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Over the past decades, there has been a remarkable technological advancement due to the ongoing incorporation of stimuli responsive materials into the design and fabrication of devices. Stimuliresponsive materials are a class of materials that can undergo reversible and controllable changes in their properties in response to specific external stimuli such as temperature, light, pH, electric fields, or mechanical stress. The development of stimuli-responsive materials holds great importance in various fields, including the creation of new technologies and machines. Using these materials, scientists and engineers can achieve enhanced functionality, improved performance, and novel applications that were previously unattainable. 1 The potential applications of stimuli-responsive materials are vast and encompass a wide range of fields. They can be used in biomedical applications for drug delivery systems, tissue engineering, and biosensors that respond to specific biological signals.

In addition, stimuli-responsive materials can enable the creation of materials with shape-changing abilities and self-healing capabilities. 2 They also have implications in energy storage and conversion, environmental monitoring, and advanced manufacturing processes. Moreover, significant strategic changes have been observed in the textile industry to encourage the development and advancement of smart textiles. These textiles, capable of sensing and reacting to their environment, can be divided into two categories: (i) passive smart textiles that modify their properties in response to environmental stimuli, and (ii) active smart textiles that are equipped with sensors and actuators to translate internal parameters into transmitted data. 3 Among different types of smart textiles, there has been a particular focus on those that can respond to artificial or solar light designed by incorporating photochromic molecules. 4 Traditionally, these passive textiles, which change their color due to light exposure, have been used primarily in applications related to fashion, security, UV protection, UV sensors, and military camouflage. 5 However, in recent times, global research efforts are focused on developing third-generation active photochromic fibers. These textiles combine the response to light (color change) with significant changes in macroscopic properties, such as photoinduced shape alterations representing a fascinating challenge commonly referred to as the "photomechanical effect".

In 2010, Irie and coworkers reported the synthesis of organic photo-actuators based on dithienylethene (DTE) crystals that can change both color and shape upon irradiation. 6 The photo-switching mechanism of DTEs is based on the carbon-carbon electrocyclization between a colorless open form (OF) and a colored closed form (CF). DTEs are considered among the most efficient bistable photoswitches reported in literature. A two-component co-crystal of a rectangular shape (5 mm long), consisting of a photochromic DTE derivative and perfluoronaphthalene, has shown reversible bending motion when alternately exposed to UV and visible light (Figure 1a). A molecular crystal cantilever was created in which a metal ball is lifted when irradiated with UV light (Figure 1b). To understand the underlying mechanism of this photomechanical effect, in situ X-ray crystallography was used. It revealed that the crystal's deformation is due to the shape alteration of individual DTE molecules during photocyclization. The bending motion is attributed to the gradient between OF and CF. Despite these promising results, photo-actuators using DTE crystals face significant drawbacks, including size restrictions to the millimeter range, limitations on shape due to crystal morphology, and fragility. For broader real-life applications, more flexible processing methods are required. 6 The transformation of passive photochromic textile fibres into active ones, with a clear physicochemical response to the external light stimulus, is a subject of a world-wide interest where the few examples available in the literature mainly concern fibres based on azobenzene molecules. 7,8 In 2013, Zhang et al. reported the synthesis of an azobenzene containing liquid crystalline elastomer (LCP) fibers that display photo-induced shape bending and unbending behaviors. 9 Nevertheless, the bending and unbending of these azobenzene based LCP fibers are obtained at 60°C, which limit their potential applications. In addition, azobenzene molecules are not bistable photoswitches where the fiber slowly returns to its initial shape after stopping irradiation. Additionally, the light must be centered in the UV/blue region, at λ 365 nm which is not representative of the solar energy to obtain the best response.

In this TACTIL ANR project, the interest is mainly directed towards the exploration of novel light responsive materials in the course of developing innovative, smart photochromic fibers incorporating dithienylethene (DTE) photo switches that can simultaneously change their macroscopic shape and color under UV/Visible light irradiation. These photo switches will be incorporated into polymers following two different strategies either supramolecular based on hydrogen bonds or covalently through boronate connections. The primary strategy of the TACTIL project is to coat commercial synthetic and natural fibers with these photo-responsive polymers to obtain the targeted photo-responsive fibers. It is worth noting that this TACTIL project gathers different researchers of different laboratories with distinct and complementary skills and expertise to fulfil the requirements of this project including the chemical synthesis, the rationalization and multi-scale modelling of coating and the characterization of the resulting coated fibers.

Therefore, this manuscript is divided into three chapters where the different concepts will be provided consecutively. The first chapter is devoted to generally explaining the concept of stimuli responsive polymers (SRPs) or smart polymers through the illustration of their different families on the basis of the type of the stimulus used. It then focuses on the exemplification of different light responsive polymers and after on different shape changing polymers. This is to demonstrate the distinct aspects of these two families and the interests of combining light stimulus with shape changing effects as it is the main goal of this TACTIL project. At the end of this chapter, the two strategies used in the synthesis of the photo-responsive polymers are briefly explained along with the choice of both the photo switch, dithienylethene (DTE), and the family of polymers, polyurethanes.

In chapter two, after a short bibliographic explanation on the choice of polyurethanes as the family of polymers, the first strategy used for the synthesis of the targeted photo-responsive polymers, is introduced and developed. It is based on the utilization of hydrogen bonds to create supramolecular photo-responsive polymers through the blending of a DTE unit and a polyurethane functionalized with ureidopyrimidinone (UPy) function that is known to form quadruple hydrogen bonds between each other. The synthesis of different UPy functionalized polyurethanes is presented and their characterization is discussed. The screening of different polyurethanes with different monomers' proportions would allow the comparison of their properties and therefore the possibility of finding the best combination that suits the final objective of this project which is the synthesis of shape changing photo-responsive polymers.

In chapter three, the different methods followed in the preparation of boron containing polymers are first presented followed by the illustration of the second approach used in this TACTIL project for the creation of photo-responsive polymers. This exploratory approach is the transposition of the supramolecular approach to a covalent approach preserving the polyurethane nature of the polymers and is based on the use of covalent boronate connections to incorporate DTE units within polyurethanes. The synthesis of boron functionalized DTEs will be first presented followed by the illustration of the different photo-responsive polymers synthesized along with their characterization by different means of characterization techniques.

Chapter I Bibliographic survey on stimuli responsive polymers (smart polymers)

Generalities

Smart polymers, 1,2 also known as stimuli-responsive polymers, undergo reversible physical, or chemical changes in their properties in response to changes in their environment. These polymers can react to one or multiple stimuli such as temperature, pH, electric or magnetic fields and light intensity which can lead to macroscopic changes in the material, such as swelling, collapse, or transition from solution to gel, depending on the physical state of the chains. This allows them to be used in a wide range of applications, including sensors and biosensors for controlled drug delivery, environmental remediation, chemo-mechanical actuators, and many others. 3,4 To respond to stimuli, these polymers must have specific chemical or physical properties that allow them to respond in a predictable manner. The response of these polymers can be tuned by modifying their chemical structures or by adding functional groups that can respond to stimuli. In this following section, the main types of smart polymers are illustrated using a non-exhaustive list of corresponding examples.

Types of Smart Polymers

Generally, three main types of stimuli-responsive polymers, temperature-, pH-, and light-responsive polymers are considered in the literature, in addition to several other types, such as ion-responsive polymers and electrically or magnetically responsive polymers.

Thermo-responsive polymers

Thermo-responsive polymers, 5 also known as temperature-sensitive polymers, represent one of the most investigated classes of stimuli-responsive polymers as potential candidates for many biomedical applications. These systems typically exhibit a critical solution temperature, also known as the phase transition temperature (Tt), which is the temperature at which the polymer undergoes a reversible phase transition in solution based on its composition. Systems that exhibit a single phase above a certain temperature and phase separation below this temperature have an upper critical solution temperature (UCST). Conversely, polymer solutions that appear monophasic below a specific temperature and biphasic above this temperature have a lower critical solution temperature (LCST) (Figure 1.1). 5 The latter represents the type of polymer used in the majority of applications. Various temperature-responsive polymers with dramatically different Tt values have been reported in the literature (Scheme 1.1). The Tt of a thermo-responsive polymer can be tuned according to several different factors, including the polymer composition, its concentration, and the presence of additives.

Considering the given set of conditions, these polymers can be manipulated to serve as candidates for different biomedical applications. 6 For example, temperature-responsive polymers can be used in medicine by designing them to undergo a phase transition at a temperature above the normal range of the human body. This allows for controlled release of therapeutic agents. In the field of tissue engineering, temperature-responsive polymers that change phase between room temperature and body temperature are also widely available. Generally, polymers with lower critical solution temperatures (LCST) are soluble in aqueous media because of the formation of hydrogen-bonds with water molecules. When the temperature increases, these hydrogen bonds are cleaved, and the polymers become less soluble due to increased intra-and intermolecular hydrogen bonding and hydrophobic interactions. 7 A typical example of a lower critical solution temperature polymer is poly(N-isopropylacrylamide) (PNIPAAm), which has an LCST of 32 °C in water solution (Scheme 1.2). PNIPAAm has a long, extended chain structure when fully hydrated at temperatures below 32°C, and becomes less hydrated and more compact at higher temperatures. Cross-linked versions of PNIPAAm and its copolymers have been widely studied in the literature as temperature-sensitive polymers that control drug permeation and release through a thermal on-off switching mechanism. 8 Scheme 1.2. Structure of the PNIPAAm polymer Tissue engineering is an increasingly demanding field that aims at developing biological substitutes to restore, maintain, or improve the function of damaged or diseased tissues. It involves the use of biomaterials, cells, and growth factors to create functional tissue constructs that can be implanted in the body. Generally, traditional cell culturing techniques require the treatment with a proteolytic enzyme, i.e., enzymes that break down proteins, such as trypsin to efficiently recover the adhered cells of the substrate. However, enzymatic treatment damages cell membranes by hydrolyzing various proteins associated with the membrane, which leads to the disruption of cell function. Therefore, a new technique to recover cultured cells without the utilization of enzymes has long been desired. The ability of temperature responsive polymers to change their physical behavior with respect to a specific temperature made them a promising tool to be used in the field of tissue engineering. The use of a temperature-responsive polymer would allow efficient cell detachment and recovery compared with conventional methods. In that regard, Okano et al. reported in 1993, the use of PNIPAAm in tissue engineering. 9 The polymer was grafted onto the polystyrene surfaces of commercial culture dishes. PNIPAAm was used as a temperature switch to creating hydrophilic surfaces below 32°C and hydrophobic surfaces above 32°C. They have then tested the culturing of certain types of cells on these PNIPAAm-grafted polystyrene surfaces at 37 °C. The cultured cells were easily detached without contamination or enzymatic treatment by simply decreasing the temperature below 32 °C which is the phase transition temperature of the polymer. 9 . The sheets maintain growth and secretion activities, and substrate adhesiveness, nearly comparable to primary cell. 6 Poly(N-isopropylacrylamide) (PNIPAAm) is the most widely used synthetic temperature-responsive material, not only in tissue engineering but also in drug delivery, 10 biomaterial studies, and those that concern hydrogels. 11 Hydrogels are a type of biomaterial that has many applications in the fields of biomedical engineering, pharmaceuticals, and tissue engineering. They are composed of a threedimensional network of polymer chains connected through chemical bonds, non-covalent interactions, or ions, creating a scaffold-like structure that can absorb large amounts of water. Temperaturesensitive hydrogels based on PNIPAAm have been extensively investigated for drug delivery applications. However, the intrinsically poor mechanical properties of PNIPAAm result in uncontrollable drug-release profiles. This is as a result of the structural transformation of the hydrogel from a hard and brittle dehydrated gel into a very fragile gel when swollen. 12 In order to address this problem, PNIPAAm based hydrogels have been modified through copolymerization in a way to enhance their mechanical properties on one hand and on the other hand, to open the doors for more complex drug delivery systems with improved control of drug release.

Okuyama et al. developed hydrogels with increased mechanical strength based on the copolymerization of N-isopropylacrylamide (PNIPAAm) and butyl methacrylate (BMA), as shown in Scheme 1.3. 13 These hydrogels were found to produce an "on-off" pattern of drug release, with the release rate being dependent on temperature. The "on-off" release pattern observed with these hydrogels was attributed to the formation of a "polymer surface skin" on the surface of the hydrogel.

As the temperature increased, the skin trapped water inside the hydrogel matrix and hindered the diffusion of the drug out of the matrix.

Scheme 1.3. Structure of poly (N-isopropylacrylamide-co-butyl methacrylate) (PNIPAAm-co-BMA). (Redrawn from ref. 13).

Thermo-responsive polymeric micelles have also been developed (Figure 1.3). 14 These micelles are made up of block copolymers consisting of a thermo-responsive block and a hydrophobic block. The drug molecules were incorporated into the hydrophobic inner core of the micelles, with the outer shell being thermo-responsive. At temperatures below the phase-transition temperature of the thermoresponsive block, micelles were formed with a hydrophobic inner core and a hydrated outer shell. However, when the temperature exceeds the phase-transition temperature, the outer shell shrinks and becomes hydrophobic. This can cause the micelles to aggregate depending on their concentration and the strength of the hydrophobic interactions of the shrunken outer shell layer. The release of the drug may be increased when the temperature is raised. 15 

pH-responsive polymers

pH-responsive polymers 16 are stimuli-responsive polymers that can change their structure and properties in response to changes in environmental pH. The term "pH-responsive polymers" is generally used to describe polyelectrolytes that contain weakly acidic or basic groups that can either release or accept protons depending on the variation of the pH. pH-responsive polymers have been widely studied in the literature in the last few years and have been used for designing different smart functional materials. Their unique properties make them good candidates for biomedical applications such as drug delivery, 17 gene delivery, 18 and biosensors. 19 Polymers possessing acidic or basic groups in their structures (i.e., carboxylic acids [-COOH], sulfonic acid [-SO3H], tertiary amines, etc.) can be ionized similarly to the ionizable groups of mono-acids and mono-bases. Nevertheless, their complete ionization is more difficult because of the electrostatic effects exerted by the neighboring ionized groups. The physical properties of such polymers (i.e., chain conformation, solubility, and volume) can be modified by adjusting the charge along the polymer backbone or by changing the electrolyte concentration. This can result in electrostatic repulsion forces that increase the hydrodynamic volume of the polymer. The application of any condition that alters the electrostatic repulsion, such as pH, ionic strength, and type of counterions, influences the transition of these polymers from a tightly coiled structure into an expanded state. This is explained by the changes in osmotic pressure applied by the mobile counterions that neutralize the network charge. 20 Polymers with acidic functions collapse at low pH as the acidic groups are protonated and neutralized. By increasing the pH, the acidic functional groups are deprotonated, and the negatively charged polymer swells. In contrast, the opposite behavior is observed with polybasic polymers, as the basic groups will be more ionized by decreasing the pH. The pH range in which the reversible phase transition of these polymers occurs can be modulated in two ways, including the choice of an ionizable moiety having a pKa that matches the desired pH range (preselecting between appropriate polyacids or polybases). In addition, inserting hydrophobic moieties into the polymer backbone in a selective way controlling their nature, amount and distribution is also a way to modulate the pH range of the phase transition of these polymers. 16 pH-responsive polymers can have different structures, such as linear, branched, or network structures, and exhibit different responses and self-assembly behaviors to changes in pH, such as flocculation, chain collapse or extension, and precipitation. Additionally, block polymers, branched polymers, and star polymers as well as copolymers of this kind encompassing pH-responsive blocks can exhibit surface-active behavior when pH changes. These polymers can also form structures, such as micelles, gels, vesicles, and hydrogels, which can change in size in response to pH changes. Surfaces modified with these polymers can also be ionic or form thin or thick layers in response to pH changes. The changes observed in polymers with different architectures with changes in the pH are shown in Figure 1.4. 16 In 1997, Philippova et at. reported a pH-responsive gel of hydrophobically modified poly(acrylic acid) (HM PAA) (Scheme 1.4). 21 The obtained gels contained up to 20 mol % of n-alkyl acrylate units randomly distributed along the network chains. Their goal was to study the influence of the hydrophobic domains of the gel on the swelling transition of HM PAA gels, driven by pH changes as a result of gel ionization. where the gel shrank under acidic conditions and swelled as pH increased. This effect is caused by the ionization of the gel and the resulting osmotic pressure from the mobile counterions. To examine the opposing effects of hydrophobic and electrostatic interactions on the behavior of such polyelectrolyte gels, Philippova et al. prepared a series of polymers with varying levels of hydrophobicity. The results showed that hydrophobic aggregation plays an important role in the swelling behavior of the gels. Increasing the fraction and chain length of the n-alkyl side chains in the gel shifts the pH of the swelling transition to an alkaline medium (Figure 1.5-a and 1.5-b, respectively) because of the stabilization of the collapsed state of the gel by hydrophobic forces. They also found that the addition of hydrophobic groups to such gels allowed the preparation of gels with variable transition pH values. The formation of the hydrophobic aggregate domains was monitored using the fluorescent probe method and NMR spectroscopy. The studies revealed that ionization of gels with intermediate hydrophobicity broke up aggregates of the n-alkyl side chains. By increasing the hydrophobicity of the gel, the degree of ionization required to break the aggregates also increased. For gels with very high hydrophobicity, hydrophobic domains were found to exist over the entire pH range because they can effectively overcome electrostatic repulsion. In these gels, the competition between the hydrophobic and electrostatic forces leads to a reduction in the fraction of aggregated n-alkyl side chains upon gel ionization. Therefore, the hydrophobic microdomains in HM PAA gels may be reversibly destroyed or created by changes in the pH of the medium. 21 In 2016, Milo et al. reported a novel pH-responsive polymer coating for urinary catheters that provides a clear visual early warning of Proteus mirabilis infection associated with the urinary tract and subsequent blockage. 22 They benefited from the change in pH between healthy urine (pH 6) and the increase in basic pH as a result of the infections caused by Proteus mirabilis. To detect these infections, they demonstrated a dual-layered surface coating for urinary catheters combining a pH-sensitive polymer along with a fluorescent polymer, as fluorescence is a common technique used for the detection of pH changes. The platform consisted of a poly (vinyl alcohol) (PVA) layer that held the carboxy-fluorescein dye and was then covered with a layer of the pH-sensitive polymer, poly (methyl-methacrylate-co-methacrylic acid) (Figure 1.6). When the pH increases due to infection, the pHsensitive layer dissolves, releasing the fluorescent dye. This type of sensing platform provides a quick and clear way to detect infections, making it possible for rapid intervention without the need for costly and time-consuming methods, such as bacterial culture or blood tests. 22 

Photo-responsive polymers

Among all stimuli-responsive polymers, photo-responsive polymers have attracted much attention because their behavior can be remotely altered by light variation. 23 Various molecular properties can be light-regulated, including conformation, geometry, and conjugation. This light-induced molecular change is reflected in macroscopic changes in material properties, such as shape, wettability, solubility, optical properties, conductivity, and adhesion. Photo-responsive polymers have been widely studied for optoelectronics (e.g., data storage), biomedical application (e.g., drug delivery), actuation and as smart surfaces. 23 To construct a photo-responsive polymer, a photo-responsive unit must be incorporated into the polymer chain. Given that a variety of photochromic functional groups exist in the literature, the choice of these groups is influenced by the properties to be modulated and the targeted type of application. Further details on this aspect are provided in Section 3 (Photo-responsive Polymers) of this chapter.

One example of a photo-responsive polymer is a dithienylethene-containing polymer reported by Irie and coworkers in 1999. 24 These polymers showed an increase in electrical conductivity upon photoisomerization of the dithienylethene unit from its open isomer to its closed isomer (Scheme 1.5).

The extended π-conjugation through the backbone of the dithienylethene framework brought about by the closed isomer led to a decrease in the HOMO-LUMO gap, resulting in an increase in the overall electrical conductivity of the polymer. 

Photo-responsive polymers

Recently, there has been an increasing interest in photo-responsive polymers owing to the different advantages of using light stimuli. Compared to other stimuli, light is appealing because it is highly efficient stimulation source that is easy to manipulate and can be controlled in a spatiotemporal manner. As we have already pointed out, these polymers result from the combination of a photochromic unit and a polymer. In this regard, we will cover in this section the definitions and properties of some organic photochromic units, in addition to a non-exhaustive illustration of different examples of photo-responsive polymers with different positions and attachments of the photochromic units to the polymeric material.

Organic photochromic compounds

Definitions and properties

Photochroms undergo a reversible transformation between two distinct structures with changes in their electronic structure (i.e., absorption spectra) and geometry under light irradiation. This transformation is accompanied with a color change and known as "photochromism." These features allow them to act as switching elements and dynamic components in various optoelectronic devices and functional materials. 25 The organic photochromism phenomenon can be explained using a widely adopted model, which involves a simple two-way reaction between two molecular isomers denoted as A and B (Figure 1.7).

In order to excite A to an excited state A*, a light source of a specific wavelength λA, which generally lies in the UV range or near UV, is used. From this excited state, relaxation of the system occurs, yielding isomer B (Figure 1.7). Depending on the energy barrier between the two isomers A and B, two types of photochroms can be considered. If the energy barrier (ΔE) is low, B is metastable. In this case, B can spontaneously revert to isomer A. This reversion reaction is a thermal reaction, and photochroms operating according to this mechanism are known as "T-type photochroms". However, if the energy barrier (ΔE) is high, the system becomes bistable, meaning that the reversion reaction can only occur through light irradiation of a specific wavelength λB and is not thermally accessible. Such systems are called "P-type photochroms" (Figure 1.7). 25 In materials science, the targeted applications define the choice of the photochrom. Therefore, some properties of these photochroms must be considered. First, the efficiency of the system which is quantified by the quantum yield of the photochemical reaction. The quantum yield is defined as the number of photons that lead to the photoisomerization reaction divided by the total number of photons absorbed by the system. In addition, the reversibility of the photochrom is of great importance as it indicates its fatigue resistance. The latter is referred to as repeatability of the A* photoisomerization reaction, i.e., the number pf photoisomerization cycles that can be performed from isomer A to isomer B and vice versa. It is worth noting that all photochromic molecules experience fatigue to a certain degree, and the extent of this fatigue is heavily influenced by factors such as the nature of the photochrome, light (wavelength, power of the source), as well as other experimental conditions (duration of exposure, and temperature). As aforementioned, this photochemical reaction between the two isomers results in a change in their molecular structure and so their optical properties. The change in structure involves a geometrical transformation, such as a twisting, bending or flattening of the molecule. The exact nature of the geometrical change depends on each and every photochromic molecule.

Classes of organic photochromic molecules

There exists a variety of organic photochromic molecules in the literature, each with its unique structure and photochemical properties. 26 Some of the most common classes of organic photochromic molecules are illustrated in Scheme 1.6. There exist indeed other inorganic photochromic molecules but there will not be addressed as they are out of the scope of this manuscript. 27,28 Scheme 1.6. Examples of photochromic molecules. (Redrawn from ref. 25).

One of the first extensively investigated families of photochroms is the class of spiropyrans. Under UV light, they undergo a reversible ring-opening isomerization from their colorless ring-closed spiropyran (SP) form to their colored ring-open merocyanine (MC) form. The photoisomerization reaction is based on the heterolytic cleavage of the C-O bond to generate the conjugated open form. This photoisomerization is also coupled with a significant structural change when passing from the SP form to the MC one. The fact that the SP are colorless in their closed form is due to the quaternary spiro carbon atom that prevents the electron delocalization over the two condensed rings and the molecule consequently absorbs only in the UV region. However, the MC isomer exhibits an absorption band in the visible region due to the extended conjugation along the planar MC open form. It is important to mention that photochromic compounds belonging to this family are considered as T-type photochroms. This is due to the thermodynamically unstable MC form that reverts back to its original SP state. 29 Nevertheless, the stability of the open MC form can be improved by the addition of stabilizing functionalities, nitro groups for instance. 30 Furthermore, dihydropyrenes or DHPs are another example of photochromic molecules. Their photochemical isomerization corresponds to the transformation of the colored closed DHP isomer, under visible light irradiation, into the colorless open cyclophanediene (CPD). Their photochromism is based on the cleavage of the central C-C bond. The back reaction regenerating the DHP isomer can occur thermally or with UV light. As a result of the thermal instability of the CPD isomer, this family of photochromic molecules is categorized as a T-type photochroms. 31 However, more stable CPD isomer can be achieved by modifying the functionalization of this isomer. 32 Another type of photochromic molecule is the family of azobenzenes first discovered in the 19 th century by Hartley. 33 These molecules undergo a reversible trans-cis isomerization upon UV light irradiation from the thermodynamically stable trans isomer to the thermally unstable cis isomer. Due to the thermal instability of azobenzenes and the fast relaxation of the cis isomer into the trans isomer, they are classified as T-type photochroms. Azobenzenes have been widely used as molecular switches, utilizing the significant shape change induced by the photoisomerization. 34 In addition, fulgides are also a thoroughly researched type of photochromic molecules first discovered by Stobbe at the beginning of the 20 th century. 35 When these molecules are irradiated with UV light, they undergo a reversible photocyclization through the 6π-electrocyclization of the 1,3,5-hexatriene core unit from the ring open isomer to the ring closed isomer usually noted as the C isomer. They were initially found to be thermally reversible photochroms, but proper functionalization of these molecules allowed the cycloreversion reaction to be photochemically induced by applying visible light. This thermal stability of both isomers makes them categorized into the P-type photochroms. 36 Moreover, the family of diarylethenes (DAE) is one of the extensively explored types of photochromic molecules that was first introduced by Prof. Masahiro Irie in Japan. They have become widely popular due to their exceptional thermodynamic stability of both of their isomers which adds them into the Ptype photochroms. Similar to fulgides, their photochromism is due to the reversible isomerization process from the colorless unconjugated ring open isomer of the DAE, through the 6πelectrocyclization of the 1,3,5-hexatriene core unit upon UV light irradiation, resulting in the formation of their colored conjugated ring closed isomer. 37 It is worth noting that DAEs were also found to exhibit photochromism in the solid state as in crystals.

Towards real life applications

These aforementioned classes of photochromic molecules have been exhaustively studied and developed for a wide range of applications in areas such as optoelectronics, sensors, data storage, and biomedicine. 38 Industry is actively working to enhance current light-responsive systems, while researchers are still trying to create innovative new technologies that could seize, expand, or launch new markets for industrial photochromism. Therefore, there exists a growing list of potential application areas including optical memories, smart objects and textiles, bioimaging, and molecular machines. 39 Given the fact that the amount of data generated each year is constantly increasing and the quality of the images and sound is improving, it requires even more efficient information storage devices that are resistant in time, with high information density. In that regard, photochromic molecules could be envisaged as promising candidates to be used as active elements in optical memory devices allowing for writable and erasable storage of data. When exposed to light of a specific wavelength, the photochromic material will undergo a reversible transformation in their molecular structure permitting the storage of information in the form of optical bits. These bits can be read and erased using appropriate light sources, allowing for repeated use of the same storage medium. The use of photochromic materials in optical memories has the potential to greatly improve the efficiency and reliability of data storage systems. 40 Moreover, photochromic materials have been greatly introduced in the market of smart objects (bracelets, artificial flowers, stuffed animals, etc.), cosmetic products (nail polish etc.) and smart textiles (T-shirts, caps, etc.) as well as photochromic inks. The latter is used as an authentication system to fight against counterfeiting or as a traceability technique in some garments. 41 In addition to that, coupling these photochromic molecules with other fluorescent units enables their use in bioimaging applications. 42 In the 1980's, the studies carried out on spiropyrans allowed the development of new optical materials with variable transmission, called photochromic glasses, capable to replacing those existing since the 1960s. The latter were made of inorganic agents (AgCl or AgBr) that are expensive, easily degradable and whose optical properties were not very flexible. These new glasses are made by depositing on the corrective lens a polymer film in which are dispersed T-type photochroms of the family of spiropyrans and/or spirooxazines. 43,44 This type of lens is nowadays marketed by Essilor under the name of Transition lens (Figure 1.8). When the sunlight is strong, the lens becomes tinted in a few seconds and acts as a UV filter. The user then has only one and the same corrective eyeglasses playing the role of both classical and sun glasses. However, the discoloration of the lenses when the luminosity is lower is considered slow (a few minutes) which can be very annoying and even dangerous for the user.

Studies are still being conducted to accelerate the fading time of these lenses. Furthermore, photochroms can be used to modify, remotely and via light, the physical and chemical properties of textile fibers. Inserting such fibers into textile parts would allow the formation of new generations of intelligent textiles. One example of such system consists in using photochroms to modulate the adhesion of water on the surface of a substrate by the modification of the crystalline arrangement generated by the photochromic modification. Irie and coworkers has taken advantage of this effect to fabricate microcrystalline surfaces of diarylethenes with a variation in its wettability. 45 Upon UV light irradiation, an increase in the wettability of the surface was observed due to the formation of microcrystalline needles of the ring closed isomer of the DAE. After exposure to daylight (10 min) and then 24 h in the dark, the surface recovers its hydrophobic character (Figure 1.9). This variation in wettability makes it possible to envisage new textiles capable of adapting their permeability capacity according to the climatic conditions. Additionally, the development of molecular machines has been a greatly demanding field since a long time and has attracted the attention of many research teams. 46 Molecular machines are based on the building of systems capable of reproducing, at the molecular and macromolecular levels, functions similar to those of macroscopic machines (motors, rotors, muscles, etc.). During irradiation, the photochromic reaction associated with each photo-responsive molecule can lead to structural changes that can be detected at the macroscopic scale especially in the solid state. Converting light energy into mechanical energy by using materials encompassing photo-responsive molecules has been already demonstrated. [47][48][49] In 2008, Ikeda and coworker developed a light driven plastic motor based on an azobenzene containing liquid crystalline elastomer (LCE). 48 LCEs combine the properties of both liquid crystals and elastomers and can be largely and reversibly deformed (contracted, elongated, bended) when a photo responsive molecule, such as azobenzene, is incorporated within its structure. 50 Thin films of this azobenzene containing LCE were prepared and tested for mechanical motion. It has been shown that the light penetration is restricted to the surface inducing bending or flattening behavior of the thin film under UV or visible light irradiation respectively. This is due to the high concentration of Azo units within the LCEs. To bring some additional resistivity to the final photo actuator, they have investigated a composite system combining the azobenzene based LCEs with flexible plastic sheet of polyethylene (PE) having good flexibility and mechanical properties at room temperature. By this way, they were able to elaborate a light driven motor (1 LCE-AZO composite strip and two pulleys) that is to date one of the most impressive examples of plastic machine working not with electrical wires but UV and visible light instead (Figure 1.10b). 48 More recently, Ikeda and coworkers have investigated photo mobile films with glassy nature made from a thermoplastic polyurethane (TPU) LCE containing AZOs moieties. 49 The system being stabilized by the formation of physical cross-links through hydrogen bonding interactions (Figure 1.11). The films showed reversible bending-flattening movements which could be repeated for 100 cycles. Figure 1.12 illustrates the photoinduced bending behavior of the prepared TPU-Azo films under light irradiation. Under UV light irradiation (λ 365 nm), the film bended towards the light source. The transcis isomerization of the azobenzene moieties is at the origin of this deformation due to the contraction of the main chains from their original aligned state. The photoisomerization reaction of the azobenzene units and the subsequent change in conformation mainly occur near the surface of the film, resulting in bending at the macroscopic scale. Upon visible light irradiation, the film reverted to its initial shape along with cis-trans isomerization of azobenzene moieties. As shown in the previously listed examples, the incorporation of light-responsive units within polymers has garnered significant interest due to their potential in various applications across different fields. In that regard, section 3.2 will be devoted to the illustration of the different types of photo-responsive polymers based on the localization of the photo-responsive unit within the polymer.

