuOBrs2 (-44.6 °C). The lower Tg values of ionogels are in fact resulting from the plasticizing effect of ILs. The addition of ILs hinders polymer-polymer interactions and consequently lowers the Tg of materials. This trend is also observed by DMA for all samples, with slightly lower storage moduli at both glassy and rubbery states and lower T values (Fig.2.16b). Tensile tests were conducted on ionogel samples (Fig.2.16c). The addition of ILs decreased the Young's modulus of the polymer networks from 1.2 MPa to 0.9 MPa. Moreover, less extensible materials were obtained as the elongation at break dropped from 71 % to 55 % with the addition of EMIM TFSI and to 33 % with the presence of EMIM Triflate.

Figure 2 .

 2 Figure 2.16: (a) DSC curves of thermally treated PTE-BuOBrs-IL dynamic ionogels and PTE-BuOBrs2 sample; (b) DMA tests of PTE-BuOBrs-IL ionogels and PTE-BuOBrs2 sample; (c) Tensile tests of PTE-BuOBrs-IL ionogels and PTE-BuOBrs2 sample.

Figure 2 . 17 :

 217 Figure 2.17: Ionically conducting behaviors of PTE-BuOBrs2-TFSI50 and PTE-BuOBrs2-TfO50 samples at different temperatures. Solid lines: calculation according to VTF equation. At 25 °C, PTE-BuOBrs2-TFSI50 and PTE-BuOBrs2-TfO50 demonstrated ionic conductivities of 2.8  10 -4 S•cm -1 and 3.2  10 -4 S•cm -1 , respectively. Such conductivity was shown to be able to satisfy a variety of flexible electrochemical devices, such as ionic conductors in sensors and

  2.18b),the relaxation rates increased with increasing temperature. PTE-BuOBrs2-TFSI50 sample relaxed stress fully after 1h at 160 °C and PTE-BuOBrs2-TfO50 sample relaxed 80% of the stress after 1h at 170 °C. Fitting the relaxation times to the Arrhenius equation (Fig.2.18c) gives a calculated viscous flow Ea associated with transalkylation exchange reaction of 119.0 kJ•mol-1 

Figure 2 .

 2 Figure 2.18: (a) Stress relaxation tests of PTE-BuOBrs2-TFSI50 sample at various temperatures; (b) Stress relaxation tests of PTE-BuOBrs2-TfO50 sample at various temperatures; (c) Arrhenius linear plot extracted from relaxation times of PTE-BuOBrs2-TFSI50, PTE-BuOBrs2-TFSI50 and PTE-BuOBrs2 samples at different temperatures.

Figure 2 .

 2 Figure 2.19: (a) Pictures and the ionic conductivity behavior of PTE-BuOBrs2-TFSI50 before and after stacked healing; (b) Pictures and the ionic conductivity behavior of PTE-BuOBrs2-TfO50 before and after stacked healing. Solid lines: calculation according to VTF equation. It is worth noting that the two pieces are not completely fused together as it was observed for the PTE-BuOBrs2 without IL (Fig. 2.10), demonstrating either a lower healing efficiency or incomplete healing due to the much slower dynamic kinetics. These observations are consistent with the results obtained from stress relaxation experiments, which is the addition of ILs results in slower network rearrangement. Fig.2.20a and Fig.2.20b present tensile test experiments as well as pictures of PTE-BuOBrs2-TFSI50 and PTE-BuOBrs2-TfO50 films after the edge-to-edge healing test respectively. After 4h at 140 °C, the fractured surfaces fused together, and the cracks were almost invisible to the eye. Tensile testing of the two samples showed that the healed samples demonstrated very similar Young's modulus as pristine samples (about 0.8 MPa), indicating that the topological rearrangement enabled by transalkylation seems to have retrieved the pristine mechanical properties within the elastic domain. However, the elongation at break reduced sharply (up to 55 %) probably due to insufficient healing time or a healing temperature too low.

Figure 2 .

 2 Figure 2.20: (a) Pictures and the tensile testing curves of PTE-BuOBrs2-TFSI50 before and after edge-to-edge healing; (b) Pictures and the tensile testing curves of PTE-BuOBrs2-TfO50 before and after interfacial healing.
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 221 Figure 2.21: Schematic illustration of the electroactive textile muscles.As mentioned in the introduction, the European H2020 WEAFING project aims at developing Wearable Electroactive Fabrics Integrated in Garments. It involves a multidisciplinary consortium, the work reported in this manuscript focuses on the development of healable ionic coatings for electroactive yarns. These electroactive yarns will be ultimately developed by coating classical commercial yarns (viscose, polyamide, …) with electroactive conducting polymers able to change their volume during redox reactions under low voltage (< 2V) thanks to the insertion/expulsion of ions from the ionic source.
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 2 Dynamic ionogels based on polythioether network and S-transalkylation 98 Such electroactive yarns are still under development at the moment of this work, preliminary

Figure 2 . 22 :

 222 Figure 2.22: SEM image of coiledCNT yarns. Reproduced from ref.197. Chu et al., Science 371, 494-498 (2021). 197 In general, CNT yarns for textile muscles are optimized and produced in only a few laboratories across the world and are then poorly available. In consequence, commercially available CNT yarns (Galvorn CNY yarns, DexMat®), non-optimized for textile muscle application, have been selected for this demonstrator. The morphology of the pristine commercial CNT yarn and of this CNT yarn after coiling (50 turns/cm) is presented in Fig.2.23a and Fig.2.23b respectively.

Figure 2 . 23 :

 223 Figure 2.23: (a) SEM picture of CNT yarns made of 3 twisted fibers (insert: commercial CNT wire pool); (b) Coiled CNT yarns obtained after overtwisting (images from Dr. Bin NI, CY Cergy Paris University).

Figure 2 . 24 :

 224 Figure 2.24: Schematic illustration of coiling process of CNT and preparation of dual-electrodes actuator. The low viscosity (0.17 Pa•s) of PTE-BuOBrs2-TFSI50 ionic precursor solution, allowed easy coating onto CNT yarns. Thin and homogeneous coatings were obtained after photopolymerization on individual coiled CNT yarns (Fig.2.25). No bead, typical of local excess

Figure 2 . 25 :

 225 Figure 2.25: Images of coiled CNT yarns with PTE-BuOBrs2-TFSI50 ionogel coatings.The open-air dual-electrodes actuator was fabricated by gluing two CNT coiled yarns with PTE-BuOBrs2-TFSI50 coatings together with the photopolymerization of an additional layer of ionogel precursors acting as ionically conducting glue. The picture of such a dual-electrodes actuator is shown in Fig.2.26a. The two coated yarns are respectively acting as anode and cathode of the electroactive device. A small interval distance of ~ 0.45 mm was set between the two electrodes thanks to the thin sheath of ionogel coated on each CNT yarn. So, the ionogel brings ionic conductivity to the device and prevents electrode short circuits.Electrochemical stimulation measurements were performed on the dual-electrodes CNT actuator and the schematic illustration of the experimental setup is shown in Fig.2.26b. Upon applying positive potential bias, the anions charge the electrochemical double layer (EDL) at the working electrode (anode) while cations charge the EDL at the counter electrode shortcircuited with reference electrode (cathode) (Fig.2.26c). It triggers a volume increase of the CNT yarns, leading to an additional overtwisting of the yarns which promotes a decrease of their length and then a contractile stroke of the dual-electrodes actuator. In other words, it behaves as an electrochemical EDL supercapacitor that will contract during charging and expand during discharging.

Figure 2 .

 2 Figure 2.26: (a) Picture of the dual-electrode CNT actuator with PTE-BuOBrs2-TFSI50 coating; (b) Schematic illustration of stroke and force characterization for the dual-electrode actuator; (c) Schematic illustration of the actuation mechanism of the dual-electrode made by coiled CNT coated with dynamic ionogels PTE-BuOBrs2-TFSI50 Cyclic voltammetry (CV) was first carried out in a two-electrode configuration between -3V and 3V with a scan rate of 20 mV•s -1 to check the electrochemical behavior of the dualelectrodes actuator in the open air within a classical actuation potential window (Fig.2.27).

Figure 2 . 27 :

 227 Figure 2.27: Cyclic voltammetry (CV) scans of the dual-electrodes actuator from 3 to -3 V at a scan rate of 20 mV•s -1 .

Figure 2 .

 2 Figure 2.28: (a) Electrochemical tensile stroke measurements of the dual-electrodes actuator at 25 mN extra force with chronoamperometry cycles, and the square potential waves changed from 3 to 0V with 60 s pulse; (b) The tensile stroke variation with different pulse times.

Figure 2 .

 2 Figure 2.29: (a) Picture of the two CNT yarns with PTE-BuOBrs2-TFSI50 coating before welding; (b) Image of the CNT yarns coated with ionogel after welding.

Figure 3 . 1 :

 31 Figure 3.1: Illustration of the crosslinking SBR with the dithiol containing boronic ester crosslinker BDB via thermally initiated thiol-ene click reaction and the network rearrangement enabled by boronic ester metathesis. Reproduced from Chen et al. 128

2 . 2 .