Main categories and features of Photo-responsive Polymers

From the chemical structure point of view, several types of photo-responsive polymers were categorized and are detailed in the following section.

Main-chain Photo-responsive Polymers

The incorporation of photosensitive groups, such as diarylethenes and spiropyrans, into the backbone of a conjugated polymer chain allows for the manipulation of the material's optoelectronic characteristics. This is due to the ability of such groups to transition between conjugated and nonconjugated structures. In 1999, Stellacci et al. reported the first example of a poly(diarylethene) photochromic polymer (Scheme 1.7). 51 Scheme 1.7. First poly(diarylethene) photochromic polymer. (Reproduced from ref. 51).

The open form of the diarylethene exhibited an absorbance maximum, λmax, at 320 nm. Upon UV light irradiation of a near wavelength, the polydiarylethene with the open form isomer of the DAE (pDAE-OF) undergoes an electrocyclization reaction and is converted to the closed form isomer pDAE-CF. This transformation was translated into a red shifted absorbance with a λmax > 600 nm. Additionally, the reversible transformation between pDAE-CF and pDAE-OF also allowed the control of the electrochemical response of the material using light. In particular, pDAE-CF can undergo a reversible redox process, while pDAE-OF decomposes during this process. This unique property allowed the development of what so called electroswitchs. 51 Another example of a polymer encompassing a diarylethene unit within its main chain is a photochromic polyurethane reported by the group of Bertarelli in 2011 (Scheme 1.8). [START_REF] Hirai | Structurally Constrained Boron-, Nitrogen-, Silicon-, and Phosphorus-Centered Polycyclic π-Conjugated Systems[END_REF] These polymers were synthesized by the polymerization of an aliphatic diisocyanate bearing two different diarylethene units, containing either a methylene or a benzyl spacer, and functionalized with lateral hydroxyl groups. This polymerization furnished amorphous films with interesting optical characteristics. By adjusting the amount and chemical structure of the photochromic monomer, the optical properties of the films can be finely tuned. For instance, the direct linkage of the benzyl spacer to the DTE framework will increase the extent of the extended π-conjugation resulting in different optical properties compared to the DTE with the unconjugated methylene spacer. . By precising the molar ratios of the two diarylethenes, one with a methylene spacer and the other with a phenylene one, the four aforementioned states could be addressed and distinguished using UV-vis and Raman spectra. The latter being characterized by strong changes in intensity.

The potential of these copolymers, with their four distinct optical states, for application in multi-state optical memories is noteworthy. The ability to harness such a quartet of states, beyond the traditional binary, can significantly enhance data storage density, making these polymers promising candidates for next-generation memory systems. Additionally, by ensuring the selection of the excitation line such that it is not close to the absorption band of the material, , this technique could be applied in principle to be utilized as a non-destructive readout in rewritable optical memories. [START_REF] Hirai | Structurally Constrained Boron-, Nitrogen-, Silicon-, and Phosphorus-Centered Polycyclic π-Conjugated Systems[END_REF] This is vital for repeated data access without compromising data integrity, which could revolutionize the performance and longevity of optical memory devices.

Scheme 1.9. Illustration of the four states of the copolymer upon photocyclization and cyclo-reversion reactions.

End-chain Photo-responsive Polymers

Polymers containing a solitary photochromic group at the end of their chain have also been utilized to control the properties of the polymer chains. In fact, the determination of the minimum number of photochromic units required in a polymer to trigger a measurable response is of particular interest for the development of cost-efficient devices. In that regard, photo-responsive polymers featuring photoresponsive chain ends are of great interest. In 2011, Heise et al. reported the synthesis of an interesting example of a spiropyran functionalized poly (methyl methacrylate) (PMMA) (Figure 1.13 -Left). 53 These polymers displayed photochromism when exposed to UV light irradiation where the colorless spiropyran isomer is transformed into the colored merocyanine isomer (purple color in this case). This isomerization was observed by the appearance of a new absorption band in the visible region at λ 568 nm (Figure 1.13 -right). These polymers also exhibited solid-state photochromism with a longer wavelength absorption band at λ 597 nm compared to the solution absorption. This indicates that in the state of low solvation (absence of acetonitrile), the merocyanine end-group is in the nonpolar environment of the random coil of the PMMA. One another interesting example of an end-chain photo-responsive polymer is an oligo (paraphenylene) (OPP) functionalized by a chiral diarylethene (DAE*) reported by the group of Akagi in 2014 (Scheme 1.10). 54 These chiral DAE terminal moieties induced chirality in the OPP main chains and their

photoisomerization from the open to the closed isomer, prior to the formation of the supramolecular assembly, leads to a change in the helicity of the formed π-stacked structures. It has been indicated that the open form of (R)-OPP has P-helicity and a right-handed helically πstacked structure. However, the closed form of (R)-OPP has M-helicity and a left-handed helically πstacked structure. 

Side chain photo-responsive polymers

Side chain photo-responsive polymers have been widely investigated for the use in optoelectronic 55 devices and organic field effect transistors (FET). 56 In 2019, Tian et al. designed a photo-responsive polymeric semiconductors involving covalently bonded azobenzene units rather than its physical blending with the semiconducting polymer. 57 Using the latter method, self-aggregation of photochromic molecules is more likely to occur within the blends of the semiconductor polymers and the photochromic molecules. This would lead to an important phase segregation thus affecting the device stability and performance.

In that concern, Tian and coworkers studied a diketopyrrolopyrrole DPP-based conjugated donoracceptor polymer PDAZO comprising azobenzene moieties in the flexible alkyl side chain connected to the nitrogen of the fused pyrroles (Scheme 1.11). Light modulated FETs with single component system were successfully fabricated with thin films of PDAZO. The photoisomerization of the azobenzene groups in the side chains of PDAZO allowed the simultaneous regulation of both intra-and interchain charge transporting affording FETs with light modulated behavior. In addition, this photoisomerization brought up a significant dipole moment change that allowed the photo-modulation of the electrostatic potentials exerted by the azobenzene groups on the conjugated backbone. As a result, alternating UV and visible light irradiations can tune the intrachain charge transporting along the polymer backbone. Furthermore, a geometrical change is taking place along with the trans-cis isomerization of the azobenzene units resulting in the perturbation of the packing of the side chains as well as the conjugated backbones. This produces a control of the interchain charge transporting upon light irradiation. Finally, the azobenzene moieties in the PDAZO films possess comparably good photo reversibility and fatigue resistance. 57 

Supramolecular photo-responsive polymers

Supramolecular photo-responsive polymers 58 are structured and well-organized arrangements composed of highly orientated and reversible non covalent interactions comprising photosensitive molecules as a building block. Their intriguing properties make them good candidates to be used in applications such as light-driven soft actuators, photo-responsive fluorescent anticounterfeiting and light-triggered electronic devices.

In 2021, Yagai and coworkers reported a photo-responsive assembly based on diarylethenefunctionalized barbiturate derivatives (Scheme 1.12). 59 This supramolecular assembly shows reversible folding upon light irradiation. The ring-opened isomer of the diarylethene monomers is assembled in a randomly coiled supramolecular polymer upon cooling. Upon UV light irradiation, this disordered assembly folds into a helicoidal structure in methylcyclohexane as a result of the electrocyclization of the DAE units into their closed form isomers. The authors suggested that this photocyclization minimizes the polymer's structural defects caused by the more flexible open isomer of DAE units and increases at the same time the internal order of the supramolecular polymer backbone associated with the more rigid closed isomer of the DAE units. The helical structures were able to be unfolded through visible light irradiation and aging, but the process was less efficient than the folding process. The slow unfolding process was most probably due to the interloop van der Waals interactions of the helicoidal structures. Noticeably, the thermodynamically stable helicoidal supramolecular assembly of the closed isomer can only be formed by photo-induced isomerization of its open isomer in a preorganized coiled structure, while the monomeric closed isomer monomer was self-assembled as linear ribbons upon cooling. Their further irradiation with visible light, allowed the reformation of the open DAE isomer preserving the ribbon structure.

Shape changing polymers

Generalities

Shape-changing polymers are an emerging class of stimuli responsive materials. 60,61 They have witnessed a lot of interest due to their behavior that mimics the biological processes observed in nature. Furthermore, these polymers which can morph into different shapes, are also ideal for the use for biomedical applications because of their adaptable properties and controlled shape transformation. 62 Shape-changing polymers can be classified based on their response to different external stimuli. The most common stimuli that can trigger shape changes are temperature, pH and light. In this section, a general view of some examples of each type of stimuli will be presented.

4.2. Classes of shape changing polymers based on the type of stimulus 4.2.1. Thermo-responsive shape changing polymers

In 2010, Ionov and co-workers reported the synthesis of a new approach for controlled drug encapsulation and release utilising a thermo-responsive polymer. The work of Ionov was based on the employment of self-rolling tubes which can be constructed by thin films. These tubes have the ability to self-roll as a result of exerted internal stress. 63 They demonstrated the development of a partially biodegradable microtubes that are able to capture and release guest molecules of sizes up to 10 μm in response to temperature changes in the range of 25 -33 °C. These microtubes were fabricated by the combination of two polymers, namely a thermo-responsive copolymer based on poly(N-isopropylacrylamide) (PNIPAAm) and a hydrophobic polycaprolactone (PCL). As already mentioned in section 2.1, PNIPAAm undergoes a reversible change in solubility at its LCST (33 °C) in aqueous environments. On the other hand, PCL, a water insoluble polymer, is deposited on top of the PNIPAAm layer to create a two-layer film that can self-roll and unroll due to swelling and collapse of PNIPAM at low and elevated temperatures, respectively. The rolling and unrolling of the microtubes can be used for encapsulation and release of microparticles (Figure 1.15). In addition, magnetic nanoparticles are also imbedded in the thermo-responsive layer to brought sensitivity to magnetic fields to the microtubes.

At temperatures above 28 °C, bilayer films remain unchanged. However, when the temperature drops below the LCST of PNIPAAm, they begin to roll up and form tubes in a very fast manner. When the tubes are heated again, they can unroll almost completely returning their original shape. This demonstrated effect provides the opportunity of the successful implementation of such polymers for controlled drug delivery as well as for the design of scaffolds for tissue engineering. This terpolymer showed to have a good responsiveness to solution pH at specific average composition of the three blocks. It is worth noting that this terpolymer also displays responsiveness to thermal variations. At room temperature, they form spherical micelles at low pH (2) due to the hydrophilicity of both the PEG and PDMAEMA blocks. However, at a higher pH above the pKa of the PDMAEMA block, which becomes less hydrophilic as the degree of protonation decreases, the micelles can transform into worm-like structures (Figure 1.16). In addition, at a high pH and temperature, different types of assemblies were observed at or near the LCST of the PDMAEMA block. Toroidal micelles were formed at a pH of 8 and a temperature of 55 °C, whereas vesicles were constructed at pH 10 and 35 °C, near the LCST of the PDMAEMA block. 

Light responsive shape changing polymers

Light responsive shape changing polymeric materials have attracted significant attention in the recent years because of their potential to be used in wide range of applications including actuators, sensors, optical imaging and other biomedical applications. 65 A plethora of examples have been reported in the literature of shape morphing polymers incorporating photo sensitive groups. Yu and coworkers reported in 2017 the synthesis of linear liquid crystalline polymers with different azotolene concentrations (Scheme 1.14). 66 Using solution and melting processing methods, these polymers were further processed into films and fibers and their photo responsive behavior was examined. At room temperature, LC polymers can reversibly bend and unbend in response to visible light of λ 445 nm and λ 530 nm, respectively. This reversible transformation occurs due to the selective absorption of light in a particular direction causing the trans-cis isomerization of azotolene moieties present in specific domains and aligned along the direction of light polarization. It was observed that the bending direction of the film changes with each shift in the polarization direction. Additionally, each bending mode can be restored to its original flat shape by exposure to light of λ 530 nm or heating at 80 °C. Figure 1.17 shows the photo-responsive effect of the LCP processed fiber. The fiber was placed on a glass substrate to eliminate the effect of gravity on its bending behavior. When exposed to UV light (λ 445 nm), with the incidence direction parallel to the substrate, the LCP fiber bent along its long axis towards the light source as a result of the trans-cis photoisomerization of the azotolene moieties. Subsequently, upon exposure to visible light (λ 530 nm) or heating at 80 °C, the bent fiber returned to its original flat state. 66 In a different aspect and as previously discussed, the spiropyran (SP) and merocyanin (MC) isomers have different polarities, which results in varying solubility in polar solvents like water. In 2011, Kanamori et al. reported the use of this property to create light sensitive hydrogels consisting of spirobenzopyran functionalized poly(N-isopropylacrylamide) polymer (Scheme 1.15). 67 The light responsive volume change behavior of the gels caused by the reversible photoisomerization of the spiropyran moieties were evaluated.

It has been demonstrated previously that the LCST of PNIPAAm can be tailored by copolymerizing it with either hydrophobic molecules (lowered) or hydrophilic ones (raised). The ring closed SP form is known to be hydrophobic, while the open MC form is hydrophilic. Consequently, the spiropyran-PNIPAAm copolymer showed two distinct LCSTs, depending on the configuration of the spiropyran unit. By maintaining a constant temperature between the two LCSTs, the solubility of the hydrogel can be controlled by the light-sensitive spiropyran unit's configuration. To achieve actuation, the fibers were initially soaked in 5 M HCl. In such highly acidic conditions, the open MC form is dominant in solution due to its protonation. This led to a hydrophilic polymer with a high degree of swelling. Irradiating the hydrogel with blue light increased the formation of the SP form, which increased the polymer's hydrophobicity, reduced its LCST, and resulted in shrinkage. The hydrogel's contraction was most significant at the irradiated surface and gradually decreased with depth. As a consequence, a swelling, or rather deswelling, gradient was formed across the fiber, resulting in its bending. When the light was turned off, the SP reverted spontaneously to protonated MC form within several minutes, thereby restoring the initial shape. 67 The authors later employed the same polymer system to demonstrate the bending of rods and freestanding films. 68 As addressed before, both azobenzene and spiropyran belong to T-type photochroms due to the thermal instability of the cis isomer of azobenzene and the open merocyanine isomer leading to their isomerization back into the trans isomer in the case of azobenzene and the closed spiropyran form. This would result in the return of the deformed shapes of polymers containing such units to their initial states by increasing the temperature. Therefore, there has been a demand on using other photochromic molecules in the course of enhancing the stability and preserving the generated deformed shapes. One potential option is the use of diarylethene (DAE) photochromic compounds which could allow the development of a new type of light-sensitive material that is highly resistant to heat. This is in spite of the inherent thermal stability of both isomers of DAEs that makes them good candidates for a wide number of applications. In this regard, Ikeda and coworkers demonstrated that by using diarylethenes, crosslinked DAE containing LCP films can be synthesized (Scheme 1.16). 69 These DAE based films are able to bend towards the applied UV light. This is due to the photocyclization of the open isomer of the DAE into its corresponding closed isomer triggered by UV irradiation. However, visible light causes closed-ring to open-ring cycloreversion thus returning the bent films to their original flat state. These bent films can remain unchanged at high temperatures in the absence of visible light, evidencing the thermal stability of the materials (Figure 1.18). 69 However, it should be noted that these DAE based films must be kept in the dark to preserve their function. This is indeed a limitation of such materials. The need to protect DAE based films from visible light to maintain their distorted shapes may restrict their practical applications, particularly in environments exposed to ambient light. Nevertheless, it is important to note that this limitation depends on the specific requirements and constraints of the intended application. In some cases, the advantages of using DAEs, such as their thermal stability and their fast and reversible reaction to light, may outweigh the need to avoid exposure to light. While the restriction of DAE based materials to darkness may limit their applicability in certain scenarios, it can still be useful in controlled environments or specific applications where light exposure can be effectively managed. Overall, the use of DAEs and their response to light stimuli offer interesting possibilities for the development of light-sensitive materials, and researchers are continually exploring ways to overcome limitations and extend their usefulness.

Our strategies towards the synthesis of photo-responsive shape changing polymers

As aforementioned in the section 4, the use of shape changing polymers has been a topic of interest among chemists since a long time. It has been also shown that this effect is achieved by incorporating specific monomers that possess the ability to reversibly transform between two different isomers having different electronic and structural properties. The accumulation of these changes in a polymeric material allows for the translation of these properties from the molecular level into the macromolecular or the material level. Furthermore, the use of light as the stimulus has attracted special attention as it possesses numerous desirable characteristics including: i) the ability to remotely control and manipulate actuators; ii) providing precise spatial and temporal control and highresolution manipulation; iii) being a safe source of energy; and iv) enabling the suspension and continuation of light-triggered processes as desired.

The objective of my PhD work is to provide an efficient strategy to access novel light responsive shape changing polymers relying on the incorporation of a photochromic molecule within a polymeric material. In other words, we aim at developing novel active photochromic fibers that can change their macroscopic shape under light irradiation (Figure 1.19). It is noteworthy, that this is in line with the ultimate goal of the TACTIL ANR project which relies on the development of smart textile photochromic fibers incorporating DTE photo-switches that can simultaneously change their macroscopic size, shape and color under visible / UV light irradiation. In this regard, we are targeting a two-component system composed of a photo-responsive unit and a polymer. Thus, different aspects must be taken into consideration including the choice of both the photo-responsive unit and the polymeric material as well as the association approach or the type of connection used to link the photo-responsive unit to the polymers. Photoisomerization reaction Amongst all organic photochromic compounds, there has been a particular interest in the family of diarylethenes (DAE) as they fulfil the necessary requirements for an efficient photo-switch. This interest is well earned as DAEs are known for their unique characteristics including the thermal stability of both their isomers, as they belong to the P-type photochroms, their good fatigue resistance, fast response, and their photochromism in the solid state. Relying on these properties, diarylethenes are widely investigated for the use in functional materials technologies such as optoelectronic devices (memories, switches, etc.). 37,70,71 Most essentially, the DAE framework can be adapted with a wide variety of functional groups. As previously noted, we could take advantage of the impact of this change on the geometrical structure at the molecular level by transposing it to the macromolecular level through the polymerization of a DTE containing monomer.

Polymer nature: Thermoplastic Polyurethanes (TPUs)

Thermoplastic polyurethane elastomers (TPU) are a class of polymers which is widely investigated in the literature and tremendously used in the plastics industry. This huge interest in TPUs is due to their wide range of physical and chemical properties, which make them very versatile materials. They can be flexible at low temperatures, resistant to abrasion, transformable, and recyclable. This versatility of properties and implementation is due to the molecular structure of these polymers, the nature of the monomers and the ways in which they are obtained (Figure 1.22). TPUs are used in different applications such as protective coatings, automotive interior components, wire and cable sheathing, belts, medical devices, as well as for applications such as shoe soles, phone cases, rollers or trolley wheels. 72 Relying on that, TPUs are the polymer of choice to be the second component of the designed twocomponent system. This will allow the synthesis of a variety of polymers simply by modifying the nature of the monomers used for the polymerization.

Type of connectivity

As already described, photo-responsive polymers are synthesized through the integration of a photo sensitive group within a polymeric material. The attachment of the photo sensitive unit to the polymer can be accessed through two different methodologies involving either supramolecular interactions, through hydrogen bonds for example, or through covalent bonding. The TACTIL project is based on the incorporation of the DTE into a polyurethane polymer either through hydrogen bonds or by utilizing boron-based connections. In the following section, the two approaches will be discussed.

First strategy: through hydrogen bonds

Supramolecular polymers have gained a lot of interest as innovative materials due to their distinct properties in comparison to conventional polymers. These polymers consist of small monomers, generally linked together through multiple hydrogen bonds. 73 The presence of multiple hydrogen bonds within a functional unit together with a specific arrangement of the hydrogen bonding sites, can be an effective approach for augmenting the strength of this interaction as well as improving its selectivity. Ureidopyrimidinones (UPy) are tremendously known in the literature to form quadruple hydrogen bonds between each other (Scheme 1.19). Their ability to form stable hydrogen bonded dimers have inspired chemists to use such moiety to probe the formation of supramolecular polymers through the functionalization of different monomers with this UPy unit (Scheme 1.19).. 74 

Scheme 1.19. Structure of UPy unit and UPy dimer.

Yamato and coworkers reported in 2005 the formation of a photo-reversible supramolecular polymerization based on the use of UPy functionalized DTE photochrom (Scheme 1.20) . 75 They have suggested that the supramolecular assembly composed of the open DTE isomer is relatively unstable. This is due to the large loss of entropy associated with the loss of flexibility of the open DTE isomer upon the formation of the supramolecular assembly. This would result eventually in small molecular weight supramolecules. Conversely, the supramolecular assembly constituting of the closed isomer of the DTE is assumed to be stable allowing thus the formation of higher molecular weight supramolecular assemblies. This is due to the rigid structure of this photogenerated closed isomer. 75 

Scheme 1.20. Photo reversible supramolecular polymer based on a dithienylethene unit with lateral ureidopyrimidinone functions. (Reproduced from ref. 75).

Taking advantage of the supramolecular ability of the UPy moiety, the first strategy for accessing photo-responsive polymers is established (Scheme 1.21). It is based on the functionalization of a DTE unit with UPy moieties on the lateral positions. This UPy functionalized DTE unit is then to be blended with a UPy chain end terminated polyurethane elastomer in order to furnish the targeted photoresponsive supramolecular assembly. The photoisomerization of the DTE motif upon light irradiation with the associated changes in its properties, namely the geometrical change, is believed to exert an effect on the overall supramolecular polymer leading to macromolecular movement. Moreover, for this strategy, we aim at synthesizing a variety of polyurethane elastomers by changing the starting diisocyanate monomer as well as the proportions of the monomers (diols and diisocyanates) with respect to each other in a way to obtain polymers possessing different properties. Detailed explanation on the synthesis of these polymers and their characterizations will be discussed in chapter two of this manuscript.

It is important to mention here that the corresponding UPy functionalized DTEs will not be presented in this manuscript as they have been previously synthesized in our group. Rather it will be limited to the illustration of the synthesis and characterization of the different thermoplastic polyurethanes. This is done in collaboration with the "Équipe de Chimie des Polymères" led by Dr. Laurent Bouteiller at the Institut Parisien de Chimie Moléculaire (IPCM) in Paris and constituted only the first year of my Ph.D.

Strategy two: through boronate like connections

Examples of photo-responsive polymers incorporating boron atom have been previously examined in the literature for the use, for example, in nonlinear optics 76 or for functional material. 77 Wang and coworkers reported in 2017 the first example of organoboron based photochromic poly[(6-B(ppy)Mes2)oxyhexyl methacrylate)m-r-(tert-butyl methacrylate)n] that displays thermally reversible photochromism, switching color and fluorescence (Scheme 1.22). 78 The photo-responsiveness of this polymer is due to the presence of a typical photochromic boron compound, B(ppy)Mes2, that has an N,C-chelating ligand (ppy = 2phenylpyridyl) and two bulky aryl substituents such as mesityl (Mes). 79 B(ppy)Mes2 can undergo a highly efficient and thermally reversible photoisomerization, changing color from colorless to dark blue upon irradiation of UV light. 80 Scheme 1.22. Photochromic random copolymers with B(ppy)Mes2 as the pendant unit. (Redrawn from ref. 78).

The properties of these copolymers can be tuned by controlling the monomer ratio and the number of boron units within the polymer. The polymers are capable of absorbing light in the near UV range with a wavelength of λ 358 nm. This absorption causes them to display a strong blue luminescence (λem 476 nm) and undergo photoisomerization at the boron core, resulting in a deep blue color (λabs 580 nm) in solution or as thin films. They have also shown that the effectiveness of this color change process is influenced by the distance between the photochromic units and the number or concentration of the boron units (B(ppy)Mes2). Additionally, they have revealed that by decreasing the concentration of the (B(ppy)Mes2) in the copolymers, the photoisomerization quantum efficiencies increase from 13%, 34%, 44%, 51%, to 62% for P1-P5 respectively. This was rationalized by the effective energy transfer most likely via a Förster resonance energy transfer (FRET) mechanism, which is an energy transfer between a fluorescent donor in the excited state and an acceptor in the ground state, through a dipole-dipole interaction. 81 FRET mechanism was allowed due to the good overlap of the absorption band of the dark isomer (acceptor) and the fluorescent band of the colorless isomer (donor). Although increasing the number of the boron chromophore decreases dramatically the quantum efficiency, it has been demonstrated that the degree of fluorescence quenching increases.

These polymers have shown applicability in the effective switching or erasing ink on glass or paper substrate as well as for developing switchable/erasable patterns as neat polymer films. Polymer P5 was selected to showcase the potential of the photochromic polymer films in optical devices. A transparent layer of the polymer film was produced by spin-casting its toluene solution onto a transparent glass Petri dish, which was then left in a vacuum oven to allow for complete solvent evaporation. As depicted in Figure 1.23, the film is colorless under normal light but emits a blue fluorescence when exposed to UV light of λ 365 nm. After covering the film with a butterfly-shaped mask, the exposed area was irradiated with a hand-held UV lamp. This caused the exposed area to become dark blue with reduced fluorescence, whereas the unexposed area remained colorless and blue fluorescent. The resulting image can be erased by heating and the write-erase process can be repeated up to five times. Additionally, the blue patterned image remains stable for several days under ambient conditions, indicating a good stability of the polymer's dark colored state under air. In this regard and as a second strategy to access photo-responsive polymers, a covalent way to assemble components is also investigated. It relies on boron chemistry through the installation of specific boronate functional groups bearing a pendant reactive function. The presence of this pendant reactive function allows their post functionalization through, for instance, their reaction with a diisocyanate co-monomer as a way to synthesize novel photo-responsive polymers (Scheme 1.23). In this case, the geometrical change occurring upon the photocyclization of the DTE unit is expected to be maximized in the polymer and thus translated into an observable mechanical movement at the macromolecular level. The detailed explanation of this strategy, the synthesis and characterization of the monomers and the polymers with the corresponding photochromic properties will be discussed in chapter three of this manuscript.

Conclusion

In the first part of this chapter, generalities about stimuli responsive polymers also known as smart polymers were presented. Then, the main three families of stimuli responsive polymers were discussed based on the different stimuli used to tune the responsiveness of these smart polymers. Since a long time, scientists have been interested in such smart polymers as they become a rapidly growing field of research with promising applications in various industries, including medicine, biotechnology, and electronics. Their unique properties, such as responsiveness to environmental changes, make them highly versatile and adaptable to specific requirements. The ability of smart polymers to change their properties in response to specific stimuli has led to the development of novel and innovative products that are tailored to meet the specific needs of various applications. Despite the significant progress that has been made in this field, there is still much to be learned and improved upon. Further research is still going on to fully understand the behavior and potential applications of smart polymers, paving the way for the development of even more advanced materials with unprecedented capabilities.

After that, photo-responsive polymers were discussed focusing first on the different organic photochromic molecules that can be used to bring responsiveness capabilities to these polymers, and second on their different classes based on the localization of the photo-responsive units. Generally, photo-responsive polymers offer exciting possibilities for applications in fields such as optics, photonics, and materials science. The ability of these materials to change their physical and chemical properties in response to light makes them particularly attractive for a range of practical applications, including actuators, sensors, and drug delivery systems.

Then, different shape changing polymers that can respond to different stimuli by changing their shape, size and mechanical properties were considered. Their tunable properties have endowed them with the potential to revolutionize numerous industrial applications including sensors, actuators and drug delivery systems.

After lighting up the different stimuli that can be used to create smart polymers, light stimulus has proven to be one of the most promising stimuli owing to the different advantages that come along with its use including the ease of use, the remote control and the spatial and temporal control. Based on that, light was chosen to be the stimulus of choice. It has been also shown that structural or geometrical changes of polymers resulting in mechanical movement have attracted the interest of scientists for the great potential they possess in the development of new materials and devices that can be used in diverse areas, including biomedicine and materials science. In that regard, dithienylethenes have been chosen to be the photo-responsive unit relying on their ease of synthesis and of course their inherent properties including, thermal stabilities, fatigue resistance, fast response and the accompanied geometrical change happening along with the photocyclization of the DTE molecule. This DTE unit is to be embedded within a polyurethane elastomer which will allow chemical versatility with tunable elastomer properties.

In the last part of this chapter, the two different strategies that are used to access photo-responsive shape changing polymers were explained and exemplified. The first approach being based on supramolecular interactions specifically the quadruple hydrogen bond formation between a UPy functionalized DTE and a UPy chain end terminated polyurethane. The second approach relies on the use of covalent bonds through boronate like units bearing pendant reactive functions that will be post reacted with diisocyanates to access the photo-responsive polyurethane polymer.

Chapter two of this manuscript will be dedicated to the full explanation of the supramolecular approach used with a thorough elaboration of the synthesis of different UPy based TPUs and their characterization by different means of characterization techniques that was conducted in the first year of my Ph.D. The focus will be first on explaining the choice of the thermoplastic polyurethanes family by explaining generally the different aspects of these polymers. This will include depicting the different methods used to obtain them along with their resulting particular microstructure. Secondly in this chapter, the organic synthesis of the hydrogen bonding unit, the ureidopyrimidinone UPy unit as well as the synthesis of different thermoplastic polyurethanes that are chain end terminated with such UPy moiety will be illustrated. The full characterization of these polymers will be then discussed and the resulting properties will be commented.

In chapter three, the covalent approach used to synthesize photo-responsive polymers will be addressed. In this chapter, a non-exhaustive list of boron containing polymers will be first pointed out explaining the different methods used in their synthesis. The different optical properties of these boron containing polymers will be also commented when appropriate. This chapter will comprehensively elucidate the work conducted during the second two years of my Ph.D. The various synthetic routes employed to synthesize different monomers and the targeted photo-responsive polymers will be discussed. This work will shed light on the challenges and difficulties encountered throughout the process, offering valuable insights into the complexities of the conducted research. Furthermore, a thorough discussion will be presented, focusing on the characterization and examination of the optical properties exhibited by the synthesized monomers and polymers. Finally, a conclusion will be drawn out with a thoughtful consideration of related perspectives, providing a glimpse into future directions and potential advancements in the field.

Chapter II Synthesis and characterization of thermoplastic polyurethanes terminated by ureidopyrimidinone (UPy)

Generalities

Polyurethanes are a class of synthetic materials that are used in a wide range of applications due to their unique properties. They are formed by the addition reaction between a diisocyanate and a polyol, and the resulting material can be either rigid or flexible, depending on the type and amount of monomers used in the reaction. 1 They can be found in a variety of products, including foam insulation, adhesives, coatings, elastomers, and synthetic fibers. They are known for their high strength and durability, resistance to chemicals and abrasion, and ability to be customized for specific applications. They can also be designed with various physical and chemical properties, such as density, stiffness, and flexibility, depending on the needs of the application. They are often used in industries such as automotive, construction, furniture, and medical devices, due to their versatility and performance. 2 

Synthetic route

It should be noted that the type of polyurethane produced during the polyaddition reaction can vary based on the nature and functionality of the monomers used. This can result in three distinct types: thermoplastic polyurethanes, thermoplastic elastomer polyurethanes, and thermoset polyurethanes. The number of functionalities and the nature of the monomers used, as well as the process of obtaining them, determine the specific class of polyurethane produced. These classes have significant differences in their physical and chemical properties, shape, and recyclability. Figure 2.1 illustrates the variations between these three families. 

Schematic representation of a thermoplastic, thermoplastic elastomer and thermoset polyurethanes (empty circles are 2D linear patterns, solid circles represent 3D chemical cross-linking nodes, black bars represent physical crosslinking between linear polymers).

Thermoplastics result from the polyaddition of bifunctional monomers inducing the formation of linear polymers. Thermoplastic elastomers are block copolymers containing flexible and rigid phases resulting from the presence of different bifunctional monomers that have the affinity to interact between each other. These prementioned types of polymers can be melted, shaped, and recycled in various ways. On the other hand, monomers with a functionality greater than two result in the formation of thermosetting polymers, which undergo chemical cross-linking, and cannot be reversed.

In the course of my Ph.D., we are particularly interested in thermoplastic elastomers polyurethanes.

Various methods for producing such polymers will be outlined followed by a brief examination of the factors that affect their microstructure.

Synthesis involving diisocyanates

Generally, thermoplastic polyurethane elastomers (TPUs) are synthesized through the polyaddition reaction of three different types of bifunctional monomers (Scheme 2.1). TPUs are comprised of soft and hard segments. The soft segments are formed through the reaction between polyols and diisocyanate whereas, the hard segments are as a result of the reaction between the chain extender, which can be a short diol or diamine with diisocyanates. As there exist a variety of these monomers, this makes it possible to create different types of polyurethanes with diverse properties and performances.

Scheme 2.1. Polyaddition reaction for the synthesis of TPU based on IPDI diisocyanate, polytetrahydrofuran (PTHF) and butanediol (BDO).

Raw material: monomers

As already mentioned, TPUs are obtained by the reaction of polyols, diisocyanates and chain extenders that could be either short diols or diamines. 1 2.1.1.1. Polyols (polyethers and polyesters) TPUs are synthesized using two main categories of polyols, namely polyethers and polyesters, although other types such as polycarbonates or polyacrylics can also be employed. Polyether polyols can be synthesized through polyaddition reaction, opening of propylene oxide, ethylene oxide, or tetrahydrofuran rings. In contrast, polyester polyols are typically produced through the polycondensation between a diacid and a diol. Adipic and succinic acids are commonly used as diacid precursors in addition to ε-caprolactones that are also utilized via ring opening polymerization.

The properties of TPUs, such as their hydrophilicity, rigidity, and glass transition temperature, are affected by the type of polyol used. The elastic properties of TPUs are influenced by the molar mass of the polyol, which typically ranges between 500-4000 g/mol. Higher molar masses result in greater flexibility and reduced crystallization of rigid segments.

2.1.1.2.

Chain extender The diols or diamines with low molar mass, which lead to the formation of polyurethane-urea (PUU), are known as chain extenders. These small molecules enhance the concentration of urethane function in the polymer chain (hard segment), thus contributing to the rigid character of the polymer through the supramolecular assembly of urethane functions via hydrogen bonds. The chain extenders play a crucial role in creating the micro phase separation between the soft and hard segments. Butanediol (BDO), ethylene glycol (EG), and 1,6-hexanediol (HDO) are examples of commonly used chain extenders.

2.1.1.3.

Diisocyanates Diisocyanates are extensively utilized molecules in the synthesis of polyurethanes. Their properties have been widely studied with regards to their molecular structures. The electropositive character of the carbon in the isocyanate function induces its reactivity, allowing it to react with nucleophiles. On the other hand, the electronegative character of the nitrogen and oxygen atoms enables it to react with electrophiles such as labile hydrogens. Additionally, the electrons delocalization in various resonance forms also contributes to the isocyanate's reactivity (Scheme 2.2).

Scheme 2.2. Isocyanate function and resonance forms.

Generally, diisocyanates with more electron-withdrawing R groups, have a greater positive charge on the carbon atom, and therefore exhibit higher reactivity. Consequently, aromatic diisocyanates are typically more reactive than aliphatic ones. Scheme 2.3 depicts the commonly employed types of diisocyanates including aromatic and aliphatic ones. As aromatic diisocyanates, toluene diisocyanate (TDI) and 4,4'-methylene bis (phenyl isocyanate) (MDI) are the most frequently utilized in polyurethane production. However, aliphatic diisocyanates namely isophorone diisocyanate (IPDI) and hexamethylene diisocyanate (HMDI) are also used based on the type of the targeted application. 

Manufacturing methods

Industrially, thermoplastic polyurethane elastomers are produced following one of two methods. Either the "one-pot" process or the "pre-polymer" process also known as "two-step" process. 3 

2.1.2.1.

One-pot process The "one-pot" process involves adding the diisocyanate, polyol, and the chain extender together at the desired stoichiometric ratio, all in one reaction pot. Typically, this polymerization method is carried out without the use of any solvent, in bulk. By using the "one-pot" approach, the polyol and chain extender are randomly distributed within the macromolecular chain.

2.1.2.2.

Pre-polymer process The second approach is the "prepolymer" method, which is a two-step reaction. The first step is to react excess diisocyanate with the polyol to form the so-called isocyanate-terminated prepolymer. The second step, referred to as chain extension, is designed to react the isocyanate-terminated prepolymer with a short diol or diamine to obtain a high molecular weight polyurethane or polyurethane-urea segmented copolymer, respectively. The chain extension step is usually performed with the addition of a catalyst, generally dibutyltindilaurate (DBTDL), due to the increase in viscosity. This increase in viscosity is due to the increase in molar mass and the formation of strong hydrogen bonds within the hard segments. The two-step "prepolymer" method allows for a less random distribution, leading to a better distribution of the hard and soft phases.

Synthesis free of diisocyanates

With the focus nowadays on sustainable chemistry developments and new regulations, both research groups and industries are now seeking to substitute hazardous chemicals and harsh reaction conditions with greener alternatives in their intermediate and process choices. Hence, there is a growing interest in alternative routes for the synthesis of polyurethanes, both in academic research and industry. Indeed, there exist already ways to synthesize polyurethanes without the use of isocyanates. These non-isocyanate methods include the ring-opening polymerization of aziridines with carbon dioxide, the homopolymerization of cyclic carbamates, the polycondensation of some functions such as chloroformate and amine, carbamoyl chloride and alcohol, carbonate and amine functions in addition to the polyaddition of cyclic dicarbonates and diamines.

As in my Ph.D. we are interested in the synthesis of polyurethane elastomers using diisocyanate monomers, no further discussion will be provided on the topic of isocyanate free synthesis of polyurethanes. For further explanation, the reader is encouraged to read the following reviews. 4,5 3. Microstructure of TPUs

Micro phase separation

The polyaddition of the monomers (diisocyanate, polyol and the chain extender) will lead to the production of a segmented copolymer containing both soft and hard segments as illustrated in Figure 2.2. The hard segments consist of the urethane functions resulting from the addition of the diisocyanate with short diols serving as the chain extender. This close repetition of the urethane function induces the formation of numerous hydrogen bonds within the chain. Whereas, the soft domains are made from the long chains of the polyol. Due to the incompatibility of these segments, they undergo a micro phase separation leading to physical cross-linking nodes. This micro phase separation determines the mechanical properties of TPUs and the former is directly influenced by the structures and the proportions of the used monomers as well as their relative interactions. Nevertheless, its creation and the resulting microstructure can be influenced by various factors namely, the polymerization method, the concentration of hard segments, structure of diisocyanate and the strength of hydrogen bonds. For additional elucidation refer to this review. 7 

Functionalization of TPUs

Thermoplastic polyurethanes (TPUs) are versatile materials that can be largely functionalized to enhance their properties and widen their range of applications. Their functionalization involves the introduction of new chemical groups through a variety of chemical reactions. TPUs can be functionalized either through the addition of lateral pendant groups via side chain functionalization or at their chain ends by adding new terminating groups.

Side-chain functionalization

Side-chain functionalization involves attaching functional groups to the side chains of the TPU polymer chains. This method can alter the polymer's properties without changing the backbone structure. Sidechain functionalization can improve the flexibility, thermal stability, or biocompatibility of the TPU material. One of the promising tools used generally in the functionalization of polymers is "clickchemistry" that is based on copper catalyzed azide-alkyne cycloaddition reaction. Since the first report of "click" chemistry in polymer chemistry by Hawker, Sharpless and co-workers, 9 the construction of well-defined and complex macromolecular architectures via "click" reaction has been a strongly growing field of research. 10 Very recently, Lee et al. reported the synthesis of an azido thermoplastic polyurethane (ATPU) in which the azide group is dispersed along the side chain of the TPU. 11 They have revealed that by controlling the stoichiometric ratio of the starting monomers, the amount of the azido moieties can be readily adjusted. By clicking an azobenzene unit containing a triple bond to the azide functions placed at the side chain of the polymer, they were able to manufacture a light responsive shape changing polymer that can be used in UV-triggered bending and shape memory material (Scheme 2.4). 2.3a). After stretching the ATPU film (100 %), it bent towards the actinic light (Figure 2.3b). Further stretching of the film (150 %), resulted in a faster bending due to the larger internal residual stress in the ATPU (Figure 2.3c). It is noteworthy that, under the same strain, increasing the azo content to a certain extent, led to a more evident shape changing behavior. However, an excess of the azo moiety can lead to the hindrance of the actuation as it can influence some of the TPU properties such as its mechanical and thermal properties. Therefore, it is essential to identify the optimal amount of the azo compound to achieve the highest possible shape change when exposed to UV light. 11 

Chain-end functionalization

Chain-end functionalization involves modifying the ends of the TPU polymer chains by attaching functional groups. This technique can modify the properties of the polymer chains and affect the overall properties of the material. Chain-end functionalization can improve the adhesion of TPUs to other materials, increase their toughness, or enhance their resistance to environmental factors.

In 2014, Weng et al. reported the synthesis of polyurethanes incorporating spiropyran (SP) in their backbones and end capped with ureidopyrimidinone (UPy) units. The SP in this particular example was used as a mechanophore that isomerizes into the merocyanine form (MC) by mechanical forces. 12 Bulk films of UPy end capped polymers as well as urethane terminated control polymers were prepared and tested. It has been revealed that the bulk films of UPy terminated polymers exhibited a highly effective mechanochromic reaction of SP, whereas those containing urethane terminations have a much weaker activation. This difference in supramolecular interactions results in varying degrees of chain orientation and strain-induced crystallization (SIC) in the bulk, which in turn leads to different abilities to transfer load to the SP mechanophores. 12 Later in 2021, Chen and coworkers reported the synthesis of a polyurethane based material integrating 1,2-dioxetane (Ad) which is known to be a chemiluminescent mechanophore. 13 This polymer was then functionalized at its end chains by adding different dimerizable strong hydrogen bonding units such as ureidopyrimidinone (UPy) and pyrimidinone (DHB-2) or a non-interacting ethyl unit. They revealed that the strength of the hydrogen bonding affects the way the polymer chains are aligned, which in turn affects the level of mechanoactivation (response to mechanical stress) of Ad. This has been shown through various mechanical and optomechanical tests with each modification producing a distinct level of mechanochemiluminescence.

In this study, they showed that the strong hydrogen bonding interactions promoted chain orientation, which led to an effective mechanical activation of 1,2-dioxetane within the prepared bulk films. The UPy hydrogen bonding unit was found to be the most effective at improving the mechanical and optomechanical properties of the films, which were comparable to 1,2-dioxetane based polyurethanes containing covalent chain extenders. In contrast, the control sample without any supramolecular interactions between ethyl end groups had poor mechanical and mechanoresponsive properties. 

Synthesis and characterization of UPy terminated TPUs

As explained in chapter one, the first strategy that is tested for the synthesis of photo-responsive shape changing polymers is based on supramolecular interactions. In that regard, a two-component system based on a photo-responsive unit and a polymer is designed. This design is composed of a dithienylethene (DTE) unit as the photo switch and a thermoplastic polyurethane (TPU) as the polymer.

In this first strategy, the DTE unit will be incorporated into the polymer through supramolecular interactions namely, hydrogen bonding owing to their high directionality and strong binding when used in arrays. 14,15 Therefore, both the DTE and the TPU will be functionalized with a ureidopyrimidinone moiety (UPy) which is known to self-assemble via quadruple hydrogen bonds leading to the construction of stable and robust supramolecular polymers ( In this section, the synthesis and characterization of different thermoplastic polyurethanes end capped with two different ureidopyrimidinone (UPy) moieties will be demonstrated. Two series of TPUs were synthesized using two different NCO containing UPy units. Their characterization by means of multinuclear NMR spectroscopy and size exclusion chromatography were performed and will be commented. In addition, the characterization of their thermal properties by means of thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) will be also illustrated. However, the synthesis of the corresponding UPy functionalized DTEs will not be presented in this manuscript as they have been previously synthesized and prepared.

Synthesis of monofunctional isocyanate monomers (UPy -NCO)

Following previously reported procedures, two UPy moieties, UPy-1 and UPy-2, were synthesized by the reaction of 2-amino-4-methylpyrimidin-4-ol with either hexamethylene diisocyanate (HMDI) or isophorone diisocyanate (IPDI), respectively, as shown in Scheme 2.5. 16 UPy-1 was obtained in a very good yield (95 %) whereas the yield of UPy-2 was much less (45 %). This was ascribed to the lower precipitating ability of UPy-2 compared to UPy-1.

Scheme 2.5. Synthesis of two UPy molecules using two different diioscyanates (HMDI for UPy-1 and IPDI for UPy-2).

Both compounds, UPy-1 and UPy-2, were fully characterized by NMR spectroscopy. Concerning the 1 H NMR spectra (Figure 2.7), all the hydrogen atoms are detected with the appearance of new resonance signals at δ 7.40 and 10.03 corresponding to the newly formed NH groups. In addition, the resonance signal of the primary amine group (NH2) of the starting aminomethylpyrimidinol 17 at δ 6.55 was downfield shifted, after its reaction with an isocyanate function and the formation of urea group, to δ 9.71 in the case of UPy-1 and δ 11.87 in the case of UPy-2. The formation of both UPy-1 and UPy-2 was also evident from 13 C NMR spectra in which a new signal at δ 154.8 was observed corresponding to the carbonyl (CO) group of the urea function (see experimental part). Additionally, a signal at δ 121.5 is still observed corresponding to the quaternary carbon of the NCO function. It is worth noting that the additional signals observed in 1 H NMR spectrum of UPy-2 are attributed to the presence of an isomeric species in the medium. This is due to the fact that IPDI exists in two isomeric forms, cis (Z) and trans (E), as illustrated in Scheme 2.6. 18 Commercially available IPDI represents an isomer mixture of approximately 75:25 in favor of the cis (Z) isomer. In addition, it is possible for IPDI to react either through the -NCO or the -CH2NCO.

Scheme 2.6. Cis and trans isomers of IPDI.

Thermoplastic polyurethanes: Synthetic procedure and characterization by NMR spectroscopy and SEC analysis

In this section, the synthesis of two families of UPy terminated TPUs will be presented along with their full characterization. The difference between the two families is related to the use of the two different UPy (UPy-1 and UPy-2) units synthesized previously.

Model unfunctionalized TPU

Following the two-step process, previously discussed in section 2.1.2, a standard polymer was synthesized to test the conditions. 19 In the first step, 2 equivalents of IPDI was reacted with 1 equivalent of polytetrahydrofuran (pTHF) at 100 °C for 24 hours followed by the second step in which 1 equivalent of butanediol (BDO), a diol chain extender, was added and left to react for another 24 hours (Scheme 2.7). A significant increase in viscosity indicative of the polymerization was observed at the end of the reaction. This model polymer was fully characterized by means of solid-state infrared (ATR), 1 H and 13 C NMR spectroscopy and size exclusion chromatography (SEC).

Scheme 2.7. Two-step process synthesis of model thermoplastic polyurethane with hydroxyl end chains.

5.2.1.1.

Infrared analysis Concerning the solid infrared analysis of this polymer, the disappearance of the absorption band between ν 2240-2276 cm -1 characteristic for the stretching of NCO groups was clearly observed. Furthermore, the ATR spectrum also showed a split absorption band at ν 1698 and 1715 cm -1 corresponding to the stretching of the C=O functions in addition to a band at ν 3318 cm -1 corresponding to the N-H stretching, both of which being characteristic vibration bands for polyurethanes (Figure 2.8). 20,21 It is good to mention here that the absorption band corresponding to the stretching of the carbonyl (C=O) group of a hydrogen bonded urethane function is lower than that of a free one (Scheme 2.8). Hbonds generally weaken the CO double bond reducing its strength and allowing it to stretch at lower frequencies in the IR spectrum.

Scheme 2.8. Infrared absorption bands of free and hydrogen bonded urethane functions.

5.2.1.2.

NMR spectroscopic analysis The NMR spectroscopic studies (1D and 2D analysis) of this model polymer have been also performed in which several indicative signals can be clearly observed evidencing the formation of a polymeric structure (Figure 2.9). Two new signals were observed in the 1 H NMR spectroscopy at δ 4.62 and 4.85 corresponding to the newly formed NH groups of the urethane function. The chemical shift of the CH2 -OH in the starting diols at δ 3.64 was also down-field shifted to δ 4.01 after the formation of the urethane function (CH2 -OCONH) (Scheme 2.9 -protons in blue). This is due to the more electron withdrawing ability of the urethane function compared to the hydroxyl group leading to a lower electron density around the directly linked methylene protons resulting in their deshielding. Additionally, the chemical shift of the CH2 of IPDI was up-field shifted from δ 3.02 to 2.85 (Scheme 2.9 -protons in red) whereas that of the CH was down-field shifted from δ 3.63 to 3.73 (Scheme 2.9protons in green). This can be explained by the structural configuration of the cyclohexyl moiety. As mentioned previously, the cis isomer of IPDI is predominant compared to the trans one with both NCO functions in the equatorial position. This is also the case within the polymer in which the urethane functions (-OCONH-) lies in the equatorial position. This will lead to an effective steric hindrance exerted by the urethane function on the directly attached CH2 protons as they similarly lie in the equatorial position resulting in a higher electron density and shielded chemical shift. In the contrary, the CH proton in the cis conformer of IPDI lies in the axial position far from the steric effect of the equatorial urethane function, thus resulting in a deshielding effect. 5.2.1.3. SEC, TGA and DSC analysis Table 2.1 summarizes the results obtained from the SEC, TGA and DSC analysis of the model polymer. Size exclusion chromatography analysis (in THF with a PS standard) allowed the identification of the number-average molar masses (Mn) as well as the dispersity (Ð) of the polymer (Table 2.1). It has been found that this model polymer has a molecular weight around 10000 g/mol with a dispersity 1.8 which is usual for polyurethanes as they proceed via a step growth mechanism. The thermal properties of the model polymer have been also performed. Regarding first the thermogravimetric analysis TGA, its degradation temperature at 5 % weight loss was found to be 240 °C. It is established in the literature that the thermal degradation of TPUs occurs in two stages due to the segmented nature of the copolymer as illustrated in section 3. Indeed, it has been proven that the first degradation step is due to the thermolysis of the urethane functions and of the rigid segment at around 250°C and that the second degradation step is associated with the decomposition of the polyol.

In addition, intermolecular hydrogen bonds play a significant role in thermal stability. 22,23 Differential Scanning Calorimetry (DSC) analysis provides a link between the molecular structure and the microstructure of the material. The thermogram of this model polymer showed a glass transition temperature (Tg), which is the temperature at which a polymer undergoes a transition from hard, glassy and brittle state to a soft, rubbery and flexible state, at -43 °C with no evidence of an endothermic process. This suggests either (i) a low degree of crystallinity, most probably resulting from the low symmetry of the IPDI monomer 24,25 , or (ii) a broad range of melting temperatures making it difficult to observe a sharp melting transition in the DSC analysis.

UPy-1 functionalized polyurethanes: series one

Following the same synthetic procedure, the two-step process, two series of TPUs functionalized with UPy-1 (P1 -P6) and UPy-2 (P7 -P12) were synthesized through the reaction of UPy-x, IPDI and pTHF in a first step for 24h followed by the addition of the chain extender BDO and dibutyltin dilaurate DBTDL as a catalyst for another 24h (Scheme 2.10). The use of the catalyst at this stage was to overcome the problem of increased viscosity as it prevented the reaction of BDO with the existing prepolymers (the chain extension step).

Scheme 2.10. Two-step process synthesis of UPy-1 functionalized thermoplastic polyurethane.

The pTHF/BDO and UPy/IPDI molar ratios were changed while preserving the NCO/OH group ratio at 1:1. Table 2.2 shows the different molar ratios of the diols and isocyanate monomers used in the synthesis of six different TPUs. A decrease in the overall molecular weight of the polymer is expected by decreasing the pTHF/BDO ratio while preserving the UPy/IPDI ratio at a constant value. Whereas, preserving the pTHF/BDO ratio while decreasing the UPy/IPDI ratio should result in an increase in the overall molecular weight of the polymer. Polymers P1-P12 were all fully characterized by means of solid-state infrared, NMR spectroscopy and SEC analysis as well as TGA and DSC analysis.

Infrared analysis

The ATR spectra of polymers P1-P12 have a similar profile than that of the model polymer with the disappearance of the band between ν 2240-2276 cm -1 corresponding to the NCO function and the appearance of a new band at ν 3323 cm -1 and a split band at ν 1715 and 1697 cm -1 corresponding to the stretching of the NH group and the H-bonded carbonyl function, respectively (Figure 2.10). A new band at ν 1667 cm -1 can also be observed which was attributed to the stretching of the carbonyl function of the urea group of the UPy moiety. 

5.2.2.3.

SEC analysis Polymer P1-P12 were also analyzed by size exclusion chromatography (in THF with a PS standard) in which their molecular weight and dispersity were determined. Two populations were observed in the thermograms of the polymers. The first population eluted at approximately 23 mL represents the molecular weight distribution of the polymers whereas the one eluted at 28 mL is related to the formation of smaller molecules most probably due to the reaction of butanediol with two UPy units. Furthermore, the UPy moiety is known to absorb light in the UV region. In that regard, the possibility of integrating a UV detector within the SEC apparatus allowed the recording of the absorption along the whole molar mass distribution of the different synthesized TPUs. This enabled the semiquantitative determination of the extent of functionalization of these polymers with the UPy units (Figure 2.13). The raw UV signal is proportional to the molar concentration of the UPy units and thus of the polymer (if correctly functionalized). Therefore, the raw UV signal was multiplied by the molar mass of the polymer to be comparable to the refractive index (RI) signal that is proportional to the weight concentration of the polymer. As illustrated in Figure 2.13, the absorption curve (in orange) matches the molar mass distribution (in blue) for both P1 and P7. This indicates the successful functionalization of these polymers by the UPy moieties where each polymer chain contains two UPy units. This was also the case for the rest of the polymers P2-P6 and P8-P12 (See experimental part). Table 2.3 summarizes the different molecular weights obtained for both series of polymers along with their dispersity. As expected, it has been shown that the molecular weight of polymers P1-P4 decreased from 2600 to 1600 g/mol when the UPy/IPDI ratio is conserved at 0.5 while the pTHF/BDO ratio decreases from 1 to 0.25. This is due to the decreased loading of the pTHF unit with respect to BDO resulting in lower molecular weight polymers. Similarly, for the polymers functionalized by UPy-2, their molecular weight decreased from 3200 to 2000 g/mol for P7-P10 when the pTHF/BDO ratio decreases from 1 to 0.25 while preserving the UPy/IPDI ratio at 0.5. On the contrary, when the pTHF/BDO ratio is preserved at 1 while the UPy/IPDI ratio is decreased from 0.5 to 0.1, the molecular weight increased from 2600 g/mol P1 to 6100 g/mol for P6. Similarly for polymers P7 compared to P11 and P12, the molecular weight increased from 3200 g/mol to 3400 g/mol and 6700 g/mol, respectively. This increase can be explained by the lower amounts of UPy units (chain ends) added into the reaction mixture leading to the formation of longer chains and thus resulting in an increase in the molecular weight.

5.2.2.4.

Thermal properties analysis: TGA and DSC 5.2.2.4.1.

Thermogravimetric analysis TGA Thermal stability of the various PU films was investigated by using TGA, and the percentage mass loss of various TPUs at temperatures from 25°C to 600°C is shown in Figure 2.14. The results showed that the two series of TPUs exhibited similar mass loss profiles. A slight decrease in the degradation temperature (at 5 % weight loss) from 284 °C to 273 °C and 291 °C to 273 °C was observed for TPUs P1-P4 and P7-P10 respectively. This can be explained by the increase in the urethane content of these polymers as the pTHF/BDO ratio is decreased from 2.5/2.5 to 1/4, since the urethane function is generally known to be the weak part of polyurethanes. Conversely, the degradation temperature was slightly increased from P1 to P6 and from P7 to P12 from 284 °C to 303 °C and 291 °C to 306 °C respectively. This may be due to the increase in their molecular weights. 26 5.2.2.4.2. Differential scanning calorimetry DSC The DSC thermograms of the two TPU series is shown in Figure 2.15. The thermograms revealed the presence of only one glass transition temperature for all the polymers with no endothermic peaks. This indicates that the obtained polymers are amorphous. The chemical modification of the TPUs by varying the ratios of isocyanates and diols results in a noticeable change in the glass transition temperatures of these polymers. This change is indeed expected due to the segmented nature of TPUs. Hence, changing the molar ratios of the monomers will affect the hard/soft segments ratio of the resulting polymer thus, influencing its Tg. In the case of P1-P4 and P7-P10, the pTHF/BDO molar ratio is lowered while preserving the UPy/IPDI molar ratio at a constant value. This led to an increase in the hard/soft segments ratio as a result of lowering the content of polyol introduced which brings flexibility for the resulting polymers while increasing the amount of the short diol responsible of their hardness. Thus, more hard and brittle polymers are obtained with higher Tgs (from -48 °C to -16 °C for P1-P4 and from -18 °C to 30 °C for P7-P10). On the contrary, a decrease in the Tg values was observed for TPUs P5 and P6 compared to P1 and P11 and P12 compared to P7. This can be explained by the lowered UPy/IPDI molar ratio while preserving the pTHF/BDO molar ratio. In this case, the hard/soft segments ratio in the resulting polymers remains constant while the UPy content is lowered. As previously mentioned, UPy units are rigid as a result of their ability of forming quadruple hydrogen bonds. The lowering of the UPy content would result in polymers with less rigidity and thus possessing lower glass transition temperatures. This is clearly observed in the case of TPUs P1-P6 and P7-P12 where their Tgs decreased from -48 to -65 °C and -18 °C to -38 °C. 

Synthesis of supramolecular self-assembled shape changing polymers

As previously mentioned in the beginning of section 5, the ultimate goal of the synthesis of these different TPUs is their blending with a UPy functionalized dithienylethene (DTE) unit in order to furnish eventually the supramolecular self-assembled photo-responsive polymers (Figure 2.6 -vide supra). In that regard, samples of different TPUs were sent to Dr. Stéphane Aloïse in the Université de Lille, another collaborator within the TACTIL project, in which he will perform the step of blending the UPy functionalized DTE with the UPy chain ended TPUs along with testing their photo-responsive behavior.

Additionally, films will be fabricated out of these polymers in order to test their shape changing abilities upon light irradiation.