 22 dec-5-ene salt, 1,4-Butanediol Bis(thioglycolate) (dithiol, DT) and heptane were purchased from TCI Chemicals. Poly(ethylene glycol) diacrylate (PEGDA, Mn = 700 gmol - 1 ), trimethylolpropane tris(3-mercoptopropianate) (trithiol, TT), triethylamine, 1-Ethyl-3methylimidazolium trifluoromethanesulfonate (EMIM Triflate), and 1-thioglycerol were purchased from Sigma-Aldrich. Magnesium sulfate heptahydrate (MgSO4.7H2O) was obtained from Acros Organics. Dichloromethane (DCM) was obtained from VMR Chemicals. 1-Ethyl-3methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM TFSI) was purchased from Solvionic. Benzene-1,4-diboronic acid was purchased from Apollo Scientific. Finally, carbon nanotube (CNT) yarns were obtained from DexMat (diameter = 150 μm; resistance = 10 Ωm) and polyamide yarns were obtained from Dupont. Synthesis of 2,2′-(1,4-Phenylene)-bis[4-mercaptan-1,3,2-dioxaborolane] (BDB)The synthesis of dithiol-containing boronic ester 2,2′-(1,4-Phenylene)-bis[4-mercaptan-1,3,2-dioxaborolane] (BDB) was reported byChen et al. (Fig.3.2).128 Benzene-1,4-diboronic acid (3.0 g, 18.1 mmol) and 1-thioglycerol (4.01 g, 37.1 mmol) are dissolved in tetrahydrofuran(80 mL) and water (0.1 mL). 5 g of magnesium sulfate is added to the mixture. After stirring at room temperature for 24 h, the mixture is filtered and concentrated. The resulting solid is purified by repeatedly filtering and washing with abundant heptane, and concentrated to obtain the target compound as white solids (yield 80 %). The successful synthesis of BDB is explicitly confirmed by 1 H NMR (Appendix 3, Fig.A8).[START_REF] Godfrey | From A to Z: Wearable technology explained[END_REF] H NMR (400 MHz, CDCl3): δ 7.83 (s, 4H), 4.74 (m, 2H), 4.49 (dd, 2H), 4.18 (dd, 2H), 2.81 (dd, 4H), 1.48 (t, 2H).

Figure 3 . 2 :

 32 Figure 3.2: Synthetic route of 2,2′-(1,4-Phenylene)-bis[4-mercaptan-1,3,2-dioxaborolane] (BDB).128 2.3. Preparation of PTE-BDB dynamic networksIn a vial, the dithiol-containing boronic ester (BDB) is solubilized in acetone (msolvent = 0.5  mPEGDA) before introducing thiol precursors (TT and/or DT) and acrylate precursor PEGDA. In parallel, the photobase generator PBG (1 wt% of the total weight of thiol and acrylate precursors) is dissolved in EtOH (50 mgmL -1 ) and then added into the vial under a lightprotected condition. The mixture is poured into a mold consisting of two glass plates separated by a 0.5 mm thick Teflon spacer. Free-standing PTE-BDB films are obtained by curing the precursor solution with a UV curing conveyor system (Primarc UV Technology, Minicure, Mercury vapor Lamp, UV intensity 100 Wcm -2 , duration of each scan 4 s). 50 UV passages were applied for each sample. The acetone is evaporated under vacuum after the synthesis at 50 °C for 1 day.

Figure 3 . 3 :

 33 Figure 3.3: Chemical composition and illustration of the PTE-BDB dynamic networks based on boronic ester exchange reaction. We use the 1 : 1 stoichiometric ratio of acrylate and thiols (1.0 diacrylate : 0.5 dithiol : 0.5trithiol). Samples have been prepared with different proportions between the flexible spacer DT and the boronic ester dynamic spacer BDB that is capable of a fast bond exchange reaction.Rheological studies were carried out on PTE-BDB samples containing 0 mol%, 25 mol% and 50 mol% of dynamic spacers by pouring the precursor mixtures into the rheometer followed by an in-situ photopolymerization at 30 °C. Storage modulus (G') and loss modulus (G'') were recorded as a function of time (Fig.3.4). The initial viscosities of all precursor mixtures were low (about 0.15 Pa.s), which is compatible with thin coating applications. The gel points, where G' and G'' curves intersected, were reached within 30 s for PTE-BDB25 and PTE-BDB50 samples and within 20 s for PTE-BDB0 sample, thanks to the fast thiol-ene Michael addition. PTE-BDB25 and PTE-BDB50 samples reached a G' plateau of about 400 kPa within 5 min, which are within the same order of magnitude as the storage modulus of PTE-BuOBrs samples in the previous chapter, while PTE-BDB0 reached a G' plateau of 800 kPa within 3 min. The slower polymerization kinetics indicate that the thiol functional groups of BDB dynamic spacer are less reactive than the thiol groups of DT static spacer. This observation is in agreement with the increased steric hindrance of BDB chain extender which would slow the chain transfer step of thiol-ene Michael addition.200 The lower storage modulus could imply less efficient incorporation of the more rigid BDB crosslinker.

Figure 3 . 4 :

 34 Figure 3.4: Rheological studies of PTE-BDB0, PTE-BDB25 and PTE-BDB50 precursor mixtures during in-situ photopolymerization.

  ). By replacing 25 mol% of the DT spacer with BDB spacer, Young's modulus increases from 1.2 MPa for PTE-BDB0 sample to 1.5 MPa for PTE-BDB25 sample. The Young's modulus then slightly decreases to 1.3 MPa for PTE-BDB50 sample probably due to the higher soluble fraction which suggests that the crosslinking is less advanced compared to PTE-BDB25. The resulting PTE-BDB50 network in this case contains more dangling chains and therefore softer. The elongation at break values of all systems, on the other hand, remain similar around 70 %.
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 35 Figure 3.5: (a) DSC curves of PTE-BDB series sample; (b) DMA curves of PTE-BDB series samples.

Fig. 3 . 6 ,

 36 where the relaxation percentage was plotted as a function of time. PTE-BDB0 sample containing no BDB spacer relaxed very few percentages of the stress before reaching a plateau, demonstrating the typical elastic response of a thermoset. Upon increasing the BDB content and decreasing fraction of the permanent spacers, samples demonstrated stress relaxation behavior, with PTE-BDB25 and PTE-BDB50 relaxing about 50 % and 65 % of the stress respectively within 500 s. These findings evidence the occurrence of the exchange reaction between boronic ester groups, allowing network rearrangement in PTE-BDB samples.

Figure 3 . 6 :

 36 Figure 3.6: Stress relaxation behaviors of PTE-BDB samples with 0, 25 and 50 mol% of BDB dynamic chain extender at 80 °C.

Fig. 3 .

 3 Fig.3.7a and Fig.3.7b compare the stress relaxation behavior of PTE-BDB25 and PTE-BDB50 samples at different temperatures, respectively. At 30 °C, PTE-BDB25 and PTE-BDB50 rapidly relaxed 5 % and 30 % of the stress followed by a stress plateau. By increasing the temperature from 30 °C to 140 °C, both the relaxation rate and the relaxation extent of PTE-BDB25 and PTE-BDB50 samples increase. These results indicate that at low temperature, the boronic ester exchange is limited and the network rearrangement is almost 'frozen'. At elevated temperatures, the exchange reaction is activated and demonstrates its temperaturedependent nature as the relaxation rate increases with temperature. At 140 °C, the stress relaxation percentages of PTE-BDB25 and PTE-BDB50 stabilized at 83 % and 92 % respectively after 500 s. Full stress relaxation could not be reached even after 1 h, indicating the probable presence of random non-dynamic TT-PEGDA-TT segments within the polymer networks, leading to vitrimer-like materials as explained in the bibliographic chapter.
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 37 Figure 3.7: Stress relaxation curves at different temperatures of (a) PTE-BDB25 sample and (b) PTE-BDB50 sample.

  3.8), indicating the associative exchange mechanism of boronic ester exchange reaction.128 

Figure 3 . 8 :

 38 Figure 3.8: Arrhenius linear fit of relaxation times of PTE-BDB25 and PTE-BDB50 samples plotted as a function of 1000/T.

Figure 3 . 9 : 4 .

 394 Figure 3.9: Healing behavior of PTE-BDB samples at 120 °C during 2h.

Figure 3 . 10 :

 310 Figure 3.10: Chemical composition and illustration of the PTE-BDB-IL dynamic ionogels based on boronic ester exchange reaction. We use the 1 : 1 stoichiometric ratio of acrylate and thiols (1.0 diacrylate : 0.5 dithiol : 0.5trithiol). Samples have been prepared with different proportions between the flexible spacer DT and the boronic ester dynamic spacer BDB. 50 wt% of either EMIM TFSI or EMIM Triflate compared to the total weight is used to prepare PTE-BDB-IL dynamic ionogels.

Figure 3 . 11 :

 311 Figure 3.11: Rheological studies of PTE-BDB25-TFSI50 and PTE-BDB25-TfO50 precursor mixtures during in-situ photopolymerization compared with PTE-BDB25 samples.

  3.14a). At 25 °C, PTE-BDB25-TFSI50 and PTE-BDB25-TfO50 demonstrated ionic conductivities of 1.3  10 -4 S•cm -1 and 1.1  10 -4 S•cm -1 , respectively, which are slightly lower than those of PTE-BuOBrs-IL ionogels illustrated in the previous chapter. The ionic conductivities increase with temperature as the ion mobility rises, eventually reaching 1.3  10 -3 S•cm -1 and 1.4  10 -3 S•cm - 1 at 80 °C, respectively. The Vogel-Tamman-Fulcher (VTF) behaviors of all PTE-BDB-IL samples

Figure 3 .

 3 Figure 3.14: (a) Ionically conducting behaviors of PTE-BDB25-TFSI50 and PTE-BDB25-TfO50 samples at different temperatures before and after healing test at 120 °C for 2h; (b) Pictures of PTE-BDB25-TFSI50 and PTE-BDB25-TfO50 samples before and after healing PTE-BDB-IL ionogels are expected to display healing properties because of the dynamic exchange of boronic ester bonds. The two IL-loaded PTE-BDB25 sample films were stackedface-to-face and subjected to the healing experiment at 120 °C for 2 h. For both samples, the two films could not be separated after 2h, demonstrating similar healing behavior as PTE-BDB25 sample (Fig.3.14b). To evaluate the healing efficiency of these ionogels, the crosssections of the stacked samples were examined by Scanning Electron Microscopy (SEM) after healing. A scar of 263 nm large between the two stacked films was observed for PTE-BDB25-TFSI50 sample (Fig.3.15a), while a slightly larger scar of 2.6 m was found in PTE-BDB25-TfO50 sample (Fig.3.15b). These results demonstrate the healing abilities of these ionogels thanks to the bond exchange reaction while the remaining scars are consistent with the expected incomplete relaxation observed at 120 °C. Moreover, the fast relaxation rate in the presence of TFSI -anions may induce a better healing efficiency than triflate anions within the same healing duration.