Conclusion

In this chapter, the synthesis of thermoplastic polyurethanes was first illustrated highlighting the different monomers used including the diisocyanates, the polyols and the chain extenders. It then focused on the two different methods that are generally used in the synthesis of TPUs including the one pot process and the two-steps or pre-polymer process. Moreover, the resulting microstructure was then discussed showcasing the formation of hard domains between the short diols and the isocyanates and soft domain between the polyol and the isocyanates. Later, the different ways utilized in functionalizing TPUs were explained comprising the side chain and the end chain functionalization.

Furthermore, this chapter has discussed the synthesis and characterization of thermoplastic polyurethanes (TPUs) that are chain-end functionalized with ureidopyrimidinone (UPy) units. The UPy functionalization offers a unique approach to tailoring the properties of TPUs, with the potential to further utilize them in the synthesis of supramolecular assemblies involving other functionalities thanks to the ability of the UPy units to form quadruple hydrogen bonds between each other. The synthesis process was successfully carried out and the resulting TPUs were characterized using a range of techniques, including nuclear magnetic resonance (NMR) spectroscopy, infrared spectroscopy (FT-IR), size exclusion chromatography (SEC) with a UV detection, thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC). The characterization data confirmed the successful incorporation of UPy units into the TPUs, and revealed that the resulting materials exhibited different thermal stabilities depending on the molar ratios of the monomers with respect to each other and their impact on the relative hard/soft segments ratio in the resulting polymers. It has been shown that decreasing the pTHF/BDO molar ratio while keeping the UPy/IPDI molar ratio constant resulted in polymers with lower molecular weights and higher glass transition temperatures (Tg). Whereas, decreasing the UPy/IPDI molar ratio while keeping the pTHF/BDO molar ratio constant, results in polymers with higher molecular weights and lower Tgs.

These polymers constitute the first component of the targeted photo-responsive polymers that will be synthesized later through their blending with the photo-responsive unit, the dithienylethene (DTE). This work is going to be performed in collaboration with Dr. Stéphane Aloïse in the Université de Lille in which films of the TPUs blends with DTEs will be fabricated and their photo-responsiveness will be examined along with their potential shape changing abilities.

Overall, the synthesis and characterization of UPy-functionalized TPUs represents a promising avenue for the development of new materials with improved properties and functionalities. Additionally, the understanding of the relation between the thermal properties of these polymers and their relative hard/soft segments ratio as well as the obtaining of these polymers in the gram scale will allow to pursue this TACTIL project in a robust and repeatable way.

Indeed, the next step of this project aims now at focusing on the second strategy to creating photoresponsive shape changing polymers. This new strategy will involve the use of covalent bonds to entail the photo-responsive unit, the DTE, into a polymeric material, again a polyurethane. These covalent bonds will be constructed by embracing boron functionalities. Their facile and straightforward synthesis will allow the implementation of a large scope of monomers generating different photoresponsive polymers. This will be thoroughly explained in chapter three of this manuscript.

Experimental part Materials and analysis techniques Materials

The synthesis reagents, hexamethylene diisocyanate (HMDI), isophorone diisocyanate (IPDI), 2-amino-4-methylpyrimidin-4-ol, butanediol (BDO), pyridine (Py), dibutyltin dilaurate (DBTDL) and polytetrahydrofuran (pTHF) were purchased from Sigma-Aldrich.

The solvent, pentane was from VWR. The anhydrous THF (isocratic grade, not stabilized) was received from Carlo Erba, then dried before use by purification on column purification (SPS: solvent purification system) using a MB SPS-800 solvent fountain (MBraun).

The deuterated solvents used (CDCl3, DMSO-d6) were obtained from EURISO-TOP.

Analysis techniques

Nuclear magnetic resonance, NMR Proton (1H) and carbon (13C) NMR analyses are performed at a frequency of 400MHz on a Bruker 400MHz Ultrashield spectrometer with a 5mm BBFO. The chemical shifts are given with respect to the external reference, the tetramethylsilane (δ = 0 ppm). Internal calibrations are performed using the residual signal of either DMSO-d6 solvent at 2.50 ppm in 1H NMR and at 39.52 ppm in 13C NMR or CDCL3 solvent at 7.26 ppm in 1H NMR and at 77.16 ppm in 13C NMR. One-and two-dimensional spectra are processed with MestreNova software.

Size exclusion chromatography, SEC

SEC analyses were performed with three 5μm PL Mixed Gel C columns, maintained at 40°C and coupled with a Viscotek GPCmax module and a Viscotek 3580 refractive index (RI) detector and UV detector.THF was used as the mobile phase at a flow rate of 1mL/min and toluene was used as a flow marker. All polymers were injected (100μL) at a concentration of 5mg/mL after filtration through a 0.45μm pore size membrane. OmniSEC 4.7 software was used to process the chromatograms. The molar masses (Mn, number average molar mass, Mw, mass average molecular weight) and dispersity (Ð = Mw/Mn) were derived from the calibration curve based on polystyrene (PS) standards from Polymer Standards Service.

Differential scanning calorimetry, DSC

The differential scanning enthalpy measurements are performed using a DSC Q2000 (TA Instruments) coupled to the RCS90 cooling system down to -90°C. The capsules used for the measurements are made of aluminum, hermetic and supplied by TZero. The thermograms are obtained thanks to two temperature cycles varying from -90°C to 150 °C at a speed of 10°C/min. The thermal phenomena of glass transition, melting and crystallization are processed with the TA Universal Analysis software.

Thermogravimetric analysis, TGA

Thermogravimetric analyses were performed using a TGA-Q50 (TA Instruments) at a heating rate of 20°C min. The sample between 5 and 10mg, dried beforehand sample was placed in a platinum boat and heated from room temperature to 600°C under nitrogen flow. TA Universal Analysis software is used for data processing.

Fourier-transform infrared spectroscopy, FT-IR

The FTIR spectra are obtained with a Nicolet iS10 spectrometer. The analysis was performed using KBr pellets, in which the polymers were deposited on between two KBr pellets.

Synthetic Procedures

Synthesis of UPy-1 16 In a 3 necked flask connected to a reflux condenser, 2-amino-4-methylpyrimidin-4-ol (34.0 mmol, 4.25 g, 1.00 eq.) was added and stirred under Ar for 10 min. Hexamethylenediisocyanate (240 mmol, 38.6 ml, 7.00 eq.) and pyridine (34.3 mmol, 2.80 ml, 1.01 eq.) were then added and the temperature was raised to 100 °C. The reaction was left under reflux overnight. The temperature was then lowered to room temperature and pentane was added to precipitate the product. The obtained powder was collected through Buchner filtration and dried under vacuum at 50 °C overnight. The desired product was obtained as a white powder (9.48 g, 95 %). Synthesis of UPy-2 16 In a 3 necked flask connected to a reflux condenser, 2-amino-4-methylpyrimidin-4-ol (7.88 mmol, 1.00 g, 1.00 eq.) was added and stirred under Ar for 10 min. Isophoronediisocyanate (60.0 mmol, 38.6 ml, 7.00 eq.) and pyridine (7.40 mmol, 2.80 ml, 1.01 eq.) were then added and the temperature was raised to 100 °C. The reaction was left under reflux for 24 hours. The temperature was then lowered to RT and pentane was added to precipitate the product. The obtained powder was collected through Buchner filtration and dried under vacuum at 50 °C overnight. The compound was obtained as a white powder (1.26 g, 45 %). 

Synthesis of model polymer

In specialized type reactor plugged with mechanical stirring, polytetrahydrofurane-1000 (2.50 mmol, 2.37 g, 1.00 eq.) was added and stirred for 30 minutes at 60 ˚C. Isophoronediisocyanate (5.10 mmol, 1.10 mL, 2.00 eq.) was then added and the reaction was left for 24 hours at 100 ˚C. Butanediol (2.50 mmol, 0.20 mL, 1.00 eq.) was then added with a catalytic amount of DBTDL and left for another 24 hours also at 100 °C. A huge increase in the viscosity was observed at the end of the reaction. The transparent polymer obtained was transferred by dissolving in THF and then was dried under vacuum at 60 ˚C overnight. The model polymer was obtained as a transparent viscous polymer (2.80 g). 

Synthesis of UPy functionalized polymer (P1-P12)

In specialized type reactor plugged with mechanical stirring, polytetrahydrofurane-1000 was added and stirred for 30 minutes at 60 ˚C. Isophoronediisocyanate and ureidopyrimidinone were then added and the reaction was left for 24 hours at 100 ˚C. Butanediol along with a catalytic amount of dibutyltin dilaurate catalyst were then added and left for another 24 hours also at 100 °C. A huge increase in the viscosity was observed at the end of the reaction. The obtained polymer was then dried under vacuum at 60 ˚C overnight. White and transparent polymers with different elasticities were obtained for the TPUs functionalized by UPy-1 (P1-P6) and UPy-2 (P7-P12) respectively. Chapter III Synthesis and characterization of photochromic molecular and polymeric compounds comprising boron motifs

P1-P6

Generalities: Boron in material science

Since the first claim of boron isolation by the English scientist Humphry Davy 1 and independently by the French Louis Joseph Gay-Lussac and Louis Jacques Thenard in 1808, 2 boron chemistry has evolved to be one of the richest and most complex of the whole periodic table. Boron atom's most outstanding features include structural complexity, electron deficiency, presence of unusual binding situations and an extremely rich variety of compound's formation. All of these contribute to a very interesting, yet challenging chemistry.

Structure and reactivity of boranes

Boron is the lightest element in the group 13 of the periodic table having an electronic configuration of 1s 2 2S 2 2p 1 . Within a molecular compound, it usually shares its three valence electrons with substituents in an overall trigonal planar geometry and, perpendicular to that plane, bears a vacant 2p atomic orbital (Scheme 3.1a). As such, boranes are Lewis acids likely to form Lewis adducts in presence of a Lewis base (Scheme 3.1b). 3 This intrinsic reactivity makes the steric protection of boron moieties a key issue in conventional boron-containing molecular designs. In the absence of such a stabilization, and as a result of the high oxophilicity of boron, the hydrolysis or oxidation of B-C bonds occur easily under air. The formation of Lewis adducts is a classical concept in chemistry. As already mentioned, tricoordinate boranes can form Lewis adducts due to their vacant p-orbital. For instance, tris(pentafluorophenyl)borane B(C6F5)3 (BCF) reported first by Massey and Park in 1963, was found to form a variety of strongly bound adducts with phosphines, cyanides, isocyanides and ethers. 4,5 Since then, B(C6F5)3 has been used as a catalyst in a variety of organic reactions 6 including, among others, the silylation of alcohols, the hydrosilylation of ketones and imines and the reductive cleavage of alcohols and ethers [7][8][9] as well as in the synthesis of weakly coordinating anions and as activators in transition metal-mediated α-olefin polymerizations. 10 However, introducing sterically hindered substituents on both the Lewis base and Lewis acid will preclude such basic donor-acceptor interaction and rather leads to the formation of a "Frustrated Lewis pair" (FLP) leading to unprecedented reactivities. The term "Frustrated Lewis pair" describes the special combination of a donor and acceptor molecules that are sterically frustrated from the formation of classic adducts. FLPs were found to be of great interest in applications including the activation of small molecules such as dihydrogen H2. 11 The first example of a borane based FLP was first introduced by Stephan et al. in 2006. 12 It comprises the combination of the sterically frustrated BCF and (C6H2Me3)2PH leading to the formation of a phosphonium borate species that undergoes thermally induced loss of H2 to generate the corresponding phosphine borane (Scheme 3.2). Generally, the activation of small molecules requires the presence of transition metals due to their dual ability to both accept electron density from a substrate molecule and donate electron density to the antibonding orbitals via back-bonding. Nevertheless, this reaction system (Scheme 3.2) demonstrated that reversible small-molecule activation is achievable in the absence of a transition metal.

Scheme 3.2. Synthesis of the first borane based frustrated Lewis pair. (Reproduced from ref. 12).

Later in 2010, Stephan et al. investigated the ability of BCF as a Lewis acid partner in FLP chemistry. 13 BCF based FLPs previously proved their efficiency in the H2 heterolytic cleavage were also evaluated in the activation of other small molecule with alkenes/alkynes, CO2 and N2O. [14][15][16] The activation of H2 in the presence of B(C6F5)3-derived FLPs allowed the metal-free hydrogenation of CO2 to CH3OH and of organics such as nitriles/imines to their corresponding amines. 17,18 Moreover, boryl substituted molecules have been used for a wide variety of reactions and transformations in organic synthesis. 6,19,20 For instance, the hydroboration of unsaturated compounds is a versatile chemical reaction that involves the syn-addition of a boron-hydrogen bond across a carbon-carbon multiple bond to generate the corresponding organoborane. [21][22][23][24] The regioselectivity of the addition gives predominantly anti-Markovnikov products due to steric effect (Scheme 3.3a). On the other hand, trans-hydroboration of terminal alkynes to form Z-vinylboranes has been a challenge for chemists for a long time with the first example only reported in 2000 using Rh or Ir catalysts. 25 After, several transition metal mediated trans-hydroboration examples were reported using Rh, Pd and Co. [26][27][28] Nevertheless, the transition metal free trans-hydroboration of alkynes was then realized by Ingleson et al. in 2016. 29 It is based on the use of an appropriate borenium cation to activate the alkyne followed by the intermolecular hydride transfer from the borane to the less hindered face of the intermediate (Scheme 3.3b).

Furthermore, the carboboration of unsaturated compounds involves the addition of a carbon-boron bond across unsaturated carbon-carbon bonds (Scheme 3.3c). 30,31 This process allows for the formation of new carbon-carbon bonds, leading to the construction of complex organic molecules. The reaction proceeds through the coordination of the boron atom to the unsaturated carbon atom, followed by the migration of the boron atom to the adjacent carbon atom, resulting in the formation of a new carbon-boron bond. The versatility of the carboboration reaction makes it a valuable tool in organic synthesis, enabling the synthesis of a wide range of functionalized organic compounds with high efficiency and selectivity. 32,33 Additionally, boron-homologation reactions represent an efficient approach to prepare alkylboronates, that are versatile synthetic intermediates. The typical boronhomologation reaction, also known as the Matteson reaction, involves formal carbenoid insertions into C-B bonds (Scheme 3.3d). 34 

Scheme 3.3. a) Hydroboration reaction of unsaturated compounds; b) Trans-hydroboration of terminal alkynes; c) Carboboration reaction of unsaturated compounds; d) Matteson homologation reaction.

It is worth mentioning also that due to the reactivity of B-C bonds of boranes, 35 boron reagents have become increasingly important for catalytic reactions. [36][37][38][39] Boronic acids and esters for example, have emerged as versatile and valuable catalysts in various catalytic transformations including C-C and C-X bond formation, cross-coupling reactions, hydrogenation, and oxidation reactions. [40][41][42][43][44] Their ability to facilitate key bond activation steps in transition metal catalyzed reactions has led to their extensive use as ligands or co-catalysts in homogeneous catalysis. Moreover, the tunable nature of boronic acids enables structural modifications, allowing for fine-tuning of their electronic and steric properties, which further enhances their catalytic performance. The remarkable versatility and synthetic utility of boronic acids in catalysis make them a valuable toolbox for the development of efficient and sustainable synthetic methodologies in various fields of chemistry. One of the most famous examples is the Suzuki-Miyaura cross-coupling reaction (Scheme 3.4a). 38,45 It is one of the most spread methods for C-C bond formation and involves boronic acids and esters as trans-metalating agents. 46 More recently, Hall and coworkers reported the dual catalytic ability of a hemiboronic acid heterocycle, benzoxazaborine scaffold, for the nucleophilic and electrophilic activation of diols and alcohols, respectively (Scheme 3.4b). 47 The divergent reactivity of this benzoxazaborine is exemplified in the selective monophosphorylation of vicinal diols by the parent neutral catalyst and the reductive deoxygenation of -activated alcohols and ketones with silanes using the structurally related cationic catalyst. The interplay between trivalent and tetravalent intermediates was unveiled as a critical factor driving the transformations in both catalytic processes. This interplay arises from the subtle yet profound structural distinctions inherent in the two boron-containing catalysts. 47 As a result of the inherent properties of boranes connected to their Lewis acidity, they have attracted much interest for industrial use. The following sections illustrate the use of boranes in various fields of applications including optoelectronic devices and ion sensing. The transposition of these properties to polymeric materials will then be presented as well as the different techniques used to introduce the boron atom within these systems.

Boranes for optoelectronic applications

The introduction of boron into -conjugated systems has been widely studied in the literature. These systems have been found to be of a great use for significant energy-conversion applications. By introducing boron within a -conjugated system, p-* conjugation takes place leading to a strong stabilization of the lowest unoccupied molecular orbital (LUMO) of the -system and strongly impacting the electronic and photophysical properties of the molecule. 48 The integration of donating groups with the electron-deficient boron atoms within organic materials will allow their use in different emerging optoelectronic devices such as organic light emitting diodes (OLEDs), organic photovoltaics (OPVs), and organic field-effect transistors (OFETs). 49 The implementation of boron atoms within polycyclic aromatic hydrocarbons (PAHs) has been greatly investigated owing to their predictable and controllable electronic and self-assembling properties. [50][51][START_REF] Hirai | Structurally Constrained Boron-, Nitrogen-, Silicon-, and Phosphorus-Centered Polycyclic π-Conjugated Systems[END_REF] In this context, and as a salient example, Yamaguchi and co-workers reported in 2018 the synthesis of a new dibenzoborepin compound 1, in which the B-phenyl group is structurally constrained in a planar geometry by two methylene bridges (Scheme 3.5a). 53 Planarized borepin 1 was successfully synthesized in three steps from cis-bis(2-bromophenyl)ethene (Scheme 3.5-a). The Li/X exchange reaction with t BuLi followed by the electrophilic trapping with ArB(OMe)2 produced 2,6-di(propen-2yl)phenyl-substituted precursor. After, a two-fold intramolecular Friedel-Crafts cyclization was accomplished using Sc(OTf)3 to afford the planarized borepin 1.

They demonstrated that the structural constrain of the boron atom represents an effective strategy for stabilizing organoboron compounds without the presence of sterically hindered group at the boron atom. 54 1 is kinetically stable and can be purified by chromatography on silica gel. The rigidity offered by the two methylene bridges imposes a planar geometry to the molecule while retaining a degree of flexibility despite its constrained structure. Additionally, 1 retains sufficient Lewis acidity to form Lewis acid-base complexes with pyridine derivatives for example. This was in accordance with their previous results reported in 2012 where they synthesized a structurally constrained planarized triphenylborane 1c. The latter was found to be inert toward highly Lewis basic amines such as DABCO and DBU but still can coordinate with fluoride ion leading to the pyramidalization of the boron atom and the formation of the fluoroborate complex 1c-F, thus resulting in a plane-to-bowl conversion accompanied by a significant electronic perturbation (Scheme 3.5b).

Scheme 3.5. a) Synthesis of structurally constrained B-phenyldibenzo-[b,f]borepin 1a -1b with the structure of the reference compound dibenzo-[b-f]borepin 3; b) structure of structurally constrained triphenylborane 1c with the plane-to-bowl conversion by fluoride ion coordination 1c-F; c) D--A type structure (donor in blue, acceptor in red). (Redrawn from ref. 53).

Compound 3, dibenzo-[b,f]borepin orthogonally protected by Tip group, was also synthesized as a reference compound for comparison. Both 1a and 3 were found to exhibit an intense blue emission band at λ 424 and 395 nm, respectively. Additionally, the Lewis acidity of 1a and 3 was evaluated. 3 exhibited a chemical shift at δ 65 ppm in 11 B NMR spectrum in deuterated pyridine-d5 which was comparable to that observed in CDCl3. Conversely, the 11 B NMR spectrum of 1a depicted an up-field shifted chemical shift at δ -3.3 in pyridine-d5 compared to that observed in CDCl3. This is due to the complexation of 1a with pyridine leading to the formation of the Lewis acid-based adduct 1a-Py. This complexation also exerted a difference in the UV-vis absorption spectrum of 1a where a decrease in the absorbance was detected upon the addition of pyridine to a solution of 1a in toluene (Figure 3.1a). However, in the case of 3, the addition of an excess of pyridine did not have any significant effect on its absorption spectrum assuring the higher complexation ability of the structurally constrained 1a with the Lewis base pyridine (Figure 3.1b).

To demonstrate the utility of 1 as an electron-accepting building block, a donor--acceptor (D--A) type compound was also synthesized in this study (Scheme 3.5c). 53 Furthermore, in the early 1990s, aryl BMes2 systems were recognized by Marder's and Lequan's groups for their ability to exhibit interesting nonlinear optical (NLO) properties. [55][56][57][58] Marder et al. reported a series of donor--acceptor compounds exhibiting NLO behavior in which the acceptor unit is BMes2. These compounds were found to fluoresce with fluorescence maxima exhibiting large solvatochromic shifts with solvents of increasing polarity (Scheme 3.6). 58 Scheme 3.6. Donor--acceptor compounds synthesized by Marder et al and exhibiting NLO properties.

Moreover, there has been considerable interest in utilizing boron within the organic components in OLED devices, especially for the advancement of blue light-emitting materials. The creation of boron based blue light fluorescent materials was generally governed by the thermally activated delayed fluorescence (TADF) concept (Figure 3.3). 59 The singlet (S1) and triplet (T1) states in a TADF emitter are strongly coupled allowing the intersystem crossing (ISC) between the two levels. Generally, molecules possessing TADF are designed to have smaller energy difference between S1 and T1 (ΔEST) than typical organic molecules to enable excitons in T1 to be converted into S1 in a thermally activated process known as the reverse intersystem crossing (RISC). Once the excitons are converted into the singlet state (S1), they decay back into the ground state (S0) via fluorescence. The fluorescence of the triplet excitons occurs after that of excitons generated directly in S1 since the RISC process is a slow process. The first examples of boron-based TADF emitters were published in 2015 by Adachi and co-workers (Scheme 3.7a). 60 Their design 4 comprised 10H-phenoxaborin acceptors substituted with Nheterocyclic donors. Shortly there-after, Kaji and coworkers established that TADF emitters can also be accessed through simple donor-functionalized triaryl borane compounds 5 (Scheme 3.7b). 61 Compounds 4 and 5 showcased an energy charge transfer from the N-heterocyclic donor unit to the acceptor boron center with a photoluminescent that ranges between light and dark blue. 

Boranes for anion sensing applications

The use of triaryl boron compounds as anion scavengers involves the specific Lewis acid-base interaction between the boron center, which acts as a Lewis acid, and the anions, acting as Lewis bases. This interaction disrupts the extended -conjugation across the boron center, resulting in changes in the photophysical properties of the molecule. As aforementioned, bulky ortho-substituted aryls such as mesityl (2,4,6-trimethylphenyl, Mes) are often used to protect the boron center from nucleophilic attacks. The p-orbital of the boron center remaining only accessible to very small ones such as fluoride and cyanide. Therefore, this approach allows very sensitive and selective detection of fluoride and cyanide anions. 62 The detection of these analytes in chemical, biological and environmental samples is of utmost importance due to their significant hazards. 63 In 2006, Wang et al. reported the synthesis of U-shaped branched three coordinated organoboron compounds that displayed different fluorescence responses to fluoride anion. 64 With their studies, they showed that the charge transfer fluorescence of these organoboron compounds is greatly sensitive and selective for fluoride anion along with the possibility of generating ''turn-on'' fluorescent sensors for fluoride by simply changing the geometry of the donor and the acceptor moieties in the donor--acceptor system. They have synthesized two different triaryl boron D--A molecules 6 and 7 utilizing Mes2B as an acceptor unit with either N(Ph)(1-naphthyl) or naphthyl rings as a donor unit, respectively (Scheme 3.8). 

Towards organic boron containing polymers

Polymers consist in a large class of macromolecules and can be either natural or synthetic. Depending on their chemical nature, polymers display different properties of durability, elasticity and mechanical strength to name a few. They define their use in various application fields such as medication, nutrition, communication, transportation, clothing, electronics or structural materials. 65 Considering optical and electronic applications, polymers with inorganic or hybrid inorganic-organic backbones, such as polysiloxanes, polyphosphazenes and polyaminoboranes, are a class of materials that receive an increasing attention as a promising alternative to replacing hydrocarbon based materials. 66 For example, the replacement of carbon atoms for heteroatoms in -conjugated polymers endows those polymers with new properties and allows for effective tuning of the electronic structure. Moreover, the focus on transferring the characteristic features of boron from the molecular level to the macromolecular level has been of a great interest to many research groups in the last century. This was in line with the sudden ubiquity of polymeric materials in human daily lives in the 20 th century.

In that regard, boron is used in polymer chemistry for its advantageous electronic structure, reactivity, and tunable Lewis acidity as discussed earlier in this chapter. The resulted boron containing polymers possess specific chemical, photo-physical and thermal properties. Much like boron based molecular compounds, boron containing polymers find extensive use in the area of optoelectronics and sensors. 67 Moreover, more recent achievements over the past decade clearly demonstrate not only that boroncontaining polymers of high molecular weight can be readily obtained, but also that many of these new materials are perfectly stable for extended periods of time under ambient or even forcing conditions. These advances were made possible thanks to the development of synthetic methodologies suitable for operating polymerizations under mild conditions. Additionally, these methodologies were adapted for the preparation of a variety of stable polymers that are used in different fields of applications. 68 In the following part of this manuscript, the main synthetic routes which have been developed to access different types of boron-functionalized polymers will be briefly presented and discussed. The aim is not to provide an exhaustive list of all the different boron-containing polymers, but rather to focus on the relevant strategies for accessing them, and when appropriate for circumventing the inherent sensitivity of the motives. Comments will be made on the properties and areas of application of these polymers. As a preliminary point, it is worth mentioning that boron moieties can be embedded either in the main chain or as pendant side groups (Scheme 3.9). 67 Scheme 3.9. Polymers containing boron (a) in the main chain or (b) in the side chain. (Reproduced from ref. 67).

It is worth mentioning, that boron containing polymers are not restricted only to organic polymers.

There is a plethora of inorganic materials containing boron, such as poly(aminoborane)s, 69,70 poly(phosphinoborane)s, 71,72 poly(iminoborane)s 73,74 or boron clusters polymers. 75 However, this manuscript will not be devoted to the illustration of boron containing inorganic materials, but rather to the illustration of boron-containing organic polymers.

Main chain boron containing polymers: synthesis and properties

The incorporation of boron within the main chain of organic polymers has been pioneered by Chujo and co-workers. 76 In particular, the integration of boron into organic -conjugated systems has been an extensively studied area of chemistry because of the novel optical and electronic properties that boron can bring to these systems, mostly in the case of extended delocalized polymers incorporating electron-deficient tricoordinate boron centers. Polymers containing boron in their main chain can be synthesized either by elementoboration of terminal dialkynes or by organometallic polycondensation using Grignard reagents, organolithium species or organotin precursors.

1.2.1.1.

Polymerization through elementoboration of terminal alkynes First introduced by Chujo and co-workers, alkynes hydroboration 77 and haloboration 78 polymerization strategies 79,80 are among the most versatile synthetic methods for incorporating a tricoordinate boron atom into the backbone chain of polymers (Scheme 3.10). They involve the metal-free double B-X (X= H, halogen) bonds addition of a dihydro-or dihalogenoborane across the C≡C bonds of a terminal diyne and take place under mild conditions. The overall reaction results in the formation of polymers with C-B bonds in the main chain. 81,[START_REF] Miyata | Synthesis of π-Conjugated Organoboron Polymers by Haloboration-Phenylboration Polymerization of Aromatic Diynes[END_REF] It is important to note that the dihydroboration technique is not limited to diynes as already mentioned, but also covers dienes [START_REF] Miyata | Stable Organoboron Polymers Prepared by Hydroboration Polymerization of Dienes with Tripylborane[END_REF] and bisallenes [START_REF] Matsumi | Synthesis of Novel Organoboron Polymers by Hydroboration Polymerization of Bisallene Compounds[END_REF] which can be used as reaction partners. Polymerization through elementoboration has proven particularly powerful in the area of light emitting diodes (LEDs), energy storage and organic field-effect transistors (OFETs) through the development of novel -conjugated systems. As a representative example, the group of Chujo described in 1998 and later in 2009 the preparation of fully conjugated polymers that emit light in the blue region (Scheme 3.11a). 80,[START_REF] Matsumi | Extension of π-Conjugation Length via the Vacant p-Orbital of the Boron Atom. Synthesis of Novel Electron Deficient π-Conjugated Systems by Hydroboration Polymerization and Their Blue Light Emission[END_REF] They took advantage of the facile preparation and selective reactivity of sterically hindered arylboranes (ArBH2) for the synthesis of far more stable conjugated organoboron polymers 8 and 9 (Scheme 3.11a). Importantly, the bulky aryl groups hinder the attacks of nucleophiles at the boron atom and thus impart high stability towards oxygen and moisture. (Reproduced from ref. 80,85).

Depending on the specific electronic structure of the conjugated dialkyne, 8a, e-g and 9a-d absorb in the range of λ 317-450 nm in CHCl3 solution. The optical properties of the obtained polymers 9a-d and model compound 10 (Scheme 3.11b) were investigated by UV-vis absorption and photoluminescence (PL) spectroscopies (Figure 3.5). The absorption maximum of 9a and 9b at around λ 400 nm, corresponding to the -* transition, is red-shifted as compared with that of 10 at λ 336 nm and indicative of an extended -conjugation along the whole system through the vacant p-orbital of the boron atoms. The larger bathochromic shift of 9c further observed at λ 438 nm, results from the donoracceptor interaction between the electron donating 2,5-dimethoxy-1,4-phenyl moiety and the boryl group. Accordingly, the absorption maximum of 9d is observed at λ 317 nm and blue-shifted as compared with that of 10, in agreement with the presence of the electron-poor 2,5bis(trifluoromethyl)-1,4-phenyl bridging unit. The family of polymers 9a-d are also generally strongly luminescent. Blue to green emissions were observed with the strong blue emission of 9a being especially attractive for possible OLED applications. The comparison between the family of polymers 9a-d with different aromatic bridging groups revealed that substitution with electron-donating alkoxy substituents leads to a bathochromic shift of the absorption and emission maxima as a result of an enhancement of the charge transfer to the boron atom (Figure 3.5). 80 

1.2.1.2.

Polymerization through organometallic polycondensation Organometallic polycondensation reactions with Grignard reagents and organolithium species are especially attractive strategies for the preparation of conjugated organoborane polymers that are not accessible by hydroboration and related techniques. It is the case for polymers containing alkynyl or aryl bridging units (Scheme 3.12a). A potential advantage of these classes of polymers is their higher thermal stability that results from the suppression of the deleterious -elimination processes (retrohydroboration) likely to take place under thermal conditions (Scheme 3.12b). [START_REF] Fleige | Acid Catalysis: Catalytic Hydroboration of Alkynes Initiated by Piers' Borane[END_REF] 

Scheme 3.12. (a) Polymerization through organometallic polycondensation using Grignard and organolithium reagents; (b) General equation of retro-hydroboration reaction.

Organometallic polycondensation procedures for the preparation of conjugated organoborane polymers were also reported for the first time by Chujo and coworkers. [START_REF] Matsumi | Poly(p-Phenylene-Borane)s. Novel Organoboron π-Conjugated Polymers via Grignard Reagent[END_REF][START_REF] Matsumi | Novel π-Conjugated Organoboron Polymers: Poly (Ethynylene-Phenylene-Ethynylene-Borane)s[END_REF] Poly(p-phenylene borane)s were prepared either through the polycondensation of aryl(dimethoxy)boranes with difunctional Grignard reagents in situ generated from the respective p-dibromobenzene derivative [START_REF] Matsumi | Poly(p-Phenylene-Borane)s. Novel Organoboron π-Conjugated Polymers via Grignard Reagent[END_REF] or through the polycondensation of lithiated diacetylide with aryldimethoxyboranes. [START_REF] Matsumi | Novel π-Conjugated Organoboron Polymers: Poly (Ethynylene-Phenylene-Ethynylene-Borane)s[END_REF] An effective extension of the -conjugation length via the vacant p-orbital of the boron atom was observed in these polymers leading to a high fluorescence upon UV light irradiation with an intense visible blue-green emission. This seminal work paved the way for the use of such luminescent polymers in the fabrication of blue emitters for organic light-emitting diodes (OLEDs).

A new approach developed by the group of Jäckle for the synthesis of polythiophenes 11a-c with strongly Lewis acidic boryl groups embedded in the main chain takes advantage of the high selectivity of the tin-boron exchange reaction (Scheme 3.13). Those compounds are considered as potential candidates for sensing applications. [START_REF] Sundararaman | A Family of Main-Chain Polymeric Lewis Acids: Synthesis and Fluorescent Sensing Properties of Boron-Modified Polythiophenes[END_REF] 

Scheme 3.13. Synthesis of boron-modified polythiophenes by tin-boron exchange polymerization. (Reproduced from ref. 89).

Polymers 11a-c exhibit a variety of different photophysical properties. Compared to the model compound 12, a red shifted absorption and emission bands were observed for polymers 11a-c indicative of a considerable degree of extended p- conjugation within the polymer main chain. In order to study the potential ability of this family of boron-containing polymers in chemo sensing applications, the optical properties of 11a were studied before and after the addition of pyridine. The UV-vis absorption spectrum of 11a shows a progressive decrease in its absorption band at λ 390 nm, resulting in the color change from yellow to colorless. On the other hand, the emission spectrum of 11a recorded simultaneously (exc 390 nm) also shows an effective fluorescence quenching. These results illustrate the ability of polymers 11a-c to respond in their optical properties when reacted with a Lewis base. [START_REF] Sundararaman | A Family of Main-Chain Polymeric Lewis Acids: Synthesis and Fluorescent Sensing Properties of Boron-Modified Polythiophenes[END_REF] 

Side chain boron containing polymers: synthesis and properties

Tricoordinate organoboranes embedded in the main chain of conjugated -systems frequently display interesting photoluminescence properties as a result of the effective overlap of the conjugated system with the empty p-orbital on the boron atom. [START_REF] Entwistle | Applications of Three-Coordinate Organoboron Compounds and Polymers in Optoelectronics[END_REF] An alternative method of introducing boron moieties into polymers is to attach them as pendant groups to polyolefins and other conjugated or nonconjugated polymer scaffolds. This can be performed by starting with a boron-containing monomer or by post-functionalizing polymers with pendant reactive groups. [START_REF] Doshi | Boron-Containing Polymers[END_REF] 1.2.2.1. Direct polymerization of boron containing monomers In 1997, Lequan et al. reported the synthesis of a donor--acceptor containing polyurethane 13 comprising a chromophoric triarylborane moiety as the side chain (Scheme 3.14). [START_REF] Branger | Polyurethanes Containing Boron Chromophores as Sidechains for Nonlinear Optics[END_REF] The chromophore consists of a (diethylamino)phenyl donor group linked by a diazo group in para position to a Mes2B acceptor. The diethylamino group serves as a bifunctional monomer in polyaddition reactions with diisocyanates (Scheme 3.14). The resulting polymers 13 were found to be thermally stable and display non-linear optical properties. [START_REF] Branger | Polyurethanes Containing Boron Chromophores as Sidechains for Nonlinear Optics[END_REF] Scheme 3.14. Donor--acceptor containing polyurethane comprising a boron substituted azobenzene unit at the side chain.

(Redrawn from ref. 92).

Post functionalization modification

The synthesis of polystyrenes incorporating boron in their side chain by post functionalization modification via element-to-boron exchange has been explored by Jäckle and co-workers as a potentially milder and more selective polymerization method. Well-defined polymeric Lewis acids have been prepared via controlled radical polymerization (CRP) of a silicon functionalized monomer followed by the subsequent borylation of the silylated polymer. The resulting reactive boron polymers 14 serve as precursors to a family of well-defined polymers bearing Lewis acid centers (Scheme 3.15). [START_REF] Qin | A New Route to Organoboron Polymers via Highly Selective Polymer Modification Reactions[END_REF] Scheme 3.15. Controlled radical polymerization of a silicon functionalized styrene monomer followed by the subsequent borylation of the silylated polymer and post-functionalization modification to access a family of boron-containing polymers.

(Reproduced from ref. 93).

14 was later used by the same group in the synthesis of high-molecular-weight luminescent polystyrenes 15-17 (Scheme 3.16). [START_REF] Parab | Luminescent Triarylborane-Functionalized Polystyrene: Synthesis, Photophysical Characterization, and Anion-Binding Studies[END_REF][START_REF] Parab | Synthesis and Characterization of Luminescent Polystyrene Derivatives with Sterically Protected Fluorenyl-and Carbazolylborane Moieties[END_REF] In these polymers, the conjugation extension is introduced in a final step and featured an effective overlap between the secondary conjugated organic -system lately attached to the boron and the vacant p-orbital on boron. The high modularity of the polymer resulting from this post-functionalization approach allows a convenient strategy to modify their optical properties.

Scheme 3.16. Luminescent polystyrenes obtained by the post modification of dibromoborane containing polystyrene 14.

Polymers 15a, b were found to possess a strong blue emission while 15c exhibited a green emission. [START_REF] Parab | Luminescent Triarylborane-Functionalized Polystyrene: Synthesis, Photophysical Characterization, and Anion-Binding Studies[END_REF] On the other hand, the more bulky Tip groups in polymers 16 and 17 employed in combination with fluorene and carbazole derivatives were found to be strong blue emitters with further improved stability to air and moisture. [START_REF] Parab | Synthesis and Characterization of Luminescent Polystyrene Derivatives with Sterically Protected Fluorenyl-and Carbazolylborane Moieties[END_REF] The inherent properties of these polymers allowed their use as emitters in OLED devices and also their possible use in anion sensing at the basis of the resulting changes in the photoluminescence properties.

Boronates can be produced by simple condensation reaction of boronic acids with 1,2-and 1,3-diols. This in solution process is favored with solution pH near or higher than the pKa values of boronic acids. Boronate formation is one popular example of dynamic covalent bonds and has been studied in diverse applications such as dynamic polymeric assemblies and self-healing hydrogels. The latter are a class of materials that have the ability to autonomously repair damage or undergo reversible changes in their structure when subjected to certain external stimuli. Hence, polymers that contain boronic acids or boronate esters in their side chains were employed for the use in self-healing hydrogels due to the facile and dynamic interaction between the boron functionality and pendant hydroxyl groups of a glycopolymer for example. [START_REF] Kotsuchibashi | PH, and Glucose Responsive Gels via Simple Mixing of Boroxole-and Glyco-Based Polymers[END_REF][START_REF] Deng | Boronic Acid-Based Hydrogels Undergo Self-Healing at Neutral and Acidic PH[END_REF] These systems were greatly used in biological systems and for biomedical applications. [START_REF] Zhang | Cellulose Based Self-Healing Hydrogel through Boronic Ester Connections for Wound Healing and Antitumor Applications[END_REF][START_REF] Chen | Bioinspired Self-Healing Hydrogel Based on Benzoxaborole-Catechol Dynamic Covalent Chemistry for 3D Cell Encapsulation[END_REF][100] Hall, Narian et al. reported in 2016 a simple and straightforward approach to prepare self-healing hydrogels by exploiting the boronate-diol interactions. 101 They synthesized a copolymer through the polymerization of 5-methacrylamido-1,2-benzoxaborole (MAAmBo) with 3-gluconamidopropyl methacrylamide (GAPMA) and an acrylamide monomer (Figure 3.6). Covalent cross-linking of the polymer in these hydrogels results from the reaction of the free hydroxyl groups of the pendant sugar moieties with the boron centre of the benzoxaborole residues in close proximity. As a result, the resulting hydrogels revealed to be sensitive to both pH and to the presence of free sugars. They were found to be self-healable in air and under physiological conditions. They also showed a rapid selfhealing property in aqueous systems allowing the rebuilding of their freeze-dried powders into designated shapes, thus permitting their use for 3D bioprinting. Additionally, the composition of these hydrogels can be controlled in a way to obtain hydrogels with low cytotoxicity suitable for cell encapsulation and delivery. 101 Moreover, such examples represents the possibility of using boron derivatives not only to use their inherent properties of electrophilicity and Lewis acidity but also as anchoring units that can be accessed in an easy and simple manner. This would pave the way for many other contributions that can be applied to access new compounds using boron-based connections. It is worth mentioning that a great experience with boron containing building blocks such as aminoboranes is developed in the group of Dr. Gilles Alcaraz underscoring the rich potential and versatility of boron-containing motifs in advanced material synthesis. Although we will not assess the chemistry of boron containing inorganic polymers in this manuscript, polyaminoboranes for instance, were of particular interest in the group. In 2018, Alcaraz et al. were first to report the use of diisopropylaminoborane as a suitable "BH2" transfer reagent in the presence of different primary amines for the synthesis of polyaminoboranes (RNH-BH2)n with high molecular masses.

Polyaminoboranes were synthesized in metal-free and neat conditions without the production of dihydrogen or the formation of salts (Scheme 3.17 The built-up knowledge in this field allowed the possibility for the integration of boron-based groups in the general context of this Ph.D. As discussed in the first chapter, the main goal of this research work is to synthesize shape changing photo-responsive polymers. The second approach implemented to access such polymers is based on the use of boron connections through the simple and straightforward reaction of an aminoborane function with an alkanolamine as shown in Scheme 3.18. This will lead to the formation of a boratrane moiety which is a special case of boronate function (Scheme 3.18a) with a cage-like structure and an additional N → B dative bond. Boratranes can also be obtained from the condensation of aminoalcohols with boric acid or its ester derivatives (Scheme3.18b).

Scheme 3.18. Formation of boratranes through the reaction aminoboranes with aminoalcohols.

The introduction of boratrane functions in polymer science has been underexplored with the first example of a side chain boratrane-containing polymer only published by Kameyama and coworkers in 2021. 103 The latter polymers with boratrane functions in their side chains were synthesized through the condensation reaction of a triethanolamine (TEA)-containing polymer with triisopropylborate. They were able to prepare model random copolymers bearing triethanolamine (TEA) and triethanolamine borate (TEAB) pendant groups, and studied their basic properties and side-chains reactivity (Scheme 3.19). These polymers were found to possess better affinity to polar solvents than their triethanolamine (TEA) counterparts. The dissolution of TEAB containing polymers in water led to the hydrolysis of the TEAB unit into the less polar TEA unit. The combination of TEA with the hydrophobic styrenic units therefore, led to the dehydration of the copolymer and thus the formation of suspended aggregates in solution. 104 Before in 2020, Jing and coworkers reported for the first time the synthesis of cross linked vitrimers, i.e., organic networks that can change their topology by thermally activated bond exchange, with enhanced water resistance and excellent recyclability based on boratrane linkages. Different bortarane containing compounds (NCBC-1, NCBC-2) were synthesized first in this study and demonstrated enhanced hydrolytic stability and rapid transesterification of boratrane linkages (Scheme 3.20a). 105

Scheme 3.20. a) Structure of boratrane containing compounds NCBC-1 and NCBC-2; b) Synthesis of polyurethane vitrimers by the reaction of NCBC-1 with trifunctional homopolymer of hexamethylene diisocyanate (THDI). (Redrawn from ref. 105).

Polyurethane (PU) and poly(urea-urethane) (PUU) vitrimers were then synthesized by reacting a trifunctional homopolymer of hexamethylene diisocyanate (THDI) with NCBC-1 and NCBC-2, respectively (Scheme 3.20b). 105 Both PU and PUU vitrimers exhibited excellent solvent resistance and mechanical properties. In addition, their solid-phase reprocessing can be achieved through the transesterification of boratrane linkages upon heating. These vitrimers were found to exhibit enhanced water and heat resistance resulting from the highly hydrophobic structure of the boratrane linkages. This was evidenced by monitoring the changes in the glass transition temperature of the polymers and their mechanical properties where almost no change was observed when exposed to 40 % relative humidity at 30 °C for 4 weeks assuring their good water and heat resistance. 105 

Results and discussions

Previously, in chapter one, the general concepts about the synthesis of photo-responsive and shape changing photo-responsive polymers were thoroughly explained along with the objective of this research work that is the synthesis of photo-responsive polymers that show mechanical movement upon light irradiation. As discussed before, the choice of the photo-responsive unit was related to the desirable properties of dithienylethenes including the thermal stability of both isomers, their good fatigue resistance, fast response and their photochromism in the solid state. The choice of the polymer family was also considered in relevance to the tailored properties of polyurethanes and their chemical versatility. As illustrated in the Scheme 3.21, the dithienylethene unit will be functionalized on its lateral positions with boratrane functions that possess a pendant reactive group (-X). This reactive group will then be reacted with a diisocyanate monomer to access the targeted photo-responsive boron containing polyurethanes. In the following sections, the synthesis and characterization of boratrane-functionalized dithienylethenes and the corresponding photo-responsive polyurethanes obtained during the second and third years of my Ph.D. will be discussed.

Synthesis and characterization of boratrane functionalized DTE monomers

Difunctionalized dithienylethenes with a boratrane function on their lateral positions (DTE-1 and DTE-2) are the first of this new family of monomers (Scheme 3.22-Left). Their reactivity with commercial diisocyanates (monomer II) to furnish the targeted photo-responsive boron containing polyurethanes will be assessed (Scheme 3.22-middle). Mono-boratrane substituted DTEs were first synthesized for the sake of simplicity and to test the feasibility of the synthesis of such boratrane based DTEs as well as testing their photochromic behavior and the effect of the boron on the isomerization of the DTE molecule (Scheme 3.22-Right). In the following sections, the synthesis and characterization of the test compounds 3 and 4 will be first explained followed by the translation of the synthetic strategy to the synthesis of the actual target bisboratrane DTEs 1 and 2. After that, the reactivity of the synthesized boratranes with isocyanates will be tested. Finally, the synthesis of the corresponding polymers will be explained and their characterization will be discussed.

2.1.1. Mono-boratrane substituted DTEs 2.1.1.1. Retrosynthesis Scheme 3.23 shows the retrosynthetic pathway of the test compounds, mono-boratrane substituted DTEs. The mono-boratrane substituted DTEs 3 and 4 can be achieved by the simple and straightforward reaction of their amino-borane analogues with either triethanolamine 3 or diethanolamine 4. The mono-aminoborane substituted DTE 24 can be obtained from the palladium catalyzed cross-coupling reaction between the brominated DTE 23 and diisopropylaminoborane in the presence of a base. 106 Before, DTE 23 can be synthesized by the deprotection of DTE 22 in the presence of Nbromosuccinimide. 107 The latter, can be prepared from the Li/halogen exchange reaction between the protected 3-bromo-2-methyl-5-trimethylsilylthiophene 21 and n-butyl lithium followed by the electrophilic trapping by compound 20. 107 Compound 21 can further be produced from precursor 19 through the Li/halogen exchange reaction in the presence of n-butyl lithium followed by the electrophilic trapping with chlorotrimethylsilane. 107 It is important to note that the bromine in position of sulfur is more reactive than the one at the -position. This makes the protection of the bromine necessary to selectively exchange the bromine at the -position. Compound 20 can be prepared from precursor 18 through the Li/halogen exchange reaction in the presence of n-butyl lithium followed by the electrophilic trapping with octafluorocyclopentene. 107 Precursors 18 and 19 can be obtained by the dibromination and bromination reactions of the commercially available 2methylthiophene and 2,5-dimethylthiophene, respectively. 108,109 Scheme 3.23. Retrosynthetic plan for the synthesis of mono-boratran DTEs 3 and 4.

Synthesis and characterization

The synthesis of mono-boratrane substituted DTEs 3 and 4 is shown in Scheme 3.24. The 3-bromo-2,5dimethylthiophene 18 and 2,4-dibromo-5-methylthiophene 19 were prepared as described in the literature by the bromination reaction of the commercially available 2-methylthiophene and 2,5dimethylthiophene with N-bromosuccinimide at 0 o C, respectively. 108,109 18 and 19 were then lithiated in the presence of n-butyl lithium through Li/bromine exchange reaction. The generated lithiated species were then trapped by the addition of octafluorocyclopentene and chlorotrimethylsilane (TMS-Cl) producing compounds 20 and 21 in 64 % and 90 % yield, respectively. 107 The treatment of compound 21 with n-butyl lithium followed by the electrophilic trapping by the addition of compound 20 produced DTE 22 in 70 % yield. 107 The latter was then reacted with N-bromosuccinimide and the brominated DTE 23 was obtained in 83 % yield. 107 All of these compounds were fully characterized by multi nuclear NMR spectroscopy, high resolution mass spectrometry (HRMS) and elemental analysis (EA) (See experimental part). The mono-aminoborane substituted DTE 24 was then synthesized by the palladium catalyzed cross-coupling reaction between DTE 23 and diisopropylaminoborane ( i Pr2NBH2) in the presence of triethylamine as the base. 106 DTE 24 was obtained in 67 % yield and was also fully characterized by multinuclear NMR spectroscopy, HRMS, EA and X-ray diffraction (XRD). The photochromic behavior of DTE 24 was also tested and its UV-vis absorption spectrum was recorded in dichloromethane. DTE 24 was found to be unstable upon UV light irradiation. This instability is most probably due to the hydrolysis of the aminoborane function. However, the photogenerated species were not isolated or identified. Figure 3.7 shows the 1 H{ 11 B}, 11 B{ 1 H} and the 19 F NMR spectrum of 24. All the hydrogen atoms were detected and attributed with the resonance signal at δ 4.87 corresponding to the B-H proton of the newly attached aminoborane function. The 11 B{ 1 H} NMR spectrum revealed a resonance signal at δ 33.4 which is in agreement with a Bsp2 containing monomeric aryl (amino)borane molecule. 106 Regarding the 19 F NMR spectrum, three resonance signals were observed. The more shielded quintuplet signal at δ -131.9 is attributed to the central fluorine atoms (in purple) and the two multiplets at δ -110.2 and δ -109.9 correspond to the four peripheral fluorine atoms (in green). It is important to mention that in aminoboranes, the near proximity of the doublet of the nitrogen atom to the vacant p-orbital of the boron atom enables the -p interaction resulting in a sp 2 hybridized nitrogen and boron atoms adopting a trigonal planar geometry. The covalent B-N bond is then considered to exhibit a double bond character. However, it should be noted that this interaction is considered partial as the doublet of the nitrogen atom is not perfectly parallel to the vacant p-orbital of the boron atom. Additionally, single crystals suitable for X-ray diffraction were obtained from a saturated dichloromethane solution at room temperature where the X-ray structure of compound 24 is depicted in Figure 3 Following up with the synthesis, mono-aminoborane substituted DTE 24 was then reacted with triethanolamine (TEA) and diethanolamine (DEA) in THF at room temperature, to furnish the corresponding mono-boratrane substituted DTEs 3 and 4 in 69 % and 65 % yields, respectively. Monoboratrane substituted DTEs 3 and 4 were also fully characterized by NMR spectroscopy, HRMS, EA and X-ray diffraction (XRD). Concerning the 1 H{ 11 B} of DTE 3, the singlet observed at δ 4.87 corresponding to the B-H of the aminoborane disappeared along with the appearance of two sets of multiplets at δ 3.16 and 3.85 attributed to the methylene protons (CH2) of the atrane bridge (Figure 3.9). Additionally, a triplet and a quartet at δ 2.43 and 3.65 were newly observed corresponding to the methylene protons of the hydroxyl arm along with a triplet at δ 4.83 corresponding to the hydroxyl proton (OH). Furthermore, the 11 B NMR spectrum of DTE 3 show a more shielded resonance signal at δ 10.8 (Figure 3.9) compared to that of the aminoborane DTE 24 at δ 33.4 (Figure 3.7). This up-field shift is due to the change of hybridization of the boron atom from Bsp2 in aminoborane substituted DTE 24 to Bsp3 in boratrane 3. This transformation is due to the internal nitrogen-to-boron dative bond. The 19 F NMR spectrum of DTE 3 was found to be very similar to that observed for aminoborane DTE 24. Similar features are observed for DTE 4. In the 1 H NMR spectrum the presence of a characteristic resonance signal is observed at δ 7.07 corresponding to the NH proton. The chemical shift in the 11 B NMR spectrum at δ 8.9 is also in agreement with the presence of a B IV atom in the molecule (See experimental part). Single crystals suitable for X-ray diffraction were also obtained for both mono-boratrane-substituted DTEs 3 and 4 (Figure 3.10). It was found that both DTEs 3 and 4 are in the anti-parallel conformation in the solid state, and the intramolecular distance between the two reactive carbon atoms (C4-C15) is 3.520(4) and 3.626(3) Å, respectively. These values lie within the range (d < 4.2 Å) required for the photoisomerization reaction to occur as previously reported in the literature. 111 In addition, the distances between the nitrogen and the boron atoms were found to be 1.711 (3) The symmetrical DTE 25 was obtained in 65 % yield by the reaction of compound 21 with n-butyl lithium followed by the electrophilic trapping of the resulting lithium compound with pentafluorocyclopentene. 112 The latter was then reacted with N-bromosuccinimide to produce the corresponding dibrominated DTE 26 that was obtained in 58 % yield. 112 Similarly, the palladium catalyzed cross-coupling reaction between DTE 26 and diisopropylaminoborane ( i Pr2NBH2) in the presence of triethylamine as the base led to bis-aminoborane DTE 27 in 72 % yield. 106 In a final step, the bis-aminoborane DTE 27 was reacted with triethanolamine and diethanolamine in THF at room temperature to afford the corresponding bis-boratrane DTEs 1 and 2 in 84 % and 94 % yields, respectively. These compounds were fully characterized by means of multinuclear NMR spectroscopy, HRMS, EA and XRD analysis (See experimental part).

2.1.2.2.

Characterization Figure 3.12 shows the 1 H{ 11 B} and the 19 F NMR spectrum of DTE 27. Likewise, all the hydrogen atoms were detected and attributed with the resonance signal at δ 4.87 corresponding to the B-H proton of the newly attached aminoborane function. The 11 B{ 1 H} NMR spectrum revealed a resonance signal at δ 33.3 which is in agreement with a Bsp2 containing monomeric aryl (amino)borane molecule. Additionally, single crystals suitable for X-ray diffraction were obtained from a saturated solution of DTE 1 in acetone at room temperature (Figure 3.13). Analogously, DTE 1 was found to possess an antiparallel conformation, with an intramolecular distance between the two reactive carbon atoms (C10-C18) of 3.611(8) Å and a B-N bond length of 1.707(6) Å. It should be noted that, like mono-aminoborane DTE 24, the bis-aminoborane DTE 27 also proved unstable upon UV light irradiation. The photochromic behaviour of bis-boratrane DTEs 1 and 2 was also assessed by recording the UV/visible absorption spectrum in a solution of dichloromethane. Figure 3.14 shows the UV-vis absorption spectrum of DTE 1. 

Synthesis and characterization of urethane -boratrane functionalized DTEs

First strategy

Having synthesized the boratrane substituted DTE molecules, the next step was to evaluate their reactivity in the presence of commercial isocyanates. As a test reaction, mono-boratrane DTE 3 was first reacted with one equivalent of p-tolyl isocyanate (PTI). The solution of DTE 3 and PTI in deuterated After four hours at 80 °C, in the 1 H NMR spectrum, new signals were observed that could not be attributed to the expected product 28. Additionally, a new down-field shifted signal was observed in 11 B NMR at δ 14.7 compared to that of mono-boratrane-substituted DTE 3 at δ 11.6 (Figure 3.15a). After column chromatography, the DTE resulting from the C-B bond cleavage was isolated and spectroscopically characterized (Figure 3.15b). The expected urethane-boratrane DTE 28 is not produced under these experimental conditions. To better understand this reactivity, model thienyl boratrane was analogously synthesized from thienyl aminoborane and triethanolamine and its thermal stability was evaluated. An NMR experiment was carried out using a C6D6 solution of the thienylboratrane heated at 80 °C and was monitored by 1 H and 11 B NMR (Figure 3.16a). After 24 h at 80 °C, in the 1 H NMR spectrum, three new resonance signals were observed in the aromatic region at δ 6.78, 6.71 and 6.54, which were attributed to the 2-methylthiophene resulting from the cleavage of the C-B bond (Figure 3.16b). In 11 B NMR, a new down-field shifted signal was observed at δ 15.3 which should be attributed to the cleaved boron moiety. Single crystals could be obtained after leaving the same NMR tube at room temperature overnight. Their XRD analysis revealed the formation of a boratrane derivative with the three oxygen atoms of triethanolamine covalently bound to the boron atom and a N-B dative bond. 113 The model thienylboratrane is thermally unstable and the B-C bond cleavage by protodeboronation of the thienyl moiety is favored under thermal conditions. 

Second strategy

The necessity of the thermal conditions for the addition reaction of the pendant hydroxyl group of the boratrane to the isocyanate function and the corresponding thermal instability of the boratrane function itself imposed a new synthetic approach to access such urethane-boratrane containing compounds. Scheme To assess the newly proposed approach, p-tolyl isocyanate (PTI) was first reacted with triethanolamine (TEA) in toluene and at 80 °C for 16 h (Scheme 3.28). The corresponding urethane containing diol 30 was obtained in 30 % isolated yield. The rather low yield was related to the obtention of a mixture of compounds resulting from the mono-, di-and tri-substitution reaction products, which were separated by column chromatography over silica gel (Scheme 3.28). Compound 30 was fully characterized by means of 1 H and 13 C NMR spectroscopy, HRMS, EA and infrared (IR). Figure 3.17a shows the 1 H NMR spectrum of compound 30 in C6D6. The resonance signal at δ 7.90 is attributed to the NH of the newly formed carbamate function with a set of four triplets in the aliphatic region attributed to the methylene protons (CH2) near the carbamate function (δ 4.10 and 2.41) and to the hydroxyl-containing arms (δ 3.46 and 2.33), respectively. The formation of the carbamate function was further confirmed by 13 C NMR spectroscopy with a characteristic signal observed at δ 154.6. The infrared (ATR) analysis also revealed the disappearance of the vibration band at ν 2240-2276 cm -1 of the isocyanate (NCO) function and the appearance of new vibration band at ν 1970 cm -1 corresponding to the stretching of the carbonyl group (CO). The stretching vibration band of the NH of the carbamate function can be also observed at ν 3315 cm -1 of (Figure 3.17b).

Starting from compound 30, the synthesis of the corresponding urethane-boratrane compounds was evaluated. To optimize the reaction conditions, compound 30 was first tested with thienyl aminoborane. The direct transfer of a THF solution of 30 into a THF solution of thienyl aminoborane afforded the corresponding urethane-boratrane compound 31 in 43 % yield (Scheme 3.29). The formation of the desired compound was evidenced by 11 B NMR, with the presence of an up-field shifted signal at δ 12.2 corresponding to the newly formed boratrane compound compared to the starting aminoborane which resonates at δ 33.4. The four resonance signals in the aliphatic region are attributed to the methylenic protons (CH2) near the carbamate function (δ 4.30 and 2.74) and the hydroxyl-containing arms (δ 3.96 and 3.18). They are all down-field shifted compared to those of compound 30 which is expected due to the electron withdrawing nature of the boron atom. Compound 31 could crystallize and its structure was studied by XRD analysis (Scheme 3.29).

Scheme 3.29. Synthetic pathway to obtain urethane-boratrane containing compound 31 from thienylaminoborane and compound (30) with the obtained X-ray structure with ellipsoids at 50% (hydrogens were omitted for clarity).

Compound 30 was then reacted with first the mono-aminoborane DTE 24 and then with the bisaminoborane DTE 27 (Scheme 3.30). The corresponding urethane-boratrane DTEs 32 and 33 were obtained in 80 % and 60 % yield, respectively. A similar up-field shift was observed in 11 B NMR for both compounds (δ 11.7 and 11.5 for DTEs 32 and 33, respectively) confirming the formation of the desired compounds. The proposed structures of DTEs 32 and 33 were further confirmed by XRD analysis where single crystals suitable for X-ray analysis were obtained from a saturated acetonitrile solution at room temperature. The B-N distance was found to be 1.717(3) and 1.723(3) Å for DTE 32 and 33, respectively. Additionally, the distance between the reactive carbons of DTE 32 was found to be 3.517(3) Å and that of DTE 33 is 3.438(4) Å which is in the range of DTEs displaying photochromic behavior (Figure 3.18). The second approach proved applicable to the preparation of urethane-boratrane containing compounds, the bis-aminoborane DTE 27 will be used as the bifunctional monomer for the synthesis of this family of polymers.