Figure 3 .

 3 Figure 3.15: SEM image of cut transection of (a) PTE-BDB25-TFSI50 and (b) PTE-BDB25-TfO50 healed samples; (b) SEM image of PTE-BDB25-TfO50 healed sample cut transection.

  ionogel coating tests were first carried out on passive commercial yarns to check their sheathing efficiency and their propensity to drive ionic conduction. PTE-BDB25-TfO50 dynamic ionogels were coated on commercial polyamide yarns in a continuous dip-coating and UV-curing process at a constant speed of 0.67 m•min -1 (Fig.3.16a). The protocol has been developed in collaboration with our partner Boräs University within the frame of WEAFING project. The coated layer cured fast thanks to the fast kinetics of thiol-ene Michael addition.

Figure 3 .

 3 Figure 3.16: (a) Schematic illustration of the continuous dip-coating and UV-curing process; (b) Image of the polyamide yarn coated with PTE-BDB25-TfO50 ionogel.

Figure 3 . 17 :

 317 Figure 3.17: Schematic illustration of an untwisted multifilament yarn, the most regular type of yarn after a monofilament.

  Fig.3.18, and the other coiled CNT yarns with PTE-BDB25-TfO50 coating have similar aspects.These results indicate that PTE-BDB-IL dynamic ionogels are good candidates to be used as ion-conducting coatings onto CNT yarns.

Figure 3 .

 3 Figure 3.18: (a)&(b) Images of coiled CNT yarns with PTE-BDB25-TFSI50 ionogel coating. Then, open-air dual-electrodes actuators were fabricated by gluing two ionogel-coated coiled yarns together with the photopolymerization of an additional layer of ionogel precursors acting as ionically conducting glue. Fig.3.19 shows images of the dual-electrodes CNT actuators with dynamic ionogel coatings. An interval spacing of ~ 0.5 -1 mm was set between the two electrodes thanks to the thin sheath of the ionogel coated on each CNT yarn. The resulting dual-electrodes actuators, i.e., air-operating coiled CNT muscles with ionogel coatings, were characterized.

Figure 3 . 19 :

 319 Figure 3.19: Picture of the dual-electrode CNT actuator with PTE-BDB25-TFSI50 and PTE-BDB25-TfOi50 coatings.To check the electrochemical windows and actuation performance of dual-electrodes actuators, cyclic voltammetry (CV) measurements in the two-electrode configuration were

Figure 3 . 1 .

 31 Figure 3.20: (a) CV scans of the dual-electrodes actuator with PTE-BDB25-TFSI50 coating from 3 to -3 V at a scan rate of 20 mV•s -1 ; (b) CV scans of the dual-electrodes actuator with PTE-BDB25-TfO50 coating from 3 to -3 V at a scan rate of 20 mV•s - 1 .Electrochemically induced actuation of the dual-electrodes actuators was measured in the open air. Contractile stroke of the dual-electrodes actuator with PTE-BDB25-TFSI50 coating has been recorded under square potential waves between 0 to 3 V with various pulse times(60, 120 or 240 s) with a preload force of 25 mN applied to straighten the device. Whatever the pulse time, a contraction of the actuator is observed during the application of the positive voltage and an elongation is recorded when a potential bias of 0 V is applied (Fig.3.20a, b and 

Figure 3 . 21 :

 321 Figure 3.21: Electrochemical tensile stroke measurements of the dual-electrodes actuator with PTE-BDB25-TFSI50 coating at 25 mN extra force with chronoamperometry cycles, and the square potential waves changed from 3 to 0V with (a) 60 s pulse, (b) 120 s pulse, and (c) 240 s pulse. (d) The tensile stroke variation with different pulse times.

Figure 3 . 22 :

 322 Figure 3.22: Image of two CNT yarns coated with PTE-BDB25-TFSI50 ionogel after welding.
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 41 Figure 4.1: Structure of poly(1-ethyl-3-vinylimidazolium [TFSI]).203 

Figure 4 . 2 :

 42 Figure 4.2: (a)Variation of polymeric ionic liquids (PILs) 181 ; (b) common chemical structures of the PILs 180 .

  Fig.4.3. 210 P[VBMI][BF4] presents a Tg of 110 °C, 78 °C for P[VBBI][BF4], 54 °C for P[MABI][BF4], and 33 °C for P[BIEO][BF4]. These results indicate that a more flexible backbone results in a lower Tg (e.g., P[BIEO][BF4]), a more flexible side chain leads also to a lower Tg (P[MABI][BF4] vs. P[VBBI][BF4]), and a high Tg is attributed to the loss of plasticization from a butyl group on the imidazolium units (P[VBMI][BF 4 ] vs. P[VBBI][BF 4 ]). The length of the spacer between the polymer main chain and IL unit also impacts the Tg. Choi et al. prepared a series of PILs based on imidazolium acrylates and methacrylates with different pendant structures containing a combination of alkylene ([CH2]n, n = 5 or 10) and oxyethylene ([OCH2CH2]n, n = 4 or 7.3) units

Figure 4 . 3 :Chapter 4 :

 434 Figure 4.3: Structures of PILs studied in the work of Tang et al. 210 Both cationic and anionic moieties influence the Tg. Cationic PILs bearing the same counteranion TFSI -but with different onium cations were prepared. 212 The PIL having ethylimidazolium cation unit (Fig.4.4a) demonstrates the lowest Tg of -59 °C whereas the ones with 1-ethylpyrronium (Fig.4.4b) and 1-methylpiperidinium (Fig.4.4c) cations show Tg of -40 °C and -38 °C, respectively. Vygodskii et al. prepared a series of poly(1-vinyl-3- 
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 44 Figure 4.4: Chemical structures of polycations studied and their corresponding Tg. 212-214 1.1.4. Ionic conductivity Ionic conductivity of PILs is a very important property as one of the main applications of these materials focuses on solid polymer electrolytes (SPEs). The ion transport mechanism in PILs has been shown to involve a combination of intra-and intermolecular ion hopping via the formation and breaking of ion associations between the ions attached to polymer backbones and the counterions 182 . The dynamics of such motions are correlated to the ion-pair association lifetime, which is determined by both the ion charge delocalization and the interaction between anions and cations as well as the polymer segmental dynamics.

Figure 4 . 5 :

 45 Figure 4.5: Arrhenius plot of the ionic conductivity for 1-ethyl-3-vinylimidazolium TFSI monomer (•), polymer (○), and an equimolar mixture of polymer and LiTFSI (▲) reported in the work ofOhno et al. 203 
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 46 Figure 4.6: Chemical structure of IL monomers with polyether spacers. 218

  Ohno et al. prepared a series of polyanions and investigated the relation between Tg and ionic Chapter 4: Healable all-solid electrolyte designed from polymeric ionic liquid and boronic ester exchange 141 conductivity measured at 30 °C (Fig.4.7).218 It has been found that generally, a lower Tg promotes more chain flexibility of the polymer backbone, enabling faster ion transport inside the materials and eventually resulting in a higher ionic conductivity.

Figure 4 . 7 :

 47 Figure 4.7: Experimental data of Tg and ionic conductivity (30 °C) of a series of polyanions prepared from ILs composed of polymerizable acids. 218 Due to the low Tg and non-crosslinked nature of most PILs, they do not possess free-standing abilities. One of the approaches to develop self-standing PIL membranes is to play with the nature of the polymer main chain. Due to the rigidity of the aromatic rings, PILs bearing these rings as the main chain can lead to self-supporting materials more easily. PILs with main chains of polybenzimidazole, 219,220 polyurethane, 206,221 polyimide 222 or aromatic polyether-based on pyridinium 223 can demonstrate self-standing behaviors. The drawback of this approach is the

  PILs have been reported in the literature, based on either capacitive charging or Faradaic reactions. In a capacitive actuator, electrochemically inactive substances such as carbon particles as electrode materials are employed. When a voltage is applied, the cations and anions provided by the electrolyte reallocate onto the electrodes due to the electrostatic forces, leading to an electrochemical double layer (EDL). Such ionic transport results in different volume variations of the electrodes, causing the actuator to bend.268,269 In 2018,Kokubo et al. reported the development of such devices using a SPE based on anionic or cationic PIL sandwiched between 2 carbon electrodes (Fig.4.8a).247 To ensure the dimensional stability and lower the Tg of the central membrane, the authors synthesized PIL networks by copolymerizing the anionic or cationic IL monomer with poly(ethylene glycol) methyl ether methacrylate (PEGMEM) and crosslinked by ethylene glycol dimethacrylate (EGDMA) (Fig.4.8b). The polymer electrolyte demonstrated ionic conductivities of 10 -6 -10 -7 S•cm -1 at 25 °C. The ionic polymer actuator deformed ranging from 0.15 to 0.2 mm for voltages of +/-2V at 0.01 Hz. A maximum deformation of 1 mm was reached after 2000 s at the maximum vertex potential. As these systems contained only one single mobile ion, the direction of bending displacement of the actuators depends entirely on its charge. (Fig.4.8c).

Figure 4 . 8 :

 48 Figure 4.8: (a) Schematic image of the tri-layer all-solid ionic polymer actuator based on PIL and carbon electrodes; (b) chemical structures of the IL monomers, internal plasticizing monomer and crosslinking agent used to fabricate the solid polymer electrolyte (SPE); (c) deformation of the ionic actuator depending on the central membrane nature. 247 Evans et al. also reported in 2019 the development of all-solid ionic actuators. 248 CNT sheets

Figure 4 . 9 :

 49 Figure 4.9: Chemical structures of monomers used to develop the all-solid trilayer ionic actuator based on PIL networks. 248 On the other hand, in ionic actuators based on Faradaic reactions, electronically conducting polymers (ECPs) are employed. ECPs such as polypyrrole (PPy), polyaniline, or poly(3,4ethylenedioxythiophene) (PEDOT), present the ability to display significant volume variations when reversibly oxidized or reduced in the presence of an electrolyte additionally to their intrinsic electronic conduction properties in their doped state (Fig.4.10). 270,271 This expansion/contraction behavior is associated with the insertion/expulsion of ions from/to a surrounding electrolyte upon changing the oxidation level of the materials under low voltage (1V).