Synthesis of urethane containing bis-diols

The previously selected set of commercial diisocyanates depicted in Scheme 3.22 (vide infra) were used in the preparation of urethane containing bis-diols (Scheme 3.31). Because of their different solubilities, each diisocyanate required specific reaction conditions. The synthetic procedures as well as the full characterization of these bis-diols are provided in the experimental part. The four different diisocyanates were reacted with triethanolamine to afford the urethane-containing bis-diols 34-37 as shown in Scheme 3.31. The rather low yields obtained for the synthesis of bis-diols 34-37 are due to the competition with polymerization reaction of the triethanolamine with the diisocyanates.

All the synthesized bis-diols were fully characterized by multinuclear NMR spectroscopy, HRMS, EA and FTIR (See experimental part). Concerning the 1 H NMR spectrum, a highly down-field shifted signal was observed between δ 6.8-9.5 ppm which was attributed to the NH of the carbamate function. Additionally, the 13 C NMR spectrum revealed a signal in the range between δ 155-157 ppm corresponding to the CO of the newly formed carbamate function. Moreover, the FTIR spectrum indicated the disappearance of the band between ν 2240-2276 cm -1 corresponding to the stretching of the isocyanate (NCO) function and the appearance of a band between ν 1650-1690 cm -1 corresponding to the stretching of the carbonyl group of the carbamate function.

Synthesis and characterization of the target photo-responsive polyurethanes

With both monomers in hand, bis-aminoborane-substituted DTE 27 and the urethane-containing bisdiols 34-37, the polymerization reaction was implemented. Bis-diols 34-37 were reacted with bisaminoborane-substituted DTE 27 in stochiometric ratio, in THF, at room temperature (Scheme 3.32). The corresponding polymers precipitate out during the reaction. The solvent was then filtered off and the polymers were washed with low boiling point solvents (pentane, diethyl ether). All the obtained polymers were fully characterized by multinuclear NMR spectroscopy, thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and gel permeation chromatography (GPC).

Scheme 3.32. Polymerization of bis-aminoborane DTE 27 and urethane containing bisdiols 34 -37. 

NMR spectroscopy

SEC, TGA and DSC analysis

Table 3.1 summarizes the results obtained from the SEC, TGA and DSC analysis of oligomers 38-41. Size exclusion chromatography analysis (in DMSO with a PMMA standard) allowed the identification of the number-average molar masses (Mn) as well as the dispersity (Ð) of the oligomers (Table 3.1). It has been found that oligomers 39, 40 and 41 have a molecular weight around 2700, 2500 and 3400 g/mol, respectively, with a dispersity around Ð= 1.3. Polymer 38 displays a higher Mn value (11500 g/mol) with dispersity of almost Ð= 2.0. The larger molecular weight is most probably due to the better solubility of the polymer in solution which allowed a higher degree of polymerization. The thermal properties of these oligomers have been also performed. Regarding first, the thermogravimetric analysis (TGA), the degradation temperature at 5 % weight loss was found to be around 130 °C and is due to the degradation of the urethane functions. It is worth noting that the degradation temperature of the monomeric bis-diols 34-37 at 5 % weight loss was also found to be around 120 °C assuring the degradation of the urethane function in a first stage.

Furthermore, the differential scanning calorimetry (DSC) measurements were carried out to study the occurrence of thermal transitions and provide information on the solid phases in the polymers. Figure 3.21 displays the DSC curves of all oligomers taken from the second cooling cycle at the temperature range from -50 to 50 °C. Only glass transitions in the range 10-13 °C are visible in the thermograms with no endothermic peaks. This indicates that the obtained oligomers are amorphous. These findings are in analogy with previously reported dithienylethene containing polyurethane reported by the group of Bertarelli in 2011 where similar behavior was observed with glass transition temperatures around 25 °C. 114 

Photochromic test

The poor solubility of the polymers in almost every solvent prohibited the testing of their photochromic behavior in solution. However, solid state photochromism was performed in a KBr pellet. Furthermore, a writing/erasing test was also performed with the KBr pellet for polymer 39 (Figure 3.23). After a star-shaped mask was placed on top of the pellet, it was subjected to UV light at λ 365 nm with a hand-held UV lamp. With the UV light irradiation, the exposed area became purple-pink while the unexposed area remained white (Figure 3.23). The image created in such manner can be fully erased by irradiating white light from a 1.5 W LED lamp (λ > 400 nm) to recover the white pellet. Moreover, this write-erase cycle can be repeated for at least four consecutive times.

Mechanical movement test

As previously mentioned, the ultimate goal of the synthesis of these different boron containing polyurethanes is to check the effect of the geometrical change taking place at the level of the DTE unit upon its photoisomerization at the macromolecular level. In that regard, samples of the four different polymers will be sent to Dr. Stéphane Aloïse in the Université de Lille in which detailed photochromic tests will be performed along with the fabrication of polymer films in order to test their shape changing abilities upon light irradiation and the photoisomerization reaction. 

Conclusion

In this chapter, the structure and reactivity of boranes was first illustrated highlighting the different domains were borane containing compounds are employed especially in the fields of optoelectronics and anion sensing. It then focused on the incorporation of boron into polymers listing the different synthetic approaches used to access boron containing polymers with the boron atom being either in the main chain or at the lateral side chain of these polymer. The different characteristics and properties endowed with such polymers resulting from the presence of the electrophilic and Lewis acidic boron were also discussed.

The second strategy used to synthesize photo-responsive shape changing polymers was discussed. It involves the use of covalent bonds to integrate the photo-responsive unit, the DTE, into a polymeric material, a polyurethane. These covalent bonds are created by taking advantage of the boron chemistry and scalable reactivity. Their facile and straightforward synthesis allowed the implementation of a large scope of monomers generating different photo-responsive polymers.

Initially, mono-boratrane dithienylethenes were synthesized from their corresponding monoaminoborane DTEs as model compounds to check the feasibility of the proposed synthetic procedure. After that, the synthesis was transposed to the obtention of bis-boratrane DTE compounds. These boratrane DTEs were found to be both photo-reversible and photo-stable. The reactivity of such boratrane DTEs was then tested with mono-isocyanate compound. Surprisingly, the expected addition product was not obtained. Further examinations revealed the thermal instability of the carbon-boron bond at high temperature. This feature forced us to propose a new synthetic procedure to obtain the targeted urethane-boratrane containing DTEs. In this regard, a urethane modified diol was then synthesized and reacted with both mono and bis-aminoborane DTEs. The corresponding urethaneboratrane containing DTEs were thus obtained and found to be also photo-reversible and photo-stable. Hence, the bis-aminoborane DTE was the first monomer ready for the polymerization step.

Additionally, the second monomer which is in this case a urethane containing bis-diol compound was also synthesized. Following different synthetic procedures, four different bi-diols were synthesized and characterized. Subsequently, the two monomers were combined in a stoichiometric ratio under ambient conditions, resulting in the production of four distinct polymers, which were then characterized. The solid-state photochromism of these polymers was then investigated, demonstrating favorable photo-reversibility and stability. Additionally, a test was conducted to evaluate the ability to write and erase using these polymers.

Overall, the synthesis and characterization of boron containing photo-responsive polyurethanes hold great potential for the development of innovative materials with enhanced properties and functionalities. Understanding how the geometry change of the DTE units during the photocyclization process, would affect the overall geometry of the polymer, as well as the scaling of the polymerization process, will enable this TACTIL project to be pursued with confidence.

Experimental part 4.1. Materials and analysis techniques

Materials All manipulations were performed using Schlenk techniques under argon atmosphere. All solvents were dried and purified by standard procedures.

The synthesis reagents were purchased from ACROS Organics and from ALDRICH Chemical Co.

The deuterated solvents used (CDCl3, DMSO-d6, CD2Cl2, CD3CN, CD3OD) were obtained from EURISO-TOP.

Analysis techniques

Elemental analysis, EA The elemental analyses were carried out on carbon, nitrogen and hydrogen atoms in the Microanalysis Department of the Centre Régional de Mesures Physiques de l'Ouest, CRMPO. Note that for some elemental analysis measurements the results are not good enough, measurements will be performed again.

High resolution mass spectrometry, HRMS

The high-resolution mass spectroscopy was carried out at the Centre Régional de Mesures Physiques de l'Ouest, CRMPO.

Nuclear magnetic resonance, NMR

1 H, 13 C{1H}, 19 F NMR spectra were recorded either on a Bruker Avance III 400 MHz spectrometer equipped with a tunable BBFO probe, or Bruker Avance III 300 MHz spectrometers fitted with BBFO or BBO probe (Université de Rennes).

Chemical shifts δ are given in ppm and coupling constants J in Hz. 1 

UV -Visible absorption spectroscopy

Absorption measurements were performed in CH2Cl2 and KBr at room temperature using "UV VIS NIR JASCO" spectrometer. Routine UV-vis irradiations were performed in UV cells of 1 cm pathlength with UV lamp λ = 320 nm.

X-ray diffraction, XRD

Single crystal X-Ray diffraction (SCXRD). Data were collected on a D8 Venture (Bruker-AXS) diffractometer Mo-Kα radiation (λ = 0.71073 Å, graphite monochromator) at T = 150(2) K. The cell parameters were initially determined using more than 50 reflections. Experimental details are described in tables. The crystal structures were solved with dual-space algorithm using SHELXT program and refined with full-matrix least-squares using anisotropic thermal displacement parameters for all non-hydrogen atoms. Note that (R1 = [Σ abs(abs(FO) -abs(Fc))]/ [Σ abs(FO)]. b wR2 = [Σ(w(FO 2 -Fc 2 ) 2 )/ Σ[w(FO 2 ) 2 ] 0.5 ).

Differential scanning calorimetry, DSC

The differential scanning enthalpy measurements are performed using a DSC 2500 (TA Instruments) coupled to the RCS90 cooling system down to -80°C.

The thermograms are obtained thanks to two temperature cycles varying from -80°C to 100-130 °C at a speed of 10°C/min. The thermal phenomena of glass transition, melting and crystallization are processed with the TRIOS.

Thermogravimetric analysis, TGA

Thermogravimetric analyses were performed using a Mettler-Toledo TGA-DSC-1 apparatus under dry nitrogen flow at a heating rate of 10°C min. The sample between 5 and 10mg, dried beforehand sample was placed in an aluminum capsule and heated from room temperature to 500°C under nitrogen flow.

Size exclusion chromatography, SEC

SEC analyses were performed with one guard column PSS gram 10 µm (8*50 mm) and one column PSS gram linear 10 µm (8*300 mm) maintained at 70 °C and coupled with one Differential Refractometer Waters 2414 at 45 °C and one Photodiode Array Detector Waters 2998. DMSO (Dimethylsulfoxyde for HPLC-Isocratic grade, carlo erba 4451142) with LiBr 0.5 g/l (ReagentPlus, sigma aldrich, réf 213225) was used as the mobile phase at a flow rate of 0.7 ml/min. The solution is filtrated with nylon filters 0.45 µm. All polymers were injected (100μL) at a concentration around 3mg/mL after filtration through a 0.45 μm pore size membrane. The molar masses (Mn, number average molar mass, Mw, mass average molecular weight) and dispersity (Ð = Mw/Mn) were derived from the calibration curve based on polymethylmethacrylate (PMMA) standards polymers which apex molecular weight Mp between 602 g/mol to 988 000 g/mol.

Fourier-transform infrared spectroscopy, FT-IR

The FTIR spectra are obtained with a IRAffinity-1S spectrometer from SHIMADZU. The analysis was performed using Gladi ATR module from Pike, in which the compounds were deposited on a diamond crystal.

Synthetic Procedures

Synthesis of model DTEs 3 and 4

Synthesis of 2,4-dibromo-5-methylthiophene-19 109

To a solution of 2-methylthiophene (10.0 g, 0.102 mol, 1.00 eq.) in THF (125 mL) placed at 0 o C was added N-bromosuccinimide (36.3 g, 0.204 mol, 2.00 eq.) in 6 portions every 5-10 minutes and the reaction mixture was further stirred overnight at 0 o C. The reaction was then quenched with Na2S2O3 (31 mL) and the phases were separated. The aqueous phase was then extracted with Et2O (40 mL, 3 times). The organic phase was then collected and dried over MgSO4, filtered and concentrated under reduced pressure. After flash chromatography on a silica gel column (SiO2 200 g, eluent petroleum ether 100 , Rf = 0.77) the desired compound was obtained as a clear yellow liquid (16.9 g, 65 %). 

Synthesis of precursor-21 107

To a solution of 2,4-dibromo-5-methylthiophene 19 (37.5 g, 0.146 mol, 1.00 eq.) in THF (250 mL) was added n-butyl-lithium (10.7 g, 0.166 mol, 1.05 eq.) dropwise under stirring at -78 0 C over one hour. To the obtained solution was added chlorotrimethylsilane (18.6 mL, 0.146 mol, 1.00 eq) in THF (50 mL) dropwise over 15 seconds under stirring and the resulting mixture was allowed to warm up to room temperature overnight. The reaction was then quenched with distilled water (80 mL). Diethyl ether (60 mL) was then added and phases were separated. The aqueous phase was extracted two more times with diethyl ether (60 mL, 2 times). The organic fractions were then combined and washed with distilled water (50 mL), dried over sodium sulphate, filtered and concentrated under reduced pressure affording a clear yellow liquid. After performing a bulb-to-bulb distillation, the desired compound was obtained as a colorless liquid (36.5 g, 90 %). 

Synthesis of 3-bromo-2,5-dimethylthiophene-18 108

To a solution of 2,5-dimethylthiophene (10.0 g, 0.089 mol, 1.00 eq.) in a mixture of acetic acid (86 mL) and chloroform (86 mL) placed at 0 o C was added N-bromosuccinimide (10.5 g, 0.089 mol, 1.00 eq.) in 6 portions every 5-10 minutes and the reaction mixture was further stirred overnight at 0 o C. Water (50 mL) and dichloromethane (80 mL) were then added. The organic layer was separated, washed with saturated solution of NaHCO3 (80 mL). It was then dried over magnesium sulphate, filtered and the solvent was removed under reduced pressure. After flash chromatography on a silica gel column the desired compound was obtained as a clear liquid (6.40 g, 38 %). 

Synthesis of compound-20 107

To a solution of 3-bromo-2,5-dimethylthiophene 18 (7.90 g, 41.3 mmol, 1.00 eq.) in THF (140 mL) was added n-butyl-lithium (16.5 mL, 41.3 mmol, 1.00 eq.) dropwise under stirring at -78 0 C and left for one hour at the same temperature. This was then added dropwise to a solution of octafluorocyclopentene (16.7 mL, 124 mmol, 3.00 eq.) solubilized in THF (60 mL) under stirring at -78 °C. The reaction mixture was then left overnight. The reaction was then quenched by water and the product extracted by diethyl ether. The organic phase was then collected and washed with brine, dried over magnesium sulphate, filtered and concentrated over reduced pressure affording a transparent liquid (8.00 g, 64 %). 

Synthesis of DTE-22 107

To a -78 °C cooled solution of 3-bromo-2-methyl-5-trimethylsilylthiophene 21 (6.60 g, 0.026 mol, 1.00 eq.) in THF (50 mL) was added n-butyl-lithium (10.7 mL, 0.026 mol, 1.00 eq.) dropwise under stirring and left at that temperature for 1 hour. The obtained solution was then transferred drop wise by cannula to a solution of 3-perfluorocyclopentyl-2,5-dimethylthiophene (8.00 g, 0.263 mol, 1.00 eq.) solubilized in THF (60 mL) under stirring at -78 o C and the resulting mixture was allowed to warm up to room temperature. The reaction was then quenched with brine (60 mL) and the aqueous phase was washed twice with diethylether (60 mL). The organic phase was then combined and washed with distilled water (60 mL). The organic fraction was then dried over magnesium sulphate, filtered and concentrated under reduced pressure to dryness. After flash chromatography on a silica gel column (200 g, eluent pentane, Rf = 0.80) the desired compound was obtained as a yellow oil (8.38 g, 70 %). 

Synthesis of DTE-23 107

To a solution of trimethylsilyl dithienylethene 22 (8.38 g, 18.4 mmol, 1.00 eq.) in tetrahydrofuran (100 mL) was added in portions N-bromosuccinimide (4.00 g, 22.1 mmol, 1.20 eq.) under stirring and at 0 o C. The mixture was then covered with aluminum foil and left to stir overnight under argon atmosphere. The reaction mixture was then quenched with acetone (10 ml). After evaporation of the solvent, the mixture was extracted with diethylether and washed with brine. The organic layer was then dried over anhydrous magnesium sulphate and the solvent was removed under reduced pressure. The crude product was purified by column chromatography o silica gel with petroleum ether as an eluent to afford a white powder (7.00 g, 83 %). 

Synthesis of mono-aminoborane DTE-24 106

To a solution of bromodithienylethene 23 (4.00 g, 8.67 mmol, 1.00 eq.) in toluene (25 mL) was added diisopropylaminoborane (1.24 mL, 8.67 mmol, 1 eq.), triethylamine (6.13 mL, 44.0 mmol, 5.00 eq.) and palladiumtetrakis(triphenylphosphine) (0.5 g, 5 mol%). The reaction mixture was then stirred overnight at 80 °C under argon atmosphere. The solvent was then evaporated and diethylether (30 mL) was added and allowed to stir for 5 minutes. The reaction mixture was then filtrated over activated celite under argon atmosphere. After evaporation of the solvent, a brown powder was obtained that was then recrystallized in pure pentane to afford the compound as white-brownish powder (2.60 g, 67 %). Single-crystals suitable for X-ray diffraction were obtained from a saturated dichloromethane solution at room temperature. 

Synthesis of mono-boratrane DTE-3

To a solution of dithienylethene(diisopropyl)aminoborane 24 (400 mg, 0.811 mmol, 1.00 eq.) in THF (6 mL) was added triethanolamine (0.110 mL, 0.811 mmol, 1.00 eq.). The reaction mixture was then stirred overnight at room temperature under argon atmosphere. After evaporation of the solvent, the mixture was extracted with chloroform and washed with distilled water. The organic layer was then dried over anhydrous magnesium sulphate and the solvent was removed under reduced pressure affording a brownish white powder (0.340 mg, 69 %). Single-crystals suitable for X-ray diffraction were obtained from a saturated dichloromethane solution at room temperature. 

Synthesis of mono-boratrane DTE-4

To a solution of dithienylethene(diisopropyl)aminoborane 24 (400 mg, 0.811 mmol, 1.00 eq.) in THF (6 mL) was added diethanolamine (0.100 mL, 0.811 mmol, 1.00 eq.). The reaction mixture was then stirred overnight at room temperature under argon atmosphere. A white precipitate was crashed out of the reaction mixture. Then the solvent was removed using a filtrating cannula. The precipitate was then washed with acetone. The compound was obtained as a white powder (0.3 mg, 65%). Singlecrystals suitable for X-ray diffraction were obtained from a saturated dichloromethane solution at room temperature. 

Synthesis of target DTEs 1 and 2

Synthesis of DTE-25 112

To a -78 °C cooled solution of 3-bromo-2-methyl-5-trimethylsilylthiophene 21 (7.80 g, 0.031 mol, 1.00 eq.) in THF (73 mL) was added n-butyl-lithium (2.11 g, 0.033 mol, 1.02 eq.) dropwise under stirring for 40 minutes. To the obtained solution was added octafluorocyclopentene (3.29 g, 0.016 mol, 0.500 eq.) dropwise under stirring at -78 o C and the resulting mixture was allowed to warm up to room temperature. Diethylether (60 mL) was added to the solution mixture followed by brine (60 mL) and the phases were separated. The organic fraction was washed one more time with brine (60 mL) and another time with distilled water (60 mL). The organic fraction was then dried over sodium sulfate, filtered and concentrated under reduced pressure affording a clear yellow liquid. After flash chromatography on silica gel column (200 g, eluent pentane, Rf = 0.80) the desired compound was obtained as a colorless oil (5.62 g, 73 %). Single-crystals suitable for X-ray diffraction were obtained from a saturated dichloromethane solution at room temperature. 

Synthesis of DTE-26 112

To a solution of 1,2-bis(2-trimethylsilyl-5-methylthiophen-4-yl)-hexafluorocyclopent-1-ene 25 (10.0 g, 19.5 mmol, 1.00 eq.) in tetrahydrofuran (150 mL) was added in portions N-bromosuccinimide (10.4 g, 58.5 mmol, 3.00 eq.) under stirring and at 0 o C. The mixture was then covered with aluminum foil and left to stir overnight under argon atmosphere. The reaction mixture was then quenched with acetone (10 ml). After evaporation of the solvent, the mixture was extracted with chloroform and washed with brine. The organic layer was then dried over anhydrous magnesium sulphate and the solvent was removed under reduced pressure. The crude product was purified by column chromatography on silica gel with petroleum ether as an eluent to afford a white powder (10.3 g, 58 %). 

Synthesis of bis-aminoborane DTE-27 106

To a solution of 3,3'-(perfluorocyclopent-1-ene-1,2-diyl)bis(5-bromo-2-methylthiophene) 25 (4.00 g, 7.60 mmol, 1.00 eq.) in toluene (30 mL) was added diisopropylaminoborane (1.72 g, 15.2 mmol, 2.00 eq.), triethylamine (7.70 g, 76.0 mmol, 10.0 eq.) and palladiumtetrakis(triphenylphosphine) (0.440 g, 5 mol%). The reaction mixture was then stirred overnight at 80 °C under argon atmosphere. The solvent was then evaporated and diethylether (20 mL) was added and allowed to stir for 5 minutes. The reaction mixture was then filtered over activated celite under argon atmosphere. After evaporation of the solvent, a brown powder was obtained that was then recrystallized in pure pentane to afford the compound as white-brownish powder (2.50 g, 72 %). 

Synthesis of bis-boratrane DTE-2

To a solution of dithienylethenebis((diisopropyl)aminoborane) 27 (400 mg, 0.680 mmol, 1.00 eq.) in THF (6 mL) was added diethanolamine (215 mg, 1.36 mmol, 2.00 eq.). The reaction mixture was then stirred overnight at room temperature under argon atmosphere. A white precipitate was crashed out of the reaction mixture. Then the solvent was removed using a filtrating cannula. The precipitate was then washed with acetone. The compound was obtained as a white powder (390 mg, 94 %). 

Synthesis of bis-boratrane DTE-1

To a solution of dithienylethenebis(diisopropyl)aminoborane 27 (400 mg, 0.680 mmol, 1.00 eq.) in THF (6 mL) was added triethanolamine (337 mg, 1.26 mmol, 2.00 eq.). The reaction mixture was then stirred overnight at room temperature under argon atmosphere. After evaporation of the solvent, the mixture was extracted with chloroform and washed with distilled water. The organic layer was then dried over anhydrous magnesium sulphate and the solvent was removed under reduced pressure affording a brownish white powder (390 mg, 84 %). Single-crystals suitable for X-ray diffraction were obtained from a saturated acetone solution at room temperature F NMR (DMSO, 377 MHz):  = -131.3 (quint, 3 JFF = 5.9 Hz, 2F), -109.0 (t, 3 JFF = 5.9 Hz, 4F). 

Synthesis of 2-bromo-5-methylthiophene

To a solution of 2-methylthiophene (5.00 g, 0.050 mol, 1.00 eq.) in THF (60 mL) placed at 0 o C was added N-bromosuccinimide (9.00 g, 0.050 mol, 1.00 eq.) in 6 portions every 5-10 minutes and the reaction mixture was further stirred overnight at 0 o C. The reaction was then quenched with Na2S2O3 (40 mL) and the phases were separated. The aqueous phase was then extracted with Et2O (40 mL, 2 times). The organic phase was then collected and dried over MgSO4, filtered and concentrated under reduced pressure. After flash chromatography on a silica gel column (SiO2 50 g, eluent petroleum ether 100 , Rf = 0.73) the desired compound was obtained as a colorless liquid (6.76 g, 76 %). 

Synthesis of thienyl aminoborane

To a solution of 2-bromo-5-methylthiophene (6.00 g, 34.0 mol, 1.00 eq.) in toluene (100 mL) was added diisopropylaminoborane (4.85 mL, 34.0 mmol, 1.00 eq.), triethylamine (24.0 mL, 170 mmol, 5.00 eq.) and palladiumtetrakis(triphenylphosphine) (2.00 g, 5 mol%). The reaction mixture was then stirred overnight at 80 °C under argon atmosphere. The solvent was then evaporated and diethylether (60 mL) was added and allowed to stir for 5 minutes. The reaction mixture was then filtrated over activated celite under argon atmosphere. After evaporation of the solvent, a brownish liquid was obtained that was then distilled to afford the compound as colourless liquid (4.30 g, 61 %). 

Synthesis of thienyl boratrane from diethanolamine

To a solution of 2-methyl-5-(diisopropyl)aminoborane (3.00 g, 0.014 mol, 1.00 eq.) in THF (45 mL) was added diethanolamine (1.40 mL, 0.014 mmol, 1.00 eq.). The reaction mixture was then stirred overnight at RT under argon atmosphere. A white precipitate was crashed out of the reaction mixture. Then the solvent was removed using a filtrating cannula. The precipitate was then washed with acetone and residual solvents were removed under vacuum. The compound was obtained as a white powder (2.83 g, 96%). Single-crystals suitable for X-ray diffraction were obtained from a saturated dichloromethane solution at room temperature. 

Synthesis of thienyl boratrane from triethanolamine

To a solution of 2-methyl-5-(diisopropyl)aminoborane (3.00 g, 0.014 mol, 1.00 eq.) in THF (45 mL) was added triethanolamine (1.90 mL, 0.014mmol, 1.00 eq.). The reaction mixture was then stirred overnight at RT under argon atmosphere. A white precipitate was crashed out of the reaction mixture. Then the solvent was removed using a filtrating cannula. The precipitate was then washed with acetone and residual solvents were removed under vacuum. The compound was obtained as a white powder (2.50 g, 66%). Single-crystals suitable for X-ray diffraction were obtained from a saturated acetone solution at room temperature. 

Synthesis of model compound-31

To a solution of N,N-dihydroxyethylaminoethyl p-tolyl carbamate 30 (0.100 g, 4.78 mmol, 1.00 eq) in tetrahydrofuran (1 mL) was added thienylaminoborane (0.135 g, 4.78 mmol, 1.00 eq.) and was stirred overnight. After evaporation of the solvent, a brownish powder was obtained (80.0 mg, 43 %). Singlecrystals suitable for X-ray diffraction were obtained from a saturated dichloromethane solution at room temperature. 

Synthesis of model urethane -boratrane DTE-32

To a solution of dithienylethene(diisopropyl)aminoborane 24 (104 mg, 0.210 mmol, 1.10 eq.) in THF (1.5 mL) was added N,N-dihydroxyethylaminoethyl p-tolyl carbamate 30 (52.0 mg, 0.190 mmol, 1.00 eq.) dissolved in (1.5 mL). Pentane was then added into the reaction mixture and the desired compound was precipitated. Then the solvent was removed using a filtrating cannula and the residual solvents were removed under vacuum. The compound was obtained as a yellowish powder (2.50 g, 66 %). Single-crystals suitable for X-ray diffraction were obtained from a saturated acetonitrile solution at room temperature. 

Synthesis of bis-(urethane -boratrane) DTE-33

To a solution of dithienylethenebis(diisopropyl)aminoborane 27 (320 mg, 0.540 mmol, 1.10 eq.) in THF (3 mL) was added N,N-dihydroxyethylaminoethyl p-tolyl carbamate 30 (130 mg, 0.190 mmol, 1.00 eq.) dissolved in (2 mL). Pentane was then added into the reaction mixture and the desired compound was precipitated. Then the solvent was removed using a filtrating cannula and the residual solvents were removed under vacuum. The compound was obtained as an off-white powder (300 mg, 60 %). Singlecrystals suitable for X-ray diffraction were obtained from a saturated acetonitrile solution at room temperature. 

Synthesis of urethane containing bis-diol-34 115

To a solution of triethanolamine (2.00 mL, 15.1 mmol, 2.00 eq.) in dry toluene (25 mL) under an argon atmosphere maintained under reflux was added in a dropwise fashion a solution of hexamethylene diisocyante (1.20 mL, 7.50 mmol, 1.00 eq.) in dry toluene (40 mL) over a period of approximately 1 hour. This mixture was left to react overnight. After that the solvent was removed under vacuum and the obtained oil was dissolved in THF and precipitated in cold n-pentane. The obtained oil was then dissolved in dichloromethane (60 mL) and water (30 mL) was then added and the phases were separated. The organic phase was then washed with water (30 mL x2) and dried over MgSO4, filtered and concentrated under reduced pressure affording a light brown viscous oil (1.12 g, 32 %). 2.66-2.17 (q, 4H, CH2N), 2.91-2.96 (q, 4H, CH2NHCOO), 3.38-3.44 (q, 8H, CH2-OH), 3.93-4.00 ( 

Synthesis of urethane containing bis diol-35 115

To a solution of triethanolamine (4.50 mL, 33.9 mmol, 2.00 eq.) in dry THF (41 mL) under an argon atmosphere maintained under reflux was added in a dropwise fashion a solution of isophorone diisocyante (3.60 mL, 7.50 mmol, 1.00 eq.) in dry THF (120 mL) over a period of approximately 1 hour. This mixture was left to react overnight. After that, the reaction mixture was poured into cold npentane (500 mL). The formed precipitate was filtered off under vacuum. The obtained oil was then dissolved in dichloromethane (60 mL) and water (60 mL) was then added and the phases were separated. The organic phase was then washed with water (60 mL x2) and dried over MgSO4, filtered and concentrated under reduced pressure affording a clear off-white powder (2.00 g, 23 %). 

Protection of triethanolamine with BOC2O

To a stirred solution of triethanolamine (2.50 g, 16.8 mmol, 1.00 eq.) in dry THF (12.5 mL) was added triethylamine (4.68 mL, 33.5 mmol, 2.00 eq.). A solution of tert-butyloxy carbonate (7.32 g, 33.5 mmol, 2.00 eq.) in dry THF (37.5 mL) was then added dropwise over a period of 2 h and the reaction was stirred under an argon atmosphere for 2 h. The reaction was concentrated in vacuo and the resultant crude product was purified via column chromatography (silica with 20% ethyl acetate in hexane as the eluent) to furnish the desired product as a clear yellowish oil (2.34 g, 40%). 

Reaction of p-phenylene diisocyanate with protected triethanolamine

To a stirred solution of phenyl diisocyanate (0.340 g, 2.12 mmol, 1.00 eq.) under reflux in dry THF (6 mL) was added a solution of protected triethanolamine (1.50 g, 4.30 mmol, 1.00 eq.) in dry THF (3 mL).

A catalytic amount of triethylamine was then added and the reaction stirred under reflux under an argon atmosphere for a period of 3 h. The reaction was then concentrated in vacuo and the resultant crude product was purified via chromatography (on silica with a gradient solvent system of 10 %-50 % ethyl acetate in hexane as the eluent) to yield the desired protected product as a clear yellow oil (1. 

Synthesis of urethane containing bis diol-37

To a solution of triethanolamine (3.00 mL, 22.6 mmol, 2.00 eq.) in dry DMF (30 mL) under an argon atmosphere maintained under reflux was added in a dropwise fashion a solution of 

Synthesis of photo-responsive polymers

Polymer-38

To a solution of dithienylethenebis(diisopropyl)aminoborane 27 (210 mg, 3.61 mmol, 1.00 eq.) in THF (3 mL) was added the bisdiol 34 (170 mg, 0.377 mmol, 1.01 eq.) dissolved in (3 mL) drop wise over 5 minutes. The reaction was left to react for 5 days. The solvent was removed by filtration as the polymer crashed out of the reaction mixture. The precipitate was then washed with pentane and dried over vacuum. The polymer was obtained as an off-white precipitate (147 mg). 

Polymer-39

To a solution of dithienylethenebis(diisopropyl)aminoborane 27 (224 mg, 3.80 mmol, 1.00 eq.) in THF (4 mL) was added the bisdiol 35 (200 mg, 0.398 mmol, 1.01 eq.) dissolved in (6 mL) drop wise over 5 minutes. The reaction was left to reaction for 5 days. The solvent was removed by filtration as the polymer crashed out of the reaction mixture. The precipitate was then washed with pentane and dried over vacuum. The polymer was obtained as an off-white precipitate (160 mg). 

Polymer-40

To a solution of dithienylethenebis(diisopropyl)aminoborane 27 (154 mg, 3.50 mmol, 1.00 eq.) in THF (3 mL) was added the bisdiol 36 (121 mg, 0.273 mmol, 1.01 eq.) dissolved in (5 mL) drop wise over 5 minutes. The reaction was left to reaction for 5 days. The solvent was removed by filtration as the polymer crashed out of the reaction mixture. The precipitate was then washed with pentane and dried over vacuum. The polymer was obtained as a white precipitate (160 mg). 

Polymer-41

To a solution of dithienylethenebis(diisopropyl)aminoborane 27 (350 mg, 5.90 mmol, 1.00 eq.) in THF (6 mL) was added the bisdiol 37 (300 mg, 6.10 mmol, 1.01 eq.) dissolved in (9 mL) drop wise over 5 minutes. The reaction was left to reaction for 5 days. The solvent was removed by filtration as the polymer crashed out of the reaction mixture. The precipitate was then washed with pentane and dried over vacuum. The polymer was obtained as a white precipitate (215 mg). 

General Conclusion

In the first chapter of this manuscript, an in-depth illustration of the field of stimuli-responsive polymers has been undertaken, highlighting the properties of photo-responsive shape changing polymers. The ability of these materials to undergo shape changes under the influence of light represents an interesting field of research for scientists due to the advancement that could be reached in the field of materials science. After, the essential concepts of photochromism were explained focusing on the photocyclization/cycloreversion of dithienylethenes (DTEs). Dithienylethenes are considered as switches as they possess desirable properties including good fatigue resistance, stability of both isomers and fast response. This makes them molecules of choice for a plethora of applications in different fields of materials science, especially polymers. The incorporation of these molecules into polymers not only provides a means of accessing photo-responsive polymers, but also maximizes the geometrical change that occurs upon the photoisomerization of these molecules, resulting in overall mechanical movement through the polymers backbone. The next chapters briefly present the two distinct but complementary strategies, one taking advantage of supramolecular interactions involving hydrogen bonds and the other using covalent bonds based on boronate connections, to synthesize photo-responsive polymers that are expected to exhibit shape changing effects.

In chapter two, the supramolecular assembly approach was illustrated. It is based on the integration of ureidopyrimidinone (UPy) units into thermoplastic polyurethanes (TPUs) where UPy units are known to form intermolecular quadruple hydrogen bonds. The blending of DTE units that are also functionalized with UPy units with the UPy functionalized polyurethanes allows the synthesis of the desired photo-responsive polymers. This chapter presented the synthesis and characterization of two series of thermoplastic polyurethanes that were chain ended with two different UPy units (Scheme C.1).

Scheme C.1. UPy functionalized polyurethanes.

In chapter three, the second approach based on covalent bonding through boronate connections was explained in details. The chapter begins by presenting the reactivity of the boron atom, followed by an exploration of the application of trivalent boranes in optoelectronics and anion sensing. Next, the integration of boron into polymers was presented, illustrating the different synthetic protocols used in their synthesis. By linking boron chemistry to polymers, the intrinsic properties of trivalent boranes, namely the Lewis acidity and electrophilicity of the boron atom, are transposed into the polymer, opening the way to new areas of applications. In this chapter, we then presented the covalent approach followed to synthesize photo-responsive polymers. In this respect, aminoborane-substituted DTEs were synthesized as a key intermediate for the synthesis of tetravalent boratrane functions. Boratrane-substituted DTEs were found to exhibit good photo-reversibility and stability. Next, model urethane-boratrane containing DTE was synthesized by reacting the key intermediate, the aminoborane-substituted DTE, with synthesized urethane-containing bis-diols. This model compound mimics the unit structure of the targeted polymers and was also found to be photochromic. Subsequent polymerization of the aminoborane-substituted DTEs and urethane-containing bis-diols led to the formation of the desired boron-containing polyurethanes. These polymers displayed photo-responsive characteristics that open up new application prospects, for example in smart textiles and adaptive optics (Scheme C.2).

Scheme C.2. Photo-responsive polyurethanes comprising boratrane connections.

In conclusion, this research work has successfully introduced and established two distinct approaches for synthesizing photo-responsive polymers. Thanks to the supramolecular assembly approach using UPy units and the covalent bonding approach using boron chemistry, a range of polymers with photoresponsive characteristics has been developed. Potential applications for these new materials are vast, and include adaptive optics, smart textiles, actuators and responsive coatings, among others.

In terms of prospects, a number of key aspects need to be considered with regard to synthesized polyurethanes and photo-responsive boron containing polymers. Firstly, with regard to the thermoplastic polyurethanes presented in chapter two, broadening the scope of the monomers used, namely diisocyanate and diols, should be considered to better understand the effect of their nature on the overall properties of the polymers. In addition, it would be interesting to investigate the mechanical properties of the synthesized polymers in order to gain insights into their capabilities in different fields of applications. Furthermore, blending of these polymers with the DTE photoresponsive units the final step of this project is to obtain the desired supramolecular photo-responsive polymers. Regarding the photo-responsive boron containing polymers presented in chapter three of this manuscript several tasks need to be completed. Firstly, the optimization of the polymerization conditions is required to obtain higher molecular weights polymers. Additionally, it is necessary to scale up the polymerization reaction to generate sufficient quantities of these polymers to carry out all the necessary characterizations. Finally, for all the photo-responsive polymers mentioned above, comprehensive photophysical measurements, i.e., quantum yield calculations and fatigue resistance tests, need to be carried out to determine the effectiveness of these systems. Moreover, mechanical movement tests must also be performed to achieve the ultimate objective of this project, namely the synthesis of photo-responsive shape changing polymers.

Moreover, from a critical point of view, there are a few areas that could be further evaluated. Although this research has succeeded in developing photo-responsive polymers, it is important to understand how these newly synthesized polymers compare with already existing photo-responsive polymers in terms of efficiency and scalability. This would allow us to assess the real progress of this work and give insights into the implications to be considered in the real-world. In addition, although the ultimate aim of this research work is to achieve photo-responsive shape-changing polymers, it is still at a preliminary stage, as tests of actual mechanical movements have not yet been carried out. The practicality and efficiency of these movements will be the real test of the polymer's usefulness for real-world applications. More specifically, regarding the supramolecular approach, synthesized UPyfunctionalized polyurethanes need to be thoroughly tested when blended with UPy-functionalized-DTEs in terms of mechanical and photophysical properties. This would allow the determination of the best combination of monomers, as well as the amount of DTE units that should be present to achieve the desired effect. Similarly, for polymers synthesized by the covalent boronate connections approach, testing of these different polymers would provide a better understanding of the effect of the nature of the diisocyanate used, by linking the effect produced by these polymers when exposed to light to the nature of the monomers used. Furthermore, it is also desirable to broaden the scope of monomers in order to build up and deepen knowledge about this topic. In summary, although this research provides a comprehensive foundation in the area of photo-responsive polymers, there remain several key areas of evaluation and testing that would be crucial in assessing the real-world applicability, efficiency, and sustainability of the materials developed.

Résumé

Au cours des dernières décennies, on a observé une avancée technologique remarquable grâce à l'intégration continue de matériaux sensibles aux stimuli dans la conception et la fabrication de dispositifs. Les matériaux sensibles aux stimuli sont une classe de matériaux capables de subir des changements réversibles et contrôlables dans leurs propriétés en réponse à des stimuli externes spécifiques tels que la température, la lumière, le pH, les champs électriques ou les contraintes mécaniques. Le développement de ces matériaux sensibles aux stimuli revêt une grande importance dans divers domaines, notamment la création de nouvelles technologies et machines. En utilisant ces matériaux, les scientifiques et ingénieurs peuvent obtenir une fonctionnalité améliorée, des performances accrues et de nouvelles applications auparavant inaccessibles. 1 Les applications potentielles des matériaux sensibles aux stimuli sont vastes et englobent un large éventail de domaines. Ils peuvent être utilisés dans des applications biomédicales telles que les systèmes de délivrance de médicaments, l'ingénierie tissulaire et les biosenseurs répondant à des signaux biologiques spécifiques. De plus, ces matériaux permettent la création de matériaux capables de changer de forme et de s'autoréparer. 2 Ils ont également des implications dans le stockage et la conversion d'énergie, la surveillance environnementale et les processus de fabrication avancés.

De plus, d'importants changements stratégiques ont été observés dans l'industrie textile pour encourager le développement et l'avancement des textiles intelligents. Ces textiles, capables de détecter et de réagir à leur environnement, peuvent être divisés en deux catégories : (i) les textiles intelligents passifs qui modifient leurs propriétés en réponse à des stimuli environnementaux, et (ii) les textiles intelligents actifs équipés de capteurs et d'actionneurs pour traduire les paramètres internes en données transmises. 3 Parmi les différents types de textiles intelligents, un intérêt particulier a été porté sur ceux qui peuvent répondre à la lumière artificielle ou solaire en incorporant des molécules photochromiques. 4 Traditionnellement, ces textiles passifs, qui changent de couleur en raison de l'exposition à la lumière, ont été utilisés principalement dans des applications liées à la mode, à la sécurité, à la protection UV, aux capteurs UV et au camouflage militaire. 5 Cependant, ces derniers temps, les efforts de recherche mondiaux se concentrent sur le développement de fibres photochromiques actives de troisième génération. Ces textiles combinent la réponse à la lumière (changement de couleur) avec des changements significatifs dans les propriétés macroscopiques, tels que des altérations de forme photoinduites, représentant un défi fascinant communément appelé "effet photomécanique".

En 2010, Irie et ses collaborateurs ont rapporté la synthèse d'actuateurs photo-organiques basés sur des cristaux de dithiényl-éthène (DTE) capables de changer à la fois de couleur et de forme sous irradiation. 6 Le mécanisme de commutation photochimique des DTE est basé sur l'électrocyclisation carbone-carbone entre une forme ouverte incolore (OF) et une forme fermée colorée (CF). Les DTE sont considérés parmi les commutateurs photo-bistables les plus efficaces rapportés dans la littérature. Un co-cristal à deux composants de forme rectangulaire (5 mm de long), composé d'un dérivé photochromique de DTE et de perfluoronaphtalène, a montré un mouvement de flexion réversible lorsqu'il était exposé alternativement à la lumière UV et visible (Figure 1a). Un levier cristallin moléculaire a été créé dans lequel une balle métallique est soulevée lorsqu'elle est irradiée par la lumière UV (Figure 1b). Pour comprendre le mécanisme sous-jacent de cet effet photomécanique, la cristallographie des rayons X in situ a été utilisée. Elle a révélé que la déformation du cristal est due à l'altération de forme des molécules individuelles de DTE pendant la photo-cyclisation. Le mouvement de flexion est attribué au gradient entre OF et CF. Malgré ces résultats prometteurs, les actionneurs photo utilisant des cristaux de DTE présentent d'importants inconvénients, notamment des restrictions de taille à la plage millimétrique, des limitations de forme dues à la morphologie cristalline et une fragilité. Pour des applications plus larges dans la vie réelle, des méthodes de traitement plus flexibles sont nécessaires. 6 Dans le cadre du projet TACTIL ANR, l'intérêt est principalement axé sur l'exploration de nouveaux matériaux sensibles à la lumière dans le développement de fibres photochromiques intelligentes et innovantes incorporant des commutateurs photo de dithiényléthène (DTE) capables de changer simultanément leur forme macroscopique et leur couleur sous irradiation UV/visible. Ces commutateurs photo seront incorporés dans des polymères selon deux stratégies différentes, soit de manière supramoléculaire basée sur des liaisons hydrogène, soit de manière covalente grâce à des liaisons boronates. La stratégie principale du projet TACTIL consiste à revêtir des fibres synthétiques et naturelles commerciales avec ces polymères photosensibles pour obtenir les fibres photosensibles visées. Il est à noter que le projet TACTIL rassemble différents chercheurs de laboratoires différents avec des compétences et une expertise distincte et complémentaire pour répondre aux exigences de ce projet, notamment la synthèse chimique, la modélisation rationnelle et multi-échelle du revêtement et la caractérisation des fibres revêtues résultantes.

Par conséquent, ce manuscrit est divisé en trois chapitres où les différents concepts seront fournis de manière consécutive. Dans le premier chapitre de ce manuscrit, une illustration approfondie du domaine des polymères sensibles aux stimuli a été entreprise, mettant en évidence les propriétés des polymères sensibles à la lumière changeant de forme. La capacité de ces matériaux à subir des changements de forme sous l'influence de la lumière représente un domaine de recherche intéressant pour les scientifiques en raison des avancées qui pourraient être atteintes dans le domaine des sciences des matériaux. Ensuite, les concepts essentiels de la photochromie ont été expliqués en mettant l'accent sur la photocyclisation/cycloreversion des dithiényléthènes (DTE). Les Dithiényléthènes sont considérés comme des commutateurs car ils possèdent des propriétés souhaitables, notamment une bonne résistance à la fatigue, la stabilité des deux isomères et une réponse rapide. Cela en fait des molécules de choix pour une pléthore d'applications dans différents domaines de la science des matériaux, en particulier les polymères. L'incorporation de ces molécules dans les polymères offre non seulement un moyen d'accéder à des polymères photosensibles, mais maximise également le changement géométrique qui se produit lors de la photo-isomérisation de ces molécules, entraînant un mouvement mécanique global à travers le squelette polymérique. Les chapitres suivants présentent brièvement les deux stratégies distinctes mais complémentaires, l'une exploitant les interactions supramoléculaires impliquant des liaisons hydrogène et l'autre utilisant des liaisons covalentes basées sur des connexions boronates, pour synthétiser des polymères photosensibles censés présenter des effets de changement de forme. En conclusion, ce travail de recherche a réussi à introduire et à établir deux approches distinctes pour la synthèse de polymères photosensibles. Grâce à l'approche d'assemblage supramoléculaire utilisant des unités UPy et à l'approche de liaison covalente utilisant la chimie du bore, une gamme de polymères présentant des caractéristiques photosensibles a été développée. Les applications potentielles pour ces nouveaux matériaux sont vastes et incluent l'optique adaptative, les textiles intelligents, les actionneurs et les revêtements réactifs, entre autres.

En termes de perspectives, plusieurs aspects clés doivent être pris en compte en ce qui concerne les polyuréthanes synthétisés et les polymères contenant du bore photosensibles. Abstract: This work focuses on the synthesis and characterization of photo-responsive shape-changing polymers, using two distinct methodologies: supramolecular assemblies and covalent bonding involving boron chemistry. To provide a comprehensive overview of the field, a literature review has been carried out, focusing mainly on stimuli-responsive polymers, with a particular emphasis on photo-responsive shape-changing polymers. Then, the two approaches employed in this study to obtain such polymers were discussed in details. The first approach is based on the use of ureidopyrimidinone (UPy) as a hydrogen bonding unit in thermoplastic polyurethanes (TPUs). This enables the integration of UPyfunctionalized dithienylethenes (DTEs) via supramolecular interactions. The incorporation of the DTE units is envisaged to enable controlled and reversible switching of polymer conformation, leading to dynamic changes in polymer shape. The second approach focuses on covalent bonding, in which DTEs functionalized with boratrane groups generated during the polymerization process give boron-containing polyurethanes. These polymers were found to be photo-responsive when exposed to UV and visible light. In conclusion, this work aims at providing valuable insights in the field of stimuliresponsive polymers and paves the way for developing new materials with customized functionality and shape-changing abilities.

Figure I. 1

 1 Figure I.1. a) Co-crystal photochromism; b) photomechanical work of molecular crystal cantilevers. (Reproduced from ref. 6).

Figure I. 2

 2 Figure I.2. a) Physically cross-linked azobenzene based liquid crystalline polymers; b) Photographs of the LCP fiber that exhibit photo-induced bending and unbending behaviors upon irradiation with 365 nm UV light (150 mW cm -2 ) and visible light (λ > 430 nm, 120 mW cm -2 ) at 60 °C. (Reproduced from ref. 9).
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 11 Figure 1.1. Schematic illustration of the phase diagrams of the polymer solution: (a) LCST behavior and (b) UCST behavior. (Taken from ref. 5).

Scheme 1 . 1 .

 11 Scheme 1.1. Examples of temperature-responsive polymers. (Reproduced from ref. 5)

Figure 1 . 2 .

 12 Figure 1.2. Cell detachment mechanism on temperature-responsive surfaces: (a) below 32 °C: elongated, coil-like surface structure; (b) above 32 °C: facilitated cell adherence; (c) at 37 °C: cells proliferated; (d) below 32 °C: surface properties changed again and cells detached. (Reproduced from ref. 6).

Figure 1 .

 1 Figure 1.2 illustrates the cell sheet detachment process of proliferating cells. At temperatures below the phase transition temperature of PNIPAAm (T < 32 °C), it has an elongated, coil-like surface structure due to extensive hydrogen bonding interactions with the surrounding water molecules and restricted intra-and intermolecular hydrogen bonding within the polymer molecules (Figure 1.2-(a)). By increasing the temperature above 32 °C, the surface structurally changes into a more compact structure as a result of the disrupted hydrogen bonding with water molecules and the domination of intra-and intermolecular hydrogen and hydrophobic interactions, resulting in a transition in solubility (Figure 1.2-(b)). At this stage, the cells were seeded, and the temperature was set at 37 °C allowing the cells to proliferate (Figure 1.2-(c)). Finally, the temperature was reduced again to below 32 °C, and the PNIPAAm surface retained its initial elongated structure, leading to detachment of the proliferated cell sheets (Figure 1.2-(d)). The sheets maintain growth and secretion activities, and substrate adhesiveness, nearly comparable to primary cell.6 

Figure 1 . 3 .

 13 Figure 1.3. Thermo-responsive polymeric micelles for selective drug release. (Reproduced from ref. 15)
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 14 Figure 1.4. pH-Responsive polymers of different architectures: a) micelle, b) micelle-reverse micelle, c) nanogels or microgels, d) hollow-reverse hollow, e) micelle morphology changes (from worm-like to hollow). (Reproduced from ref. 16).

Scheme 1 . 4 .

 14 Scheme 1.4. Structure of hydrophobically modified poly (acrylic acid) (HM PAA). (Redrawn from ref. 21).

Figure 1 .

 1 Figure 1.5 represents schematically the pH-dependent swelling behavior of HM PAA polymer gel,where the gel shrank under acidic conditions and swelled as pH increased. This effect is caused by the ionization of the gel and the resulting osmotic pressure from the mobile counterions. To examine the opposing effects of hydrophobic and electrostatic interactions on the behavior of such polyelectrolyte gels, Philippova et al. prepared a series of polymers with varying levels of hydrophobicity. The results showed that hydrophobic aggregation plays an important role in the swelling behavior of the gels. Increasing the fraction and chain length of the n-alkyl side chains in the gel shifts the pH of the swelling transition to an alkaline medium (Figure1.5-a and 1.5-b, respectively) because of the stabilization of the collapsed state of the gel by hydrophobic forces. They also found that the addition of hydrophobic groups to such gels allowed the preparation of gels with variable transition pH values. The formation of the hydrophobic aggregate domains was monitored using the fluorescent probe method and NMR spectroscopy. The studies revealed that ionization of gels with intermediate hydrophobicity broke up aggregates of the n-alkyl side chains. By increasing the hydrophobicity of the gel, the degree of ionization required to break the aggregates also increased. For gels with very high hydrophobicity, hydrophobic domains were found to exist over the entire pH range because they can effectively overcome electrostatic repulsion. In these gels, the competition between the hydrophobic and electrostatic forces leads to a reduction in the fraction of aggregated n-alkyl side chains upon gel ionization. Therefore, the hydrophobic microdomains in HM PAA gels may be reversibly destroyed or created by changes in the pH of the medium.21 
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 15 Figure 1.5. (a) Dependence of the degree of swelling of PAA gel (1) and HM PAA gels C8-2.5% (2), C8-10% (3), and C820% (4) on the pH of the solution surrounding the gel sample; (b) Dependence of the degree of swelling of PAA gel (1) and HM PAA gels C8-5% (2) and C12-5% (3) on the pH of the solution surrounding the gel sample. (Taken from ref. 21).
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 16 Figure 1.6. Schematic illustration of the dual-layered polymeric architecture for pH-triggered release of carboxy-fluorescein. (Taken from ref. 22).

Scheme 1 . 5 .

 15 Scheme 1.5. Schematic representation of the "ON/OFF" conductivity of a dithienylethene-containing polymer. (Taken from ref. 24).

Figure 1 . 7 .

 17 Figure 1.7. Photochromism: A reversible light-induced reaction between two molecules A and B. (a) potential energy diagram and (b) related schematic absorption spectra by light irradiation. (Taken from ref. 25).
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 18 Figure 1.8. Photochromic lenses (Transition lens, source: Essilor).

Figure 1 . 9 .

 19 Figure 1.9. Modulation of the hydrophobicity of a microcrystalline surface of photochroms. (Reproduce from ref. 45).

Figure 1 .

 1 10a shows the photoinduced rolling motion of a continuous ring of LCE film. When exposed to both UV light from the downside right and visible light from the upside right at the same time, the ring underwent intermittent rolling towards the actinic light source, almost completing a full 360° roll at room temperature. However, the rolling motion of the LCE ring was slow and ceased when the ring was broken by continuous irradiation (Figure1.10a).

Figure 1 .

 1 Figure 1.10. (a) Photoinduced rolling motion of a continuous ring of LCE film. (b) Schematic illustration of a light-driven plastic motor system showing the relationship between light irradiation positions and rotation direction. (Reproduced from ref. 48).
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 111 Figure 1.11. Illustration of thermoplastic polyurethane containing azobenzene moieties system. (Reproduced from ref. 49).

Figure 1 . 12 .

 112 Figure 1.12. Photographs of TPU-AZO-LCE films under photoirradiation: with UV (λ 365 nm) and visible light (λ >540 nm).(Taken from ref.49).

Scheme 1 . 8 .

 18 Scheme 1.8. Diarylethene-based backbone photochromic polyurethane polymer. (Redrawn from ref. 52).In addition, copolymers containing both diarylethenes were synthesized. The combination of the two different diarylethene possessing different optical properties afforded the possibility of controlling the photochromism of these polymers as well as their spectroscopic features. This provided a multiple switch with four different states (open-open, open-closed, closed-open and closed-closed) as shown in Scheme 1.9. By precising the molar ratios of the two diarylethenes, one with a methylene spacer and the other with a phenylene one, the four aforementioned states could be addressed and distinguished using UV-vis and Raman spectra. The latter being characterized by strong changes in intensity.

Figure 1 .

 1 Figure 1.13. Left: Spiropyran functionalized poly (methyl methacrylate) (SP-PMMA); Right: UV-vis spectra of SP-PMMA (1 x 10 -4 M in acetonitrile) before (a) and after (b) 60 s of UV irradiation at 365 nm. (Reproduced from ref. 53).

Figure 1 .

 1 14 shows a schematic representation of the formation of the helical πstacked assemblies of (R)-OPP possessing either right-handed or left-handed helical sense in the open ((R)-OPP -Open) or closed isomer ((R)-OPP-PSS) of the chiral DAE*, respectively. As already mentioned, the handedness of the helically π-stacked structures was determined by the chirality of the DAE* terminal moieties where strong interchain interactions maintain the helically π-stacked structures.54 

Figure 1 .

 1 Figure 1.14. Left: schematic representation of the helically π-stacked assemblies of (R)-OPP. (Reproduced from ref. 54).

Scheme 1 . 11 .

 111 Scheme 1.11. The chemical structure of PDAZO; the azobenzene groups are randomly distributed along the conjugated backbone. (Redrawn from ref. 57).

Scheme 1 . 12 .

 112 Scheme 1.12. Molecular structure of diarylethene-functionalized barbiturate derivative and the corresponding reversible transformation between DAE isomers. (Redrawn from ref. 59).

Figure 1 . 15 .

 115 Figure 1.15. Scheme of capture and release of microparticles by self-rolling microtubes. a) Thin film of poly(Nisopropylacrylamide) (PNIPAAm) and polycaprolactone (PCL) with admixed magnetic nanoparticles. b) Formation of selfrolling tube and encapsulation of microparticles at reduced temperature. c) The particle can be released at elevated temperature when the microtube is unrolled. (Reproduced from ref. 63).
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 116 Figure 1.16. Temperature and pH-dependent transitions observed for PEG-b-PnBMA-b-PDMAEMA triblock copolymers.(Taken from ref.64).

Figure 1 .

 1 Figure 1.17. LCP fiber bending toward light source in response to visible light at λ 445 nm (40 mW/cm2) within 1 s and unbending again by visible light irradiation at λ 530 nm (30 mW/cm2) or heating at 80 °C. (Reproduced from ref. 66).
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 115 Scheme 1.15. Chemical structure of the spirobenzopyran functionalized poly(N-isopropylacrylamide) hydrogel and its photoisomerization into the merocyanine isomer. (Reproduced from ref. 67).
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 116 Scheme 1.16. Chemical structure of the diarylethene based liquid crystalline crosslinked polymer. (Redrawn from ref. 69).

Figure 1 . 18 .

 118 Figure 1.18. Photographs of the photoinduced bending of the diarylethene CLCP film upon irradiation with UV (365 nm) and visible light (>540 nm) at 120 °C. (Taken from ref. 69).

Figure 1 . 19 .

 119 Figure 1.19. Schematic representation of a photochrome-based photo-responsive polymer that shows observable mechanical movement upon exposure to light translated from the structural change happening at the level of the photochrome.

5. 1 .

 1 Choice of photochromic molecule and family of polymer 5.1.1. Photo-responsive unit: Dithienylethenes (DTEs) 5.1.1.1.

  Scheme 1.17. (a) Reversible photocyclization between DTE isomers accompanied with an observable change of color. (b) Formal π-electrons move upon light irradiation and orbital representation of the associated conrotatory electrocyclization. As illustrated in Scheme 1.18, the ring-open isomer of the DTE have, in solution, two primary conformations: (1) a parallel conformation where the two thiophene rings are in mirror symmetry, and (2) an anti-parallel conformation that has a C2 symmetry axis across the central double bond connecting the two thiophenes together. Due to its orbital configuration, only the anti-parallel conformation of the ring-open DTE is photo-active. Consequently, irradiation with UV light results in a

Figure 1 . 20 .

 120 Figure 1.20. Chemical structures of the open-and closed-ring isomers of 1,2-bis(2,5-dimethyl-3-thienyl) perfluorocyclopentene with the corresponding absorption spectra of the open (black line) and the closed (red line) isomers. (Reproduced from ref. 37). 5.1.1.3. Geometrical changes Additionally, the geometry of the DTE is also affected by the photocyclization reaction. As illustrated in Figure 1.21, changes in the length, width and size of the DTE molecule are observed upon its photoisomerization from the open to the closed ring isomer. It has been shown that the length of the

Figure 1 .

 1 Figure 1.21. Top-and side-views of the geometrical structures of the isomers of the DTE in crystal. (Take, from ref. 37).

Figure 1 . 22 .

 122 Figure 1.22. General structure and schematic representation of thermoplastic polyurethanes.

Scheme 1 . 21 .

 121 Scheme 1.21. Strategy one: a schematic representation of the formation of the photo-responsive supramolecular assembly by the blending of a UPy functionalized DTE and UPy chain end terminated polyurethane elastomer.

Figure 1 . 23 .