Figure 4 . 10 :

 410 Figure 4.10: Volume variation mechanism of conducting polymers on an example of PEDOT. Several research groups have reported their works on developing all-solid-state ionic EAP actuators based on PILs. In 2006, Vidal et al. first reported the synthesis of true interpenetrating polymer networks (IPNs) from polymeric imidazolium-type IL and polybutadiene. 224,272 This self-standing material contains 72 wt% PIL network and exhibits only one mechanical relaxation temperature, indicating no macro-phase separation. Another

Figure 4 . 11 :

 411 Figure 4.11: Chemical structures of the PILs used to develop the all-solid-state ionic actuator. 27 This short overview of PILs has shown that these materials have been extensively studied by varying their chemical structures and ionic species, and by using several strategies to improve their mechanical properties. Numerous applications of PILs in electrochemical devices have been reported, and some examples have shown the feasibility of using PILs to fabricate electrochemical actuators. Yet, there is no report on using PILs in developing electroactive textiles to date.

1 .

 1 Two steps are involved in the preparation of PIL allyl: the quaternization of N-allylimidazole with a commercial rubber C2000XL and the subsequent anion exchange of chloride ions with bis(trifluoromethanesulfonyl)imide (TFSI) anion. The successful synthesis of PIL allyl has been confirmed by ATR-FTIR and 1 H NMR. ATR-FTIR spectra of C2000XL, PIL allyl with Cl -and TFSI -counter-anions can be found in Appendix 4, Fig.A13.The quaternization of the C2000XL is confirmed by the disappearance of the stretching band of C-Cl halogen bond at 737 cm -1 and a new band of allyl=C-H out-of-plane bending at 995 cm- 273 The successful ion exchange to TFSI -counter-anion is proved by the C-F stretching bands at 736 and 1047 cm -1 , as well as the C-CF3 stretching band at 1347 cm -1 . 1 H NMR spectrum of PIL allyl in deuterated acetone shows peaks of the imidazolium ring at 9.0 and 7.73 ppm in the spectra confirming the quaternization of C2000XL. The comparison in proton integrations from imidazolium groups and C2000XL backbone highlights the quaternization of epichlorohydrin units (Appendix 4, Fig.A12).
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 412 Figure 4.12: Synthetic route of PIL allyl.

Figure 4 .

 4 Figure 4.13: (a) Ionic conductivity behavior of PIL allyl at different temperatures; (b) Vogel-Tamman-Fulcher plot of PIL allyl.Despite the interesting properties offered by PIL allyl, this polymer does not demonstrate any free-standing ability. As mentioned in section 1.1.5 of this chapter, one way to improve the mechanical properties of PILs is through direct crosslinking of PILs. Herein, the allyl groups present in the polymer sidechains of PIL allow possible crosslinking of the material using a dithiol crosslinker through thiol-ene 'click' photoaddition, resulting in networks with dimensional stability. To endow the PIL networks with dynamic properties, we will take advantage of the dithiol dynamic crosslinker containing boronic ester function, i.e., BDB used in chapter 3. The presence of dynamic boronic ester function into the crosslinker structure is expected to turn the PIL networks into a healable and reprocessable vitrimer. Noted that by

1 .

 1 PIL allyl network synthesized by free-radical crosslinking via the allyl pendant groups without the addition of any thiol crosslinker was used as blank (PIL-D1). Non-vitrimer PIL allyl permanent networks using 1,4-Butanediol Bis(thioglycolate) (DT) as non-dynamic dithiol crosslinker (PIL-DT) were synthesized for comparison. Illustration of PIL-DT networks (Appendix 4, Fig.A20) and the complete study of these control samples can be found in Appendix 4.

Figure 4 . 14 :

 414 Figure 4.14: Illustration of the dithiol dynamic crosslinker containing boronic ester function BDB and the synthetic route to obtain i. dynamic PIL-BDB networks and ii. PIL-BDB-PEGSH dynamic networks with dangling chains.

  photopolymerization at 30 °C has been followed in-situ by rheology on the precursor mixtures of a vitrimer sample (PIL-BDB25, i.e., 25 mol% of thiol groups from BDB versus allyl function), its corresponding non-dynamic control sample (PIL-DT25, i.e., 25 mol% of thiol function from DT versus allyl function) or the blank sample PIL-D1 (Fig.4.15a). The gel points, where G' and G'' curves intersected, were within 10 s for all samples, indicating the fast crosslinking kinetics between allyl and thiol functional groups (PIL-BDB25 and PIL-DT25). Both PIL-BDB25 and PIL-DT25 samples reached a G' plateau of about 250 kPa. On the other hand, the presence of radical crosslinking reactions between allyl functional groups (PIL-D1) is also observed but to a limited extent. PIL-D1 sample reached a G' plateau with two orders of magnitude lower at only 1.8 kPa and a G'' plateau of 400 Pa, probably due to the very limited crosslinking between allyl functional groups. Soluble fractions of PIL-BDB networks were determined by extraction in acetone at 70 °C under 100 bar (Table 4.1, the soluble fractions of PIL-DT networks are

Chapter 4 :

 4 Healable all-solid electrolyte designed from polymeric ionic liquid and boronic ester exchange 153 fractions between 1 to 8 wt%, indicating that the presence of dithiol crosslinker tipped the balance in favor of the dominant thiol-ene click reaction, generating a better crosslinked network. The soluble fractions of PIL-DT networks follow the same trend with values ranging from 3 to 8 wt%.

Figure 4 .

 4 Figure 4.15: (a) Rheological studies of PIL-BDB25, PIL-DT25 and PIL-D1 precursor mixtures during in-situ photopolymerization; (b) Rheological studies of PIL-BDB25, PIL-BDB25-PEGSH25 and PIL-BDB25-PEGSH50 precursor mixtures during in-situ photopolymerization. Rheological studies of PIL-BDB25-PEGSH25 (i.e., 25 mol% of thiol groups of BDB and 25 mol% of thiols groups of PEGSH versus allyl functions) and PIL-BDB25-PEGSH50 (i.e., 25 mol% of thiol groups of BDB and 50 mol% of thiols groups of PEGSH versus allyl functions) networks were carried out and compared with PIL-BDB25 sample (Fig.4.15b). The dramatic increase of G' and G'' moduli in the vicinity of the gelation time (within 10s) indicates the fast reaction kinetics between allyl and thiol functional groups. The introduction of PEGSH into the polymer network through its thiol functional group does not cause any change in the formation of polymer networks. Indeed, extractable contents lower than 5% were obtained when PEGSH was used at 25 or 50 mol% versus allyl function in PIL-BDB25 networks.4.1. Healing behavior and thermomechanical properties of the PIL networksAfter verifying the formation of PIL-BDB and PIL-BDB-PEGSH networks, samples with thiol groups of BDB versus allyl functions ranging from 5 to 100 mol% were first subjected to healing tests to check if the presence of BDB crosslinkers enables vitrimer behaviors and to study the effect of the dynamic crosslinker content (Fig.4.16a). Sample films were cut into two pieces then stacked together and healed at 120°C for 2h. For samples containing 5 and 10 mol% of BDB, no healing could be observed, as the two sample pieces could be easily separated. Below 10 mol% BDB crosslinker loadings, there are probably not enough dynamic

Figure 4 .

 4 Figure 4.16: (a) Healing tests at 120 °C during 2h of PIL-BDB samples and their control samples PIL-DT by stacking two pieces together; (b) Network rearrangement of dynamic PIL networks via boronic ester exchange reaction. To better understand the effect of dynamic crosslinker quantity on the properties of PIL-BDB networks and on the different healing behaviors observed, PIL-BDB series samples were subjected to DMA experiments between -70 °C and 200 °C.Fig.4.17a shows the storage

Figure 4 .

 4 Figure 4.17: (a) DMA curves of PIL-BDB series samples; (b) Healing tests of PIL-BDB25-PEGSH25 and PIL-BDB25-PEGSH50 samples; (c) DMA curves of PIL-BDB-PEGSH series samples.The same characterizations were performed on materials containing dangling chains. A content of 25 or 50 mol% of PEGSH vs allyl groups was used to prepare PIL-BDB25-PEGSH networks, i.e., with the minimum content of 25mol% of BDB enabling the vitrimer properties, as described in Fig.4.14, path ii. PIL-BDB25-PEGSH25 and PIL-BDB25-PEGSH50 samples were first subjected to healing experiments (Fig.4.17b). For both samples, the two films completely fused into one piece and no trace of the original films could be seen, proving that the thermally activated healing ability enabled by boronic ester bonds is not compromised with the addition of PEG dangling chains. Fig.4.17c compares the DMA results of PIL-BDB-PEGSH series samples containing 0, 25 and 50 mol% of PEGSH dangling chains. As PEGSH loading increases, both the storage modulus of rubber plateau and the T consistently decrease, which can be explained by the introduction of PEGSH dangling chains acting as the internal plasticizer by increasing the free volume and facilitating the motion of polymer chains.

(

  with BDB content above 25 mol% vs allyl) and the PIL-BDB25-PEGSH series (with PEGSH content of 25 to 50 mol% vs allyl) were then investigated. From DSC measurements (thermograms are shown in Appendix 4, Fig.A15), it appears that all samples are completely amorphous, with only one glass transition detected. By plotting Tg values of PIL-BDB series samples as a function of the BDB molar ratio (Fig.4.18a), one can see that the Tg increases from -7.0 °C with 25 mol% of the BDB crosslinker to 21.2 °C with 100 mol%. On the other hand, when the Tg values of PIL-BDB25-PEGSH samples are plotted as a function of PEGSH molar ratio (Fig.4.18b), it appears that Tg monotonously decreased from -7 °C to -38.5 °C with increasing quantities of PEG dangling chains, i.e., with increasing free volume. Owing to their low Tg, PIL-BDB-PEGSH25 and PIL-BDB-PEGSH50 are very soft and flexible materials at room temperature. These results illustrate the possibility of tuning the Tg of the materials by adjusting the quantities of crosslinkers and dangling chains.

Figure 4 . 18 :

 418 Figure 4.18: Evolution of Young's modulus, T g and Elongation at break as a function of (a) BDB for PIL-BDB and (b) PEGSH content for PIL-BDB25-PEGSH. Insert: photographs of stretched vitrimer PIL networks (PIL-BDB25 and PIL-BDB25-PEGSH25).Tensile test experiments were then performed at room temperature to evaluate the stiffness and the stretchability of all samples. Increasing the crosslinker content from 25 to 100 mol% of BDB led to an increase of Young's modulus (Fig.4.18a, photograph of stretched PIL-BDB25 inserted) from 2.1 MPa to 4.9 MPa respectively, while the elongation at break increases from around 60 % to 137 %. A similar tendency about the sharp increase of the elongation at break was reported in the literature for samples with a high content of dynamic exchangeable

Fig. 4 .

 4 Fig.4.19 compares the stress relaxation curves obtained at 30 °C and 60 °C of PIL-BDB25 and PIL-DT25. The non-dynamic control sample PIL-DT25 initially releases around 20 % of the initial stress before reaching a plateau, as expected from a permanently crosslinked network.

Figure 4 . 19 :

 419 Figure 4.19: Comparison of the stress relaxation curves of PIL-BDB25 with PIL-DT25 samples at 30 °C and 60 °C.

Figure 4 . 20 :

 420 Figure 4.20: Stress relaxation curves of (a) PIL-BDB25, (b) PIL-BDB50 and (c) PIL-BDB100 at different temperatures. Vitrimer behavior is observed for the PIL-BDB25-PEGSH series containing 25 mol% and 50 mol% of PEG dangling chains as presented in Fig.4.21a and Fig.4.21b respectively. Comparison

Figure 4 . 21 :

 421 Figure 4.21: Stress relaxation curves of (a) PIL-BDB25-PEGSH25 and (b) PIL-BDB25-PEGSH50 at different temperatures. The comparison of relaxation time at different temperatures allows investigating further their relaxation behavior (values in Table 4.3). The relaxation times of PIL-BDB and PIL-BDB25-PEGSH samples (Fig.4.22a and Fig.4.22b) show an Arrhenius temperature dependence as expected for vitrimer materials, consistent with the associative exchange mechanism of boronic ester. Activation energies E a of the viscous flow for each system are reported in Table

Figure 4 .

 4 Figure 4.23: (a) Ionic conductivity behaviors of PIL-BDB series samples at different temperatures compared with pristine PIL allyl linear polymer; (b) Ionic conductivity behaviors of PIL-BDB25-PEGSH series samples with dangling chains at different temperatures compared with PIL allyl polymer and PIL-BDB25 sample. Solid lines: calculation according to VTF equation.

  pressure of 285 kg•cm -2 at 120 °C for 2h. PIL-BDB25-PEGSH25 and PIL-BDB25-PEGSH50 samples were remolded into new cohesive samples (Fig.4.24a) and the ionic conductivity behavior of the recycled samples remained similar to pristine samples (Fig.4.24b). Likewise, results of recycled PIL-BDB samples are summarized in the supporting information (Appendix 4, Fig.A18 and Table

Figure 4 .

 4 Figure 4.24: (a) Recycling tests of PIL-BDB-PEGSH series samples; (b) Comparison of the ionic conductivity behavior of pristine and recycled PIL-BDB-PEGSH samples at different temperatures.

Figure 4 .

 4 Figure 4.25: (a) DMA curves of PIL-BDB25-PEGSH25 sample after recycling compared with its pristine sample; (d) DMA curves of PIL-BDB25-PEGSH50 sample after recycling compared with its pristine sample.

  3.21a in Chapter 3). The coated layer cured fast because of the fast kinetics of thiol-ene 'click' reaction. After photopolymerization, thin and homogenous coatings were obtained (Fig.4.26).

Figure 4 .

 4 Figure 4.26: (a) Image of the polyamide yarn coated with PIL-BDB25-PEGSH50; (b) Image of the polyamide yarn with PEDOT:PSS/PPy layer coated with PIL-BDB25-PEGSH50.

Fig. 4 .Fig. 4 .

 44 Fig.4.27b show images of single coiled CNT yarns coated with PIL-BDB25-PEGSH50. These findings suggest that PIL-BDB25-PEGSH50 dynamic ionic matrix is mechanically strong enough to maintain the coiled state of the yarns and is a promising candidate for usage as ionconducting coatings onto electroactive yarns.

Figure 4 .

 4 Figure 4.27 (a)&(b) Images of coiled CNT yarns with PIL-BDB25-PEGSH50 ionic coating before welding; (c)&(d) Images of two CNT yarns coated with PIL-BDB25-PEGSH50 after welding.

Figure 4 .

 4 Figure 4.28: (a) Picture of the dual-electrode CNT actuator with PIL-BDB25-PEGSH50 ionic coating; (b) CV scan of the dualelectrodes actuator with PIL-BDB25-PEGSH50 ionic coating from 6 to -6 V at a scan rate of 20 mV•s -1 . The electrochemical stability and actuation performance of dual-electrodes actuators with PIL-BDB25-PEGSH50 coatings were checked by cyclic voltammetry (CV) measurements in twoelectrode-configuration with a scan rate of 20 mV•s -1 between -6V and 6V. The CV curve of the actuator can be found in Fig.4.28b. No obvious faradaic reaction occurred within this potential range. A slight capacitive and resistive behavior is observed.

Figure 4 . 29 :

 429 Figure 4.29: Electrochemical tensile stroke measurements of the dual-electrodes actuator with PIL-BDB25-PEGSH50 coating at 25 mN extra force with chronoamperometry cycles, and the square potential waves changed from 6 to 0 V with (a) 60 s pulse, (b) 120 s pulse, and (c) 240 s pulse; (d) The tensile stroke variation with different pulse times.

Chapter 4 :

 4 Healable all-solid electrolyte designed from polymeric ionic liquid and boronic ester exchange 172 actuator coated with only a polycationic layer. The observed actuation indicates probably that the two coiled CNT yarns are not exactly equivalent from an electromechanical standpoint and that one of them is dominating the overall deformation. To check this assumption, square potential waves between -6V to 0V (Fig.4.30b) or 6V to -6V ((Fig.4.30c) with 240s pulse times were applied to the actuator. When applying a negative potential difference (-6 V) between the working and counter electrodes, an elongation stroke is observed, in contrast to the contractile stroke measured previously under positive voltage bias. It tends to indicate that the two electrodes are not symmetric, and that the chosen working electrode is dominating the final deformation of the actuator. Finally, chronoamperometry cycles with square potential waves from 6V to -6V were recorded on the actuator but the role of each electrode was exchanged: the dominant electrode, in terms of motion, was used as the counter electrode (Fig.4.30d). As expected, the actuation motions are reversed. Contraction is observed when applying negative potential difference and elongation when applying positive one. Thus, any strain observed for this dual-electrodes actuator is the result of asymmetry arising from the preparation of two coiled CNT yarns.

Figure 4 .

 4 Figure 4.30: (a) Schematic illustration of the mechanism for the unipolar stroke of the dual-electrodes actuator wrapped with polycationic networks. Electrochemical tensile stroke measurements of the dual-electrodes actuator with PIL-BDB25-PEGSH50 coating at 25 mN extra force with chronoamperometry cycles, and the square potential waves changed from (b) -6 to 0V, (c) 6V to -6V and (d) 6V to -6V after exchanging the coiled CNT yarns working and counter electrodes.

  4.31). The two yarns would then actuate in a cooperative manner, both contracting during the charging under voltage application and elongation during discharging.

Figure 4 . 31 :

 431 Figure 4.31: Schematic illustration of the dual-electrodes actuator composed of CNT coiled muscles with polycation and polyanion ionic coatings.

Figure A6: 1 H

 1 Figure A6: 1 H NMR of the extractable content of PTE-BuOBrs5 sample before thermal curing in CDCl3.

Figure A7: 1 H

 1 Figure A7: 1 H NMR of the extractable content of PTE-BuOBrs5 sample after thermal curing in CDCl3.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 1: Overview of different chemical routes of vitrimers or materials demonstrating vitrimeric properties.

	Name	Reaction	Section
	Transesterification and its analogues		2.2.1
	Transalkylation		2.2.2
	Boronic ester exchange		2.2.3
	Disulfide exchange		2.2.4
	Imine exchange		2.2.5
	Transamination		2.2.6
	Urethane exchange		2.2.7
	Siloxane exchange		2.2.8

and poly(methyl methacrylate) using a dioxaborolane crosslinker. From ref.126. Reprinted with permission from AAAS 126 ; (c) Chemical structure of the diboronic ester crosslinker bearing two nitroxide functions. Reproduced from ref.127 with permission from the Royal Society of Chemistry. 127 Nicolaÿ et al. demonstrated that boronic ester crosslinkers could be installed in common polymers such as polystyrene, high-density polyethylene (HDPE) and poly(methyl

  

	chemical structure of the bis-dioxaborolane crosslinker bearing two nitroxide functions is
	shown in Fig.1.19c. The associative exchange reaction of dioxaborolane allowed these
	materials to relax stress fully and to be reprocessed up to about 200 °C. Above this
	temperature, the thermolabile alkoxyamine bonds within the crosslinks irreversibly
	dissociated.
	Boronic ester bonds were also engineered into a commercial SBR rubber. Chen et al.
	synthesized a novel boronic ester bearing two thiol groups and then crosslinked with vinyl
	groups of SBR chains via thermally initiated thiol-ene "click" reaction (Fig.1.20). 128 The
	catalyst-free dynamic exchange of boronic ester bonds endowed the resulted materials with
	healability demonstrated at 80 °C and malleability demonstrated at 160 °C. The activation
	energies calculated from the Arrhenius-like temperature dependence of relaxation times
	methacrylate) via functionalized monomers or postpolymerization modification
	(Fig.1.19b). 126 Industrial techniques such as extrusion and injection molding were applied,
	leading to materials that underwent thermally activated associative metathesis of
	dioxaborolanes. These vitrimers could relax stress and be reprocessed at elevated
	temperatures and did not require water or catalyst to induce healing. This work demonstrated
	the huge potential for transforming industrial commodity plastics into high-performance
	vitrimers, especially for polymers with backbones solely made of C-C single bonds. In a more
	recent work, the same group further crosslinked the HDPE by a single-step reactive extrusion
	by using nitroxide chemistry for radical grafting of bis-dioxaborolane crosslinker. 127 The

Figure 1.19: (a) Chemical structures of diboronic ester crosslinkers with different exchange kinetics. Reprinted with permission from ref.124. Copyright 2015 American Chemical Society 124 ; (b) Preparation of dynamic thermosets such as polystyrene, highdensity polyethylene (HDPE)

were very low

(7.7 -13.8 kJ•mol -1 

). The same dithiol-containing boronic ester crosslinker was also implemented in epoxidized natural rubber/carbon nanotubes vitrimer composites in a recent work of Chen's group.

129 Figure 1.20: Illustration of the crosslinking SBR with the dithiol containing boronic ester crosslinker BDB via thermally initiated

  thiol-ene click reaction and the network rearrangement enabled by boronic ester metathesis. Readapted with permission from ref.128. Copyright 2018 American Chemical Society. 128

	strong adhesion with welding times as short as 2 min at 150 °C. It should be mentioned that
	their vitrimer networks with sole dynamic crosslinks dissolved in tetrahydrofuran after
	prolonged immersion time at room temperature. This dissolution was ascribed by the authors
	to the low molar mass of the precursor of the network, the low number of crosslinks per chain
	and the dynamics of dioxaborolane crosslinker under the conditions of the solubility tests.
	Terentjev et al. reported the introduction of the same dithiol-containing boronic ester into
	liquid crystal elastomers via thiol-acrylate Michael addition. 103 The catalyst-free boronic ester
	metathesis enabled remolding and welding all together with direction alignment of the liquid
	crystalline phase. The concept of a vitrimer-like network was also explored by introducing
	static crosslinkers to preserve the integrity of the materials and prevent large creep. In
	another work of this group, a continuum model to describe how the full or partial vitrimers
	respond upon deformations was proposed to understand the mechanical properties of
	vitrimers. 130
	More recently, several groups introduced static bonds into dynamic polymer networks and
	demonstrated that the mechanical behavior of vitrimer-like materials can be controlled
	through the selective placement of permanent bonds between crosslinking points in addition
	to exchangeable bonds. Cash et al. incorporated free diols and static (i.e., irreversible)
	crosslinks into boronic ester networks to improve self-healing efficiency and structural
	integrity. 102 Nicolaÿ et al. prepared polybutadiene networks featuring both static dithiol
	crosslinkers and dynamic dithiol-containing dioxaborolane crosslinks. 73 The resulting dual
	networks were nonetheless fully recyclable and exhibited improved creep resistance and

  healing, shape-memory, malleability, and recyclability. Ideal exchange reactions of vitrimers should be kinetically predictable or controllable, possess a wide temperature window, be stable under harsh processing conditions, do not degrade over time, upscalable, simple to include into polymer networks.One difficulty is the distinction in properties between dissociative CANs and vitrimers. It is usually believed that dissociative CANs undergo a decrease in connectivity with increased temperatures and follow the WLF model. The primary features used to characterize a CAN as a vitrimer are the observation of an Arrhenius viscosity relationship in stress relaxation experiments and a constant modulus by dynamic mechanical thermal analysis. However, it has been pointed out in this chapter that some dissociative CANs demonstrate Arrhenius behavior over their reprocessing temperatures and have been described as showing vitrimeric properties. Given the similarity between thermal properties of dissociative CANs and vitrimers under typical reprocessing conditions, it is essential to conduct stress relaxation experiments over a wide range of temperatures to fully understand the thermal properties of

Table 2 . 1 :

 21 Details of all PTE-BuOBrs samples and PTE control sample prepared with PEGDA, DT, and TT in a functional group molar ratio of 100 : 50 : 50 and various amounts of alkylating agent BuOBrs. Extractable contents of all samples before and after thermal treatment at 140 °C for 1.5 h are listed.

		BuOBrs (mol% vs	Extractable content	Extractable content
	Sample	acrylate functional	before thermal	after thermal treatment
		groups)	treatment (wt%)	(wt%)
	PTE	0	3.9	4
	PTE-BuOBrs1	1	7	4
	PTE-BuOBrs2	2	6.7	8
	PTE-BuOBrs5	5	7.7	14

Table 2 . 2

 22 

: Thermal and mechanical properties of all thermally treated PTE-BuOBrs samples and PTE control sample.

Sample Tg (DSC) (°C) T (DMA) (°C) Young's modulus (MPa) Elongation at break (%)

  

	PTE	-44.7	-30.0	1.7  0.1	90  11
	PTE-BuOBrs1	-44.5	-25.6	1.3  0.1	71  19
	PTE-BuOBrs2	-44.6	-24.3	1.2  0.1	71  1
	PTE-BuOBrs5	-45.0	-21.0	1.1  0.2	

Table 2 . 3 .

 23 By comparing the relaxation times, PTE-BuOBrs samples with higher BuOBrs content exhibit a lower relaxation time at the same temperature. Indeed, a faster network reorganization is expected with an increasing number of associative exchangeable bonds. One important feature of vitrimers is that they demonstrate an Arrhenius-like gradual decrease of viscosity as a function of temperatures (see chapter 1). To confirm the associative exchange mechanism of transalkylation reaction, relaxation times were plotted as a function of temperature.

Table 2 .

 2 3: Relaxation times extracted from stress relaxation tests of PTE-BuOBrs samples and their corresponding theoretical Tv and Ea associated with the S-transalkylation exchange reaction.

	Sample	Relaxation time (min) 60°C 80°C 90°C 100°C 110°C 120°C 130°C 140°C	Tv (°C)	Ea (kJ• mol -1 )
	PTE-BuOBrs2	/	/	126.8 86.5	46.3	19.6	11.4	8.2	23	73.6
	PTE-BuOBrs5	297 76.7	/	45.9	/	10.9	/	3.9	1	60.6

Table 2 .

 2 5: Thermal and mechanical properties of thermally treated PTE-BuOBrs-IL ionogels.

	Sample	Tg (DSC) (°C)	T (DMA) (°C)	Young's modulus (MPa)	Elongation at break (%)
	PTE-BuOBrs2	-44.6	-24.3	1.2  0.1	71  1
	PTE-BuOBrs2-TFSI50	-51.2	-29.5	0.9  0.1	55  1
	PTE-BuOBrs2-TfO50	-55.8	-29.5	0.9  0.1	

Table 2 . 6

 26 

	Sample	Tg °C	Ionic conductivity at 30 °C (S•cm -1 )	(S•K	A 1/2	VTF parameters

: Ionic conductivity behavior of

PTE-BuOBrs2-TFSI50 and PTE-BuOBrs2-TfO50. 

  Table 2.7 compares the stress relaxation behaviors PTE-BuOBrs2, PTE-BuOBrs2-TFSI50 and PTE-BuOBrs2-TfO50 samples. At 30 °C, after

			•cm	-1 )	Ea (kJ•mol	-1 )	R	2
	PTE-BuOBrs2-TFSI50 -51.2	2.8 × 10 -4	1.0		5.6		0.9838
	PTE-BuOBrs2-TfO50 -55.8	3.2 × 10 -4	12.4		8.5		0.9818
	4.3. Dynamic behavior of the ionogels				

PTE-BuOBrs2 sample has exhibited vitrimer properties such as healing and stress relaxation. PTE-BuOBrs-IL ionogels were also subjected to the same experiments to check if the addition of ILs would modify their vitrimer properties.

Table 2 .

 2 7: Relaxation times extracted from stress relaxation tests of PTE-BuOBrs-IL samples and their corresponding theoretical Tv and Ea associated with the transalkylation exchange reaction.

	Sample	Relaxation time (min) 120°C 130°C 140°C 150°C 160°C	170°C	Tv (°C)	Ea (kJ•mol -1 )
	PTE-BuOBrs2	19.6	11.4	8.2	/	/	/	23	73.6
	PTE-BuOBrs2-TFSI50	484.3 280.6 114.8 52.6	16.3	/	79	119.0
	PTE-BuOBrs2-TfO50	/	/	190.8 126.2	40.6	34.0	74	96.0
	4.4. Healability of the ionogels						

PTE-BuOBrs-IL samples have demonstrated Arrhenius-like temperature dependency of relaxation times at elevated temperatures. These materials are also expected to display healing properties because of the dynamic transalkylation exchange of alkyl sulfonium ions.

Table 3 .

 3 1: Compositions and soluble fractions of PTE-BDB networks in DCM at 60 °C under 100 bar.

	Sample	Functional groups molar ratio (%) BDB DT TT PEGDA	Extractable content (wt%)
	PTE-BDB0	0	50	50	100	3.9
	PTE-BDB25	25	25	50	100	8.0
	PTE-BDB50	50	0	50	100	12.5

Table 3 .

 3 2: Characterizations of PTE-BDB networks.

	Sample	Tg (DSC) (°C)	T (DMA) (°C)	Young's modulus (MPa)	Elongation at break (%)
	PTE-BDB0	-45.8	-23.8	1.2  0.1	79  20
	PTE-BDB25	-41.0	-24.2	1.5  0.1	76  42
	PTE-BDB50	-33.3	-20.0	1.3  0.1	68  5
	All samples are completely amorphous, no crystallization nor melting could be observed

(Fig.

3

.5a). Moreover, these materials demonstrate only one glass transition. The onset Tg values are listed in Table

3

.2.

Table 3 .

 3 3: Relaxation times extracted from stress relaxation tests of PTE-BDB samples and their corresponding theoretical Tv and Ea associated with the boronic ester exchange reaction.

	Sample	60°C	80°C	Relaxation time (min) 100°C 120°C 130°C	140°C	Tv (°C)	Ea (kJ• mol -1 )
	PTE-BDB25	160	53.9	3.5	3.1	1.4	1.1	11.7	75.6
	PTE-BDB50	/	10.0	1.3	1.4	/	0.6	-31.0	49.9

Table 3 .

 3 4: Compositions and soluble fractions of PTE-BDB-IL samples in DCM at 60 °C under 100 bar.

	Sample	IL type	IL content (wt%)	Extractable content (wt%)
	PTE-BDB25	/	/	8
	PTE-BDB25-TFSI50	EMIM TFSI	50	53.8
	PTE-BDB25-TfO50	EMIM Triflate	50	56.3

Table 3 .

 3 7: Ionic conductivity behavior of PTE-BDB25-TFSI50 and PTE-BDB25-TfO50 ionogels.

	Sample	Tg °C	Ionic conductivity at 30 °C (S•cm -1 )	(S•K	A 1/2	VTF parameters

  are solubilized in 23 mL of DMF at 80 °C for 3 h. Once the polymer is solubilized, 10 equivalents of allylimidazole relative to epichlorohydrin function are added. The reaction takes place for 55 h at 90 °C and the solution becomes orange. 2.2 equivalents of LiTFSI salt are dissolved in water (1:2.5 wt.). The reaction medium is directly precipitated in LiTFSI solution. The counter-anion of PIL is exchanged from Cl -to TFSI -. The obtained polymer is washed with excess water then reprecipitated twice in dichloromethane (DCM) using acetone as solvent. The obtained final product is dried under dynamic vacuum at 70 °C for 3 days. Yield rate 45-65 %. The successful synthesis of PIL allyl is confirmed by 1 H NMR (Appendix 4,

	Chapter 4: Healable all-solid electrolyte designed from polymeric ionic liquid and boronic Chapter 4: Healable all-solid electrolyte designed from polymeric ionic liquid and boronic
	ester exchange ester exchange
	heptahydrate (MgSO4.7H2O) were purchased from Acros Organics. Dichloromethane (DCM) curing conveyor system after 50 scanning passages (Primarc UV Technology, Minicure,
	was acquired from VWR Chemicals. Finally, carbon nanotube (CNT) yarns were obtained from
	DexMat (diameter = 150 μm; resistance = 10 Ω •m -1 ), polyamide yarns were obtained from
	Dupont and polyamide yarns with PEDOT:PSS/PPy conducting polymer layer were obtained
	from University of Boräs. All chemicals were used as received without further purification.
	2.2. Synthesis of PIL allyl
	4 g of C2000XL Fig.A12). 1 H NMR (400 MHz, (CD3)2CO) δ 9.0 (s, 1H), 7.73 (2H), 6.12 (s, 1H), 5.38-5.42 (2H),
	4.98 (s, 2H), 4.25-4.75 (2H), 3.9-4.2 (1H), 3.5-3.8 (6H).
	2.3. Synthesis of 2,2′-(1,4-Phenylene)-bis[4-mercaptan-1,3,2-dioxaborolane] (BDB)
	The synthesis of dithiol-containing boronic ester crosslinker 2,2′-(1,4-Phenylene)-bis[4-
	mercaptan-1,3,2-dioxaborolane] (BDB) was reported by Chen et al. 128 Benzene-1,4-diboronic
	acid (3.0 g, 18.1 mmol) and 1-thioglycerol (4.01 g, 37.1 mmol) are dissolved in tetrahydrofuran
	(80 mL) and water (0.1 mL). 5 g of magnesium sulfate is added to the mixture. After stirring
	at room temperature for 24 h, the mixture is filtered and concentrated. The resulting white
	solid is purified by repeatedly filtering and washing with heptane (yield 80 %). The successful
	synthesis of BDB is explicitly confirmed by 1 H NMR (Appendix 3, Fig.A8). 1 H NMR (400 MHz,
	CDCl3): δ 7.83 (s, 4H), 4.74 (m, 2H), 4.49 (dd, 2H), 4.18 (dd, 2H), 2.81 (dd, 4H), 1.48 (t, 2H).
	2.4. Preparation of crosslinked PIL allyl networks
	PIL allyl is first dissolved in acetone msolvent = 2  (mPIL allyl + mBDB or mDT)) before introducing 1,4-Butanediol thiol precursors (DT or BDB, PEGSH or C10SH). 2 wt% of photoinitiator Darocur relative to the bis(thioglycolate) (dithiol, DT) and heptane were purchased from TCI Chemicals. Darocur 1173 total weight of PIL allyl and thiol precursors is then added into the vial. The mixture is cast (2-Hydroxy-2-methylpropiophenone), 1-thioglycerol, poly(ethylene glycol) methyl ether thiol into a mold consisting of two glass plates separated by a 0.5 mm thick Teflon spacer. Free-(PEGSH) with an average Mn of 800 g•mol -1 , and 1-Decanethiol 99% (C10SH) were purchased from Sigma-Aldrich. Dimethylformamide (DMF), 1-allylimidazole and magnesium sulfate standing crosslinked PIL allyl films are obtained by curing the precursor solution with a UV
	147

Table 4 .

 4 1: Compositions and soluble fractions in acetone of all PIL allyl crosslinked networks with or without PEG dangling chains using 2 wt% of Darocur 1173 as the photoinitiator. Mol% are given versus allyl groups.

Table 4 .

 4 2: Characterizations of all PIL allyl crosslinked networks with or without PEG dangling chains.

	Sample	T (°C) Tg (°C) Young's modulus (MPa) Elongation at break (%)
	PIL-D1	/	/	/	/
	PIL-BDB5	2.7	/	/	/
	PIL-BDB10	10.2	/	/	/
	PIL-BDB25	25.1	-7.0	2.1 ± 0.2	69 ± 24
	PIL-BDB50	30.4	4.6	3.9 ± 0.2	57 ± 12

Table 4 .

 4 4: Ionic conductivity and VTF parameters (A factor and activation energy of ion conduction Ea) of all PIL allyl, PIL-BDB series, and PIL-BDB-PEGSH series samples. R² > 0.99 in all cases.

	Sample	Ionic conductivity at 30 °C (S•cm -1 )	(S•K	A 1/2 •cm	-1 )	Ea (kJ•mol	-1 )	Tg (°C)
	PIL allyl	2.7 × 10 -5	54.7		9.6		-19.0
	PIL-BDB25	8.0 × 10 -7		5,6		9,4		-7.0
	PIL-BDB50	6.8 × 10 -8		1.7		9.0		4.6
	PIL-BDB100	2.6 × 10 -8 at 40 °C		0.3		7.4		21.2
	PIL-BDB25-PEGSH25	3.0 × 10 -6	22.3		11.4		-26.8
	PIL-BDB25-PEGSH50	1.6 × 10 -5		4.3		9.4		-38.5

Table 5 .

 5 1: The comparison of different properties of the ionically conducting polymer electrolytes developed in this work.There are a few groups that have reported vitrimer ionogels. To the best of our knowledge, PTE-BuOBrs-IL ionogels that we demonstrated are the first vitrimer ionogels based on Stransalkylation exchange reaction. One can notice that the thermal treatment at 140 °C required to covalently incorporate the alkylating agent BuOBrs into PTE network might cause thermal degradations of the electronically conducting polymers if this type of yarn actuators

	Sample	Nature	Young's modulus (MPa)	Elongation at break (%)	Ionic conductivity at 30 °C (Scm -1 )	E a (kJmol -1 )
	PTE-BuOBrs-IL	Ionogel	0.9	30 ~ 60	~ 3 × 10 -4	96 ~ 119
	PTE-BDB-IL	Ionogel	0.4 ~ 0.6	50 ~ 65	~ 1.2 × 10 -4	72 ~ 79
	PIL-BDB-PEGSH	All-solid electrolyte	0.2	~ 300	1.6 × 10 -5	24

PTE-BuOBrs-IL dynamic ionogels demonstrated ionic conductivities in the range of 10 -4 S•cm - 1 at room temperature and Young's modulus of 0.9 MPa. Despite that the elongations at break
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Al2O3 Alumina Al2Si2O5(OH)4 Kaolin for the lower Tg values of ionogels as it was observed in the previous chapter for the PTE-BuOBrs systems. The storage modulus and tan  versus temperature of all samples are compared in Fig. 3.12b. The addition of ILs resulted in slightly lower storage moduli at both glassy and rubber states, as well as lower T values. Tensile tests were performed on PTE-BDB25-TFSI50 and PTE-BDB25-TfO50 samples. Values of Young's modulus and elongation at break are listed in Table 3.5. Compared to PTE-BDB25 sample, these ionogels displayed lower

Young's modulus and similar stretchability with the presence of ILs. 

Dynamic behavior of the ionogels

PTE-BDB25 sample has exhibited vitrimer properties such as stress relaxation and healing.

Stress relaxation experiments were also carried out on PTE-BDB-IL ionogels between 60 to 140 °C to study whether the addition of ILs would alter the dynamic properties enabled by boronic ester groups. The stress relaxation behaviors PTE-BDB25, PTE-BDB25-TFSI50 and PTE-BDB25-TfO50 samples are compared in Table 3.6. Stress relaxation curves of PTE-BDB25-TFSI50 and PTE-BDB25-TfO50 at different temperatures can be found in Fig. 3.13a and Fig.3.13b respectively. In both cases, the relaxation rate increases with temperature as the Chapter 3: Dynamic ionogels based on polythioether network and boronic ester exchange 121 relaxation process is essentially controlled by the thermally activated boronic ester exchange reaction, which is accelerated at a higher temperature. 

Ionically conducting behavior of the dynamic PIL networks

The ionic conductivity behaviors of PIL-based vitrimers at different temperatures were studied by electrochemical impedance spectroscopy (Fig. 4.23). The effect of crosslinking degree was studied by comparing ion-conducting behaviors of pristine PIL allyl linear polymer and PIL-BDB25, PIL-BDB50 and PIL-BDB100 networks (Fig. 4.23a). The values of ionic conductivities at 30 °C and VTF parameters are listed in Table 4.4. The ionic conductivity dropped dramatically by two orders of magnitude after introducing 25 mol% of BDB crosslinker, from 2.7 × 10 -5 S•cm -1 for PIL allyl to 8.0 × 10 -7 S•cm -1 for PIL-BDB25 sample at 30 °C.

The ionic conductivities further decreased with increasing BDB content (i.e., crosslink density).

It should be noted that the ionic conductivity behavior of PIL-BDB100 sample could not be evaluated below 40 °C due to a too low conductivity at this temperature, which is below its  Chapter 4: Healable all-solid electrolyte designed from polymeric ionic liquid and boronic ester exchange cooling down using a TA Instruments Q100 equipped with a refrigerated cooling system and calibrated using sapphire and high purity indium metal. All samples were prepared in hermetically sealed pans (5-10 mg/sample) and were referenced to an empty pan. The reported Tg values are from the second heating cycle.

Conclusions and perspectives

GC-MS:

Gas chromatography/electron impact mass spectrometry (GC-MS) was performed on a HP 6890 GC system with a 5973 detector in electron impact ionization mode. All samples were diluted to a solution of 1.5 mgmL -1 with chloroform prior to analysis. The GC column oven was heated to 300 °C at 20 °Cmin -1 , followed by a hold at this temperature for 15 min.

Tensile testing:

Traction experiments were performed on a Dynamic Mechanical Analyzer instrument (TA, Q800) in tensile mode at room temperature. A strain rate of 20 %min -1 to 500 % was applied with an initial strain of 0.05 % and a preload force of 0.01 N to obtain stress-strain curves.

Dynamic mechanical analysis (DMA): DMA experiments were conducted on the Q800 in tension mode. Heating ramps were performed from -70 °C to 200 °C at a constant rate of 3 °C•min -1 with a maximum strain amplitude of 0.05 % at a fixed frequency of 1 Hz, and a preload force of 0.01 N.

Stress relaxation measurement: Stress relaxation measurements were carried out on the Q800 at different temperatures. A preload force of 0.01 N and a constant strain of 3 % were applied and the stress decay was monitored over time.

Ionic conductivity:

The ionic conductivity was measured by electrochemical impedance spectroscopy using a VSP 150 potentiostat (Biologic SA). Samples were placed between two gold electrodes and placed in a thermostated cell under argon atmosphere. Experiments were carried out in a temperature range from 25 to 100 °C, in the frequency range from 2 MHz to 1 Hz with a rate of 6 points per decade and for an oscillation potential of 10 mV. The ionic conductivity 𝜎 (S•cm -1 ) is calculated using the eq.1:

where 𝑍 is the real part of the complex impedance (ohms), 𝑑 the thickness of the sample (cm),

and 𝑆 is the sample area (cm 2 ). The temperature dependence of the polymer electrolyte conductivity can be described by the Vogel-Tamman-Fulcher (VTF) equation (eq.2):

where A is a temperature-independent constant related to the number of charge carriers, Ea is the pseudo-activation energy related to polymer segmental motion and R stands for the gas constant. T0 is a reference temperature usually correlated with the ideal glass transition temperature at which free volume disappears or at which the configurational entropy of the polymer chain becomes zero. T0 is usually 35 to 50 K below Tg in either case. [286][287][288] The VTF behaviors of all samples were studied with T0 set to Tg -50K.

Calculation of topology freezing temperature Tv and activation energy of the viscous flow

Ea:

Based on Maxwell's model for viscoelastic fluids, the stress relaxation behavior of the vitrimer can be described with eq.3 where the relaxation time  is determined as the time required to relax to 37% (1/e) of initial stress [START_REF] Wright | Photoactivated Healable Vitrimeric Copolymers[END_REF] :

For vitrimers, relaxation times reflect associative exchange reactions and their temperature dependence can be fitted to the Arrhenius equation (eq.3) [START_REF] Denissen | Vinylogous urethane vitrimers[END_REF][START_REF] Yang | Detecting topology freezing transition temperature of vitrimers by AIE luminogens[END_REF] :

The values of  were then plotted as a function of temperature to determine the activation energy Ea of viscous flow induced by the associative exchange reaction. The topology freezing temperature Tv is another key characteristic for vitrimer materials. Conventionally, the hypothetical Tv is chosen as the temperature at which the viscosity equals 10 12 Pa•s as this value describes the liquid-to-solid transition of a glass-forming liquid. [START_REF] Montarnal | Silica-like malleable materials from permanent organic networks[END_REF][START_REF] Denissen | Permanent organic networks with glass-like fluidity[END_REF] The relation between the viscosity  and the characteristic relaxation time  can be expressed with the Maxwell relation (eq.5) [START_REF] He | Poly(oxime-ester) Vitrimers with Catalyst-Free Bond Exchange[END_REF] :

Where G stands for the shear modulus,  for the Poisson's ratio and E' for the storage modulus at the rubbery plateau. Using the Poisson's ratio = 0.5 usually used for rubbers [START_REF] He | Poly(oxime-ester) Vitrimers with Catalyst-Free Bond Exchange[END_REF][START_REF] Denissen | Vinylogous urethane vitrimers[END_REF] , Tv is determined by combining eq.4 and eq.5.

Characterization of stroke deformation for the dual-electrodes actuator

Two glass sheets with copper film as current collectors were used to physically clamp and electrically connect the two CNT fibers of the dual-electrode actuator at the bottom end. The other end was attached to the force/displacement sensor (Lever Arm System, Aurora Scientific) by an ultra-slim steel line. During the electrochemical stimulation, the sensor would record the stoke deformation or the force variation of the actuator.

Calculation of the yarn fineness  and ionic coating uptake: The fineness  of textile yarn is defined as its mass m per unit length L and is expressed in tex. A tex is defined as 1 g•km -1 or 10 -6 kg•m -1 in SI units, so a dtex equals to 10 -7 kg•m -1 . For each sample, a single measurement of the mass and length is done to calculate their fineness λ (eq.6).

𝜆 =

𝑚 𝐿 (6) Where tot and 0 are the fineness of the coated yarn and the commercial bare yarn, respectively.
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The successful synthesis of BDB is explicitly confirmed by 1 H NMR (Appendix 3, Fig. A8). The successful synthesis of PIL allyl is confirmed by 1 H NMR (Fig. A12). Synthesis of thiol-terminated poly (ethylene glycol) PEGSH

Characterizations of PIL-DT series samples

Materials:

Poly(ethylene glycol) methyl ether methacrylate (PEGM, average Mn = 500 gmol -1 ), 2,2'- 

Abstract

The development of smart electroactive textile actuators and haptic garments requires the elaboration of ionic coatings, acting as the ion source enabling their open-air actuation. The work of this thesis aimed at conceiving ionically conducting materials suitable for textile coating application with high ionic conductivity, good mechanical properties, and healing ability thanks to the chemistry of ionogels, polymeric ionic liquid (PIL)-based materials and vitrimers.

After a state-of-the-art reviewing vitrimers and their applications as healable ion conductors, two catalyst-free vitrimer chemistries were selected to endow materials with dynamic properties, i.e., the transalkylation exchange of thioether/sulfonium and the associative exchange of boronic esters.

Dynamic polythioether ionogels were obtained from thiol-ene Michael addition between diacrylate and di-and trithiol groups, in the presence of 50wt% of ionic liquid, 1-ethyl-3methylimidazolium bis(trifluoromethylsulfonyl)imide or 1-ethyl-3-methylimidazolium trifluoromethanesulfonate. The dynamic vitrimer properties were introduced either by the alkylation of the thioether groups present along the polymer backbone thanks to an alkylating agent or by introducing a dithiol-containing boronic ester dynamic bonds. These two series of vitrimer ionogels showed at room temperature Young's modulus below 0.9 MPa, elongations at break in the range of 30 ~ 65 %, ionic conductivities in the order of 10 -4 S•cm -1 . Both materials show dynamic features, and they were demonstrated to be promising for developing yarn actuators.

Then, liquid-free dynamic ionically conducting materials based on PILs were developed. First, a PIL with a backbone containing imidazolium cations and pendant allyl functional groups with bis(trifluoromehylsulfonyl)imide counter ions was synthesized. This linear PIL was subsequently crosslinked with a dithiol-containing boronic ester crosslinker. PEG dangling chains were also introduced to increase the free volume and to increase ionic mobility. Adjusting the crosslinker and dangling chain quantities yielded soft (E = 0.2MPa), stretchable (ε = 300%), and highly conducting ionic membranes (σ ≈ 10 -5 S•cm -1 ). The exchange reaction between boronic ester groups endowed these materials with vitrimer properties such as healing, welding and recyclability. The dip-coating process on yarns and the development of dual-electrodes actuators with these materials were also demonstrated.

In conclusion, dynamic ionogels and liquid-free ionically conducting polymers can be fabricated by combining wisely recent achievements in material science (PIL, ionogel and vitrimer) and adequate polymer chemistry. Their design opens promising perspectives in different emerging technologies as electrolytes for supercapacitors, batteries, fuel cells and ionic coatings for electroactive e-textile. Keywords: vitrimer, ionogel, polymeric ionic liquid, polythioether, transalkylation, boronic ester exchange, healing, electroactive textiles