 123 Figure 1.23. Photographs of the photochromic polymer film of P5. Top: under room light. Bottom: under UV light. Left: before irradiation at 365 nm. Middle: after a mask was placed on top of the film and the film was exposed to 365 nm UV light. Right: after the film was heated in a vacuum oven at 120 °C. (Taken from ref. 78).

Figure 2 .

 2 Figure 2.1. Schematic representation of a thermoplastic, thermoplastic elastomer and thermoset polyurethanes (empty circles are 2D linear patterns, solid circles represent 3D chemical cross-linking nodes, black bars represent physical crosslinking between linear polymers).

Scheme 2 . 3 .

 23 Scheme 2.3. Example of commonly used aromatic (blue) and aliphatic (red) diisocyanates.

6

 6 

Figure 2 . 2 .

 22 Figure 2.2. Representation of the creation of micro phase separation within TPUs. (Reproduced from ref. 8).

Scheme 2 . 4 .

 24 Scheme 2.4. Schematic illustration of the synthesis of azo-thermoplastic polyurethane (ATPU). (Taken from ref. 11).

Figure 2 .

 2 Figure 2.3 shows the response of the ATPU film upon UV light irradiation. The irradiation of the original ATPU film (without any stretching) resulted in no deformation or bending (Figure2.3a). After stretching the ATPU film (100 %), it bent towards the actinic light (Figure2.3b). Further stretching of the film (150 %), resulted in a faster bending due to the larger internal residual stress in the ATPU (Figure2.3c). It is noteworthy that, under the same strain, increasing the azo content to a certain extent, led to a more evident shape changing behavior. However, an excess of the azo moiety can lead to the hindrance of the actuation as it can influence some of the TPU properties such as its mechanical and thermal properties. Therefore, it is essential to identify the optimal amount of the azo compound to achieve the highest possible shape change when exposed to UV light.11 

Figure 2 . 3 .

 23 Figure 2.3. Photo of ATPU after strain to a) 0% after UV irradiated for 0 s, 5 s, 10 s; b) 100% after UV irradiated for 0 s, 5 s, 10 s; c) 150 % after UV irradiated for 0 s, 2 s, 4 s. (Reproduced from ref. 11).

Figure 2 .

 2 Figure 2.4. (a) Mechanochemical reaction from SP form to MC form activated by mechanical force with an illustration of supramolecular polymerization of SP containing macromers. (b) Chemical structures of UPy containing macromer (the rest of the polymeric chain was omitted for clarity). (Reproduced from ref. 12).
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Figure 2 . 5 .

 25 Figure 2.5. Schematic illustration of the different UPy, DHB-2 and ethyl end capped polyurethanes integrating 1,2-dioxetane mechanochemiluminescence. (reproduced from ref. 13).

Figure 2 . 6 )

 26 . This part of my thesis was done in collaboration with the "Équipe de Chimie des Polymères" led by Dr. Laurent Bouteiller at the Institut Parisien de Chimie Moléculaire (IPCM) in Paris and constituted only the first year of my Ph.D.

Figure 2 . 6 .

 26 Figure 2.6. Strategy one: a schematic representation of the formation of the photo-responsive supramolecular assembly by the blending of a UPy functionalized DTE and UPy chain end terminated polyurethane elastomer.

Figure 2 .

 2 Figure 2.7. 1 H NMR spectrum of UPy-1 and UPy-2 in DMSO and CDCl3 respectively, 400 MHz.

Figure 2 . 8 .

 28 Figure 2.8. Solid infrared (ATR) spectrum of the model polymer.

Scheme 2 . 9 .

 29 Scheme 2.9. Indicative chemical shift variation of1 H NMR and13 C NMR between starting monomers (IPDI and diols) and the resulting polymer.Concerning the13 C NMR spectroscopy, two new resonance signals were observed at δ 156.0 and 157.2 which are attributed to the carbonyl (CO) group of the urethane function along with the disappearance of the signal at δ 121.8 corresponding to the isocyanate group (NCO). In addition, the secondary carbon of IPDI directly linked to the urethane function (CH2 -NHCOO) was found to be up-field shifted to δ 54.9 compared to that of the IPDI monomer having a chemical shift at δ 56.7. Similarly, the tertiary carbon of IPDI near the urethane function (CH -NHCOO) exhibited also an up-field shift with a chemical shift of δ 44.6 in comparison to that of the IPDI monomer with a chemical shift of δ 48.6. This can be

Figure 2 . 9 . 1 H

 291 Figure 2.9. 1 H NMR spectrum (top) and 13 C NMR spectrum (bottom) of model polymer in CDCl3, 400 MHz.

Figure 2 . 10 .

 210 Figure 2.10. Solid infrared (ATR) spectrum of polymers P1-P6. 5.2.2.2. NMR spectroscopic analysis The NMR spectra of both series of polymers, P1-P6 (chain-end termination by UPy-1) and P7-P12 (UPy-2 chain-end terminations) are shown in Figures 2.11and 2.12, respectively. Concerning the 1 H NMR spectra, a similar profile was observed compared to the model polymer along with signals corresponding to the UPy chain ends. In terms of 13 C NMR spectroscopy, a similar profile than the model polymer was also observed with the disappearance of the NCO signal at δ 121.8 confirming the full consumption of the isocyanate monomers in addition of the appearance of the two signals around δ 156.9 and δ 155.5 attributed to the carbonyl (CO) group of the urethane function. Both the 1 H and the 13 C NMR spectra are shown in Figures 2.11and 2.12 for (P1-P6) and (P7-P12), respectively with

  and 2.12, respectively. Concerning the 1 H NMR spectra, a similar profile was observed compared to the model polymer along with signals corresponding to the UPy chain ends. In terms of13 C NMR spectroscopy, a similar profile than the model polymer was also observed with the disappearance of the NCO signal at δ 121.8 confirming the full consumption of the isocyanate monomers in addition of the appearance of the two signals around δ 156.9 and δ 155.5 attributed to the carbonyl (CO) group of the urethane function. Both the 1 H and the13 C NMR spectra are shown inFigures 2.11 

  and 2.12 for (P1-P6) and (P7-P12), respectively with the full attribution of the signals. It was rather difficult to attribute all the signals corresponding to the UPy chain ends due to the huge overlap of the signals in the aliphatic region.

Figure 2 .

 2 Figure 2.11. 1 H NMR spectrum (top) and 13 C NMR spectrum (bottom) of polymers P1 in DMSO, 400 MHz.

Figure 2 .

 2 Figure 2.12. 1 H NMR spectrum (top) and 13 C NMR spectrum (bottom) of polymers P7 in CDCl3, 400 MHz.

Figure 2 .

 2 Figure 2.13. SEC traces of the different TPUs P1 and P7. Blue curve: RI normalized -Orange curve: corrected absorption (λ 254 nm).

Figure 2 . 14 .

 214 Figure 2.14. Thermogravimetric analysis of the different synthesized TPUs. P1-P6 (left) and P7-P12 (right). (25 to 600°C -20 °C/min-N2).

Figure 2 . 15 .

 215 Figure 2.15. Differential scanning calorimetry of different synthesized TPUs. P1-P6 (top) and P7-P12 (bottom). (2 nd heating cycle-90 °C to 150 °C -10 °C/min).

1 H

 1 NMR (DMSO-d6, 400 MHz):  = 1.32 (m, 4H, CH2), 1.45 (quint., 2H, CH2), 1.54 (quint., 2H, CH2), 2.10 (s, 3H, CH3), 3.13 (q, 2H, CH2), 3.34 (t, 2H, CH2), 5.77 (s, 1H, Csp2-H), 7.40 (s, 1H, NH), 9.71 (s, 1H, NH), 11.47 (s, 1H, NH). 13 C{ 1 H} NMR (DMSO-d6, 100 MHz):  = 23.2 (s, CH3), 25.6 (s, CH2), 29.0 (s, CH2), 30.4 (s, CH2), 39.1 (s, CH2), 42.5 (s, CH2), 104.6 (s, Csp2-H), 121.5 (s, NCO), 142.8 (s, NCsp2NH), 154.8 (s, NHCONH), 164.4 (s, Csp2-CH3), 173.0 (s, CO).

1 H

 1 NMR (CDCl3, 400 MHz):  = 0.97 (s, 3H, CH3), 1.10 (s, 3H, CH3), 1.15 (s, 3H, CH3), 1.85-1.18 (m, 6H, CH2), 2.21 (s, 3H, Csp2-CH3), 3.04 (s, 2H, CH2-NCO), 4.00 (m, 1H, CH), 5.82 (s, 1H, Csp2-H), 10.03 (s, 1H, NH), 11.87 (s, 1H, NH), 13.06 (s, 1H, NH). 13 C{ 1 H} NMR (CDCl3, 100 MHz):  = 19.1 (s, Csp2-CH3), 23.4 (s, CH3), 27.7 (s, CH3), 32.0 (s, Cquat. IPDI), 35.0 (s, CH3), 36.7 (s, Cquat. IPDI), 41.0 (s, CH2 IPDI), 43.9 (s, CH), 45.3 (s, CH2 IPDI), 46.9 (s, CH2 IPDI), 57.5 (s, CH2-NCO), 107.0 (s, Csp2-H), 121.8 (s, NCO), 148.3 (s, Csp2-CH3), 154.9 (s, N-C-NH), 156.0 (s, NH-CO-NH), 173.0 (s, CO).

1 H

 1 NMR (CDCl3, 400 MHz):  = 0.72-1.68 (m, CH2-IPDI), 0.88 (s, CH3-IPDI), 1.00 (s, CH3-IPDI), 1.01 (s, CH3-IPDI), 1.53-1.61 (m, CH2), 2.85 (d, CH2-NHCOO), 3.29-3.40 (m, CH2-O), 3.58-3.61 (CH2-OH), 3.71-3.76 (m, CH-NHCOO), 3.97-4.04 (m, CH2-OCONH), 4.60-4.62 (m, NH-urethane), 4.85-4.90 (m, NH-urethane). 13 C{ 1 H} NMR (CDCl3, 100 MHz):  = 23.3 (s, CH3-IPDI), 26.0 (s, internal CH2), 26.2 (s, CH2-CH2OH), 26.5 (s, CH2-pTHF), 27.7 (s, CH3-IPDI), 31.9 (s, Cquat-IPDI), 35.1 (s, CH3-IPDI), 36.4 (s, Cquat-IPDI), 41.9 (s, CH2-IPDI), 44.6 (s, CH-IPDI), 46.4 (s, CH2-IPDI), 47.1 (s, CH2-IPDI), 54.9 (s, CH2{IPDI}-NHCOO), 62.1 (s, CH2-OH), 64.5 and 64.7 (s, CH2{BDO}-OCONH), 70.2 (s, CH2{pTHF}-OCONH), 70.6 (s, CH2{PTHF}-O), 156.0 (s, NHCOO), 157.2 (s, NHCOO). 1049 cm -1 C-O stretchingThe absence of the characteristic stretching band between 2276-2240 cm -1 corresponding to the isocyanate (NCO) group indicates the total consumption of the isocyanate in the rection medium.

Scheme 3 . 1 .

 31 Scheme 3.1. (a) schematic representation of a borane; (b) reaction of a borane with a Lewis base and the formation of aLewis adduct.

Scheme 3 .

 3 Scheme 3.4. a) general equation of the Suzuki-Miyaura cross coupling reaction; b) Benzoxazaborine scaffold used as a catalyst for the nucleophilic and electrophilic activation of alcohols. (Redrawn from ref. 47).

Figure 3 . 1 .

 31 Figure 3.1. UV-vis absorption spectral changes upon addition of pyridine to a toluene solution of (a) 1a (6.0 × 10 -5 M) and (b) 3 (7.3 × 10 -5 M). (Reproduced from ref. 53).

  This donor--acceptor type structure consists in the combination of B-phenyldibenzo-[b,f]borepin with an electron-donating 4-(N,N-diphenylamino) phenyl group obtained through Suzuki-Miyaura cross coupling reaction under basic condition (Scheme 3.6c). The planar geometry of 2 facilitates the extension of -conjugation throughout the B-aryl group, as an efficient electron-accepting group. Consequently, this molecular feature leads to the generation of a highly pronounced fluorescence with significant solvatochromism (Figure 3.2). Its fluorescence spectrum also in cyclohexane showed an intense blue fluorescence at λ 434 nm. This emission band was greatly red shifted by increasing the polarity of the solvent from cyclohexane to acetonitrile where it turned into an orange fluorescence at λ 588 nm (Figure 3.2).

Figure 3 . 2 .

 32 Figure 3.2. Fluorescence spectra of 2 in cyclohexane (dark blue), toluene (light blue), THF (green), acetone (yellow), and acetonitrile (orange). (Taken from ref. 53).

Figure 3 . 3 .

 33 Figure 3.3. Jablonski diagram showing the various emission processes utilized in OLEDs, with the 1:3 singlet:triplet exciton ratio illustrated using blue:red circles, along with the relative energy levels of the ground state (S0), the first singlet excited state (S1), and the first triplet excited state (T1) with green arrow corresponding to the thermally activated delayed fluorescence (TADF). (Taken from ref. 49).

Scheme 3 . 7 .

 37 Scheme 3.7. Molecular structures of triaryl boranes new emitters. (Reproduced from ref. 60,61).

Scheme 3 . 8 .

 38 Scheme 3.8. U-shaped triaryl boron compounds as "turn on" and "turn off" fluoride sensors. (Reproduced from ref.64).Both 6 and 7 showed a solvent dependent fluorescence indicating the presence of charge transfer from the donor unit to the acceptor boron center. Figure3.3 depicts the fluorescence spectral changes of a solution of 6 and 7 in DCM upon the addition of TBAF. A blue shifted emission band was observed upon the addition of TBAF for compound 6 with significantly increased emission intensity and a change in the emission color from green to blue (Figure3.4a). However, the addition of fluoride anions resulted in the quenching of the emission of compound 7 (Figure3.4b). Therefore, 6 is considered as a "turnon" sensor for fluoride anions, whereas 7 is considered as a "turn-off" sensor. The behavior of compound 6 was explained by the existence of dual fluorescent pathways. The first pathway corresponds to the charge transfer emission occurring between the amine donor and the boron acceptor and the second is related to the *- emission centered on the amine donor. The binding of the fluoride anion to the boron center quenches the N-to-B charge transfer (em 504 nm), inhibiting the green emission and simultaneously activating the *- blue emission (max 453 nm) of the N(Ph)(1naphthyl)(biphenyl) group (Figure3.4a).64 

Figure 3 . 4 .

 34 Figure 3.4. The emission spectra of (a) 6 (7.4 x 10 -6 M in DCM) and (b) 7 (9.1 x 10 -6 M in DCM) upon the addition of TBAF with photos illustrating the resulting change of color. (Reproduced from ref. 64).

Scheme 3 . 10 .

 310 Scheme 3.10. Polymerization methods developed by Chujo.

Scheme 3 .

 3 Scheme 3.11. (a) Hydroboration polymerization of 8 and 9 with various diyne monomers; (b) Model compound 10.(Reproduced from ref.80,85).

Figure 3 . 5 .

 35 Figure 3.5. (a) UV-vis absorption spectra (CHCl3: c =5.0 x 10 -5 M) and (b) photoluminescence spectra of 9a-d and 10 (CHCl3: c =1.0 x 10 -7 M). (Reproduced from ref. 80).

Figure 3 . 6 .

 36 Figure 3.6. Hydrogel synthesis and their self-healing behavior mediated by dynamic oxaborole-sugar hydroxyl groups interactions. (Reproduced from ref. 101).

Scheme 3 . 21 .

 321 Scheme 3.21. Strategy two: a schematic representation of the formation of the photo-responsive polymer by reacting a boratrane functionalized DTE with diisocyanate.

Scheme 3 .

 3 Scheme 3.22. Left: targeted bis-boratrane dithienylethenes to be synthesized (Monomer I); Middle: list of commercial diisocyanates (Monomer II); Right: mono-boratrane dithienylethenes as model compounds.

Figure 3 .

 3 Figure 3.7. 1 H{ 11 B} and 11 B{ 1 H} (top) and 19 F (bottom) NMR spectra of DTE 24 in CDCl3, 400 MHz.

. 8 .

 8 The distance between the nitrogen and the boron was found to be d(N-B)= 1.387(3) Å displaying a B-N double bond character. The obtained value is comparable to reported values of cyanophenyl(amino)borane, for instance, of d(N-B)= 1.383 Å.110 

Figure 3 .

 3 Figure 3.8. X-ray structure of monoaminoborane DTE 24 with ellipsoids at 50% (hydrogens were omitted for clarity).

Figure 3 .

 3 Figure 3.9. 1 H{ 11 B} and 11 B NMR spectra of DTE 3 in DMSO, 400 MHz.

Figure 3 .

 3 Figure 3.10. X-ray structure of mono-boratrane DTEs 3 and 4 with ellipsoids at 50% level (hydrogens were omitted for clarity).Having synthesized the mono-boratrane substituted DTEs, their photochromic behavior was then tested. It is important to study the photoisomerization reaction of this boratrane containing DTE as it represents the active photochromic unit that will be introduced within the final polyurethanes. Hence, the photochromic behavior of DTEs 3 and 4 was studied by recording their UV-vis absorption spectrum upon alternatively irradiating their diluted solutions in dichloromethane (DCM) with UV and visible light. Figure 3.11 shows the UV-vis absorption spectrum of DTE 3. Before UV light irradiation (black curve), only the open isomer DTE 3o exists in solution and was found to possess an absorption band around λ 315 nm attributed to the -* transition of thienyl rings. Upon UV light irradiation (λ 320 nm), the open isomer DTE 3o undergoes a photocyclization reaction into the closed isomer DTE 3c. This was translated in the appearance of two new absorption bands at λ 535 nm and λ 344 nm in the visible and UV regions, respectively (blue curves). The red shifted absorption of the closed isomer DTE 3c observed at λ 535 nm is due to the extended conjugation along the backbone of the DTE, resulting in a decrease in the HOMO-LUMO gap and therefore of the energy required to excite the molecule. This is also accompanied with an observable change of color from a colorless solution in the case of open isomer DTE 3o to a pink solution in the case of the closed isomer DTE 3c. Irradiating the solution of the closed DTE with visible light (λ 580 nm) allowed the cycloreversion reaction and thus the regeneration of the open isomer DTE 3o (dashed red curve). It is noteworthy that the photocyclization/cycloreversion processes occurred with the preservation of the isosbestic point at λ 324 nm indicating the stability of DTE 3 under light irradiation (Figure 3.11).

Figure 3 .

 3 Figure 3.11. Left: UV-vis absorption spectrum of the photocyclization of DTE 3o to DTE 3c; Right: Photoisomerization of DTE 3 upon UV/vis light irradiation with the corresponding photographs showing the relative color change. 2.1.2. Bis-boratrane substituted DTEs 2.1.2.1. Synthesis The synthetic procedure was then transposed to the synthesis of bis-boratrane-substituted DTEs 1 and 2 as shown in Scheme 3.25.

Figure 3 . 2 .

 32 Figure 3.12. 1 H{ 11 B} (left) and 19 F (right) NMR spectra of DTE 27 in CDCl3, 400 MHz. Regarding the 19 F NMR spectrum, two resonance signals were detected. The more shielded quintuplet signal at δ -131.9 is attributed to the central fluorine atoms (in purple) and the triplet signal at δ -110.0 ppm corresponds to the four equivalent peripheral fluorine atoms (in green). The bis-boratranesubstituted DTEs 1 and 2 were found to exhibit a chemical shift in 11 B NMR at δ 10.7 and 8.4 which is up-field shifted compared to that of the bis-aminoborane DTE 27. This again indicates the change in the hybridization of the boron atom from a Bsp2 in aminoborane DTE 27 to a Bsp3 in boratrane-DTEs 1 and 2. The 19 F NMR spectra of the bis-boratrane-DTEs 1 and 2 are featureless and very similar to that of the bis-aminoborane DTE 27.

Figure 3 .

 3 Figure 3.13. X-ray structure of bis-boratrane DTE 1 with ellipsoids at 50% level (hydrogens were omitted for clarity).

Figure 3 .

 3 Figure 3.14. Left: UV-vis absorption spectrum of the photocyclization of DTE 1o to DTE 1c; Right: Photoisomerization of DTE 1 upon UV/vis light irradiation with the corresponding images showing the relative color change. Upon UV light irradiation (λ 320 nm), the open form DTE 1o was photo-cyclized into its closed isomer DTE 1c with the appearance of an absorption band in the visible region at λ 550 nm which is in agreement with the presence of the closed isomer of the DTE. A solution color change from transparent in the case of DTE 1o into pink in the case of DTE 1c was also observed. The exposure of DTE 1c to visible light (λ 580 nm) allowed the cycloreversion reaction and complete regeneration of DTE 1o without any photodegradation. Similar behaviour was observed for the bis-boratranesubstituted DTE 2 (See experimental part).

  Scheme 3.26. Test reaction of mono-boratrane substituted DTE 3 with p-tolyl isocyanate.

Figure 3 .

 3 Figure 3.15. (a) 11 B NMR spectrum of the following up of the reaction of DTE 3 with p-tolyl isocyanate in CD3CN, 400 MHz; (b) 1 H NMR spectrum of the resulting product after the C-B bond cleavage in DMSO, 400 MHz.

Figure 3 .

 3 Figure 3.16. (a) Thermal stability test of thienyl boratrane; (b) The aromatic region of the 1 H NMR and 11 B NMR spectrum before and after 24h of heating the test compound (thienyl boratrane) in C6D6, 400 MHz.

  Scheme 3.27. Alternative synthetic strategy for the preparation of urethane -boratrane dithienylethenes 29.

Scheme 3 . 28 .

 328 Scheme 3.28. Synthetic pathway to obtain urethane containing diol 30 from p-tolylisocyanate and triethanolamine.

Figure 3 .

 3 Figure 3.17. (a) 1 H NMR spectrum of compound 30 in C6D6, 400 MHz; (b) Infrared (ATR) spectrum of compound 33.

Scheme 3 . 30 .

 330 Scheme 3.30. Synthetic pathway to obtain urethane-boratrane containing DTEs 32 and 3 from the reaction of their corresponding aminoborane substituted DTEs 24 and 27 with compound 30.

Figure 3 .

 3 Figure 3.18. X-ray structure of urethane-boratrane DTE 32 (Left) and 33 (right) with ellipsoids at 50% level (hydrogens were omitted for clarity).The photochromic behavior of both DTEs 32 and 33 was also tested in DCM. Their UV-vis absorption spectra are depicted in Figure3.19. Upon UV light irradiation (λ 320 nm), a new absorption band in the visible region was detected at λ 535 and 545 nm corresponding to the closed isomer DTE 32c and DTE 33c, respectively. This was also accompanied with a change in the solution color from colorless into pink. When irradiating DTE 32c and DTE 33c with visible light (λ 580 nm), the open isomers DTE 32o and DTE 33o were regenerated without any photodegradation. It is worth mentioning that bis-

Figure 3 .

 3 Figure 3.19. Top: Photoisomerization of DTE 32 and DTE 33 upon UV/vis light irradiation with the corresponding images showing the relative color change; Down: UV-vis absorption spectrum of the photocyclization of DTE 32o to DTE 32c (left) and of DTE 33o to DTE 33c (right).

Scheme 3 . 31 .

 331 Scheme 3.31. The four different urethane-containing bis-diols synthesized from the reaction of triethanolamine with different commercial diisocyanates.

Figure 3 .

 3 Figure 3.20 depicts the 1 H NMR of polymer 40 with the phenylene spacer. The resonance signals of the chain end of this polymer could not be identified whereas the signals of the repeating unit were all identified and assigned. The signal at δ 9.53 is attributed to the NH of the carbamate function.Additionally, down-field shifted signals were observed and attributed to the methylene groups of the atrane bridge at δ 3.15-3.25 (e) and 3.88 (d) compared to those found for the bis-diol with the phenylene spacer, 36, at δ 2.61 and 3.43, respectively. The 11 B NMR spectroscopy of these polymers revealed a deshielded resonance signal at δ 19.8 compared to the molecular boratrane-containing DTE 1 (δ 10.8). This can be explained by the weaking of the N→B internal dative bond upon its polymerization.

Figure 3 .

 3 Figure 3.20. 1 H NMR spectrum of polymer 40 in DMSO, 400 MHz.

Figure 3 . 21 .

 321 Figure 3.21. Differential scanning calorimetry of polymers 38-41. (2 nd cooling cycle -50°C to 50°C -10°C/min).

Figure 3 .

 3 22 shows the UV/visible absorption of polymers 38-41. Upon UV light irradiation (λ 320 nm), the appearance of a new absorption band was observed, in the visible region, around λ 570 nm which is characteristic of the closed form of the DTE. This isomerization was also accompanied by a change in the color of the KBr pellet, from white to purple-pink. Red shifted absorption of polymers compared to the molecular model compounds bis-boratrane DTE 1 and bis-(boratrane-urethane) DTE 33 could be attributed to the change from solution to solid state photochromism. In order to check that point, the solid-state photochromism of DTE 1 was analogously performed in a KBr pellet. A similar behaviour was observed with an absorption band near λ 570 nm (λ 550 nm in solution). Irradiating the KBr pellet with visible light (λ 580 nm) triggers the cycloreversion reaction, regenerating the open isomer (red dotted curve) along with the total bleaching of the pellet as expected.

Figure 3 .

 3 Figure 3.22. Top: Solid state photoisomerization of polymers 38-41 upon UV/vis light irradiation with the corresponding images showing the relative color change; Down: UV-vis absorption spectrum of the photocyclization of polymers 38-41.

Figure 3 . 23 .

 323 Figure 3.23. Writing and erasing test: photographs showing the clearance of the initial KBr pellet of polymer 39 before any irradiation and the coloration of the unmasked area upon UV light irradiation (λ 320 nm) followed by the discoloration upon irradiation with visible light (λ 580 nm).

13 C

 13 H and 13 C NMR chemical shifts were determined using residual signals of the deuterated solvents, deuterated chloroform ( 1 H δ = 7.26 ppm, δ= 77.16 ppm). The terms s, d, t, q, m indicate respectively singlet, doublet, triplet, quartet, and multiplet. Assignments of proton carbon signals are based on COSY, HSQC, and HMBC experiments.

1 H

 1 NMR (CDCl3, 400 MHz):  = 2.34 (s, 3H, CH3-Th), 6.86 (s, 1H, CH-Th).

13 C{ 1

 131 H} NMR (CDCl3, 100 MHz):  = 14.9 (s, CH3-Th), 108.6 (s, C-Br), 108.8 (s, C-Br), 132.0 (s, CH-Th), 136.1 (s, C-CH3).

1 H

 1 NMR (CDCl3, 300 MHz):  = 0.26 (s, 9H, CH3-Si), 2.40 (s, 3H, CH3-Th), 6.99 (s, 1H, CH-Th).

13 C{ 1

 131 H} NMR (CDCl3, 75 MHz):  = -0.3 (s, CH3-Si), 14.7 (s, CH3-Th), 110.6 (s, C-Br), 136.3 (s, CH-Th), 137.8 (s, C-Si(CH3)3), 139.3 (s, C-CH3).

1 H

 1 NMR (CDCl3, 400 MHz):  = 2.34 (s, 3H, CH3-Th), 6.86 (s, 1H, CH-Th). 13 C{ 1 H} NMR (CDCl3, 100 MHz):  = 14.7 (s, CH3-Th), 15.4 (s, CH3-Th), 108.1 (s, C-Br), 127.7 (s, CH-Th), 131.7 (s, Cquat-Th), 137.0 (s, Cquat-Th).

1 H

 1 NMR (CDCl3, 300 MHz):  = 2.39 (d, 3H, CH3-Th), 2.43 (s, 3H, CH3-Th), 6.73 (q, 1H, CH-Th). 13 C{ 1 H} NMR (CDCl3, 100 MHz):  = 14.6 (s, CH3-Th), 15.2 (s, CH3-Th), 119.3 (s, Cquat-Th), 124.7 (s, CH-Th), 138.2 (s, Cquat-Th), 141.8 (s, Cquat-Th).

19 F

 19 NMR (CDCl3, 377 MHz):  = -130.0 (m, 2F), -128.4 (m, 1F), -118.0 (m, 2F), -108.6 (m, 2F).

1 H

 1 NMR (CDCl3, 300 MHz):  = 0.28 (s, 9H, CH3-Si), 1.73 (s, 3H, CH3-Th), 1.94 (s, 3H, CH3-Th); 2.41 (s, 3H, CH3-Th), 6.71 (s, 1H, CH-Th); 7.10 (s, 1H, CH-Th).

13 C{ 1

 131 H} NMR (CDCl3, 100 MHz):  = -0.1 (s, C-Si), 14.1 (s, CH3-Th), 14.4 (s, CH3-Th), 15.2 (s, CH3-Th), 124.7 (s, Cquat), 124.9 (s, CH-Th), 126.8 (s, Cquat), 134.0 (s, CH-Th), 137.7 (s, Cquat), 138.9 (s, Cquat), 139.7 (s, Cquat), 146.9 (s, Cquat).

19 F

 19 NMR (CDCl3, 377 MHz):  = -132.0 (m, 2F), -110.3 (m, 2F), -110.0 (m, 2F).

1 H

 1 NMR (CD2Cl2, 400 MHz):  = 1.85 (s, 3H, CH3-Th), 1.86 (s, 3H, CH3-Th), 2.42 (s, 3H, CH3-Th), 6.69 (s, 1H, CH-Th), 7.03 (s, 1H, CH-Th). 13 C{ 1 H} NMR (CD2Cl2, 100 MHz):  = 14.4 (s, CH3), 15.2 (s, CH3), 109.7 (s, Cquat), 124.4 (s, Cquat), 124.7 (s, CH-Th), 125.8 (s, Cquat), 129.6 (s, CH-Th), 138.2 (s, Cquat), 140.0 (s, Cquat), 143.3 (s, Cquat), 149.9 (s, Cquat).

F

  NMR (CD2Cl2, 377 MHz):  = -131.9 (quint, 2F), -110.3 (m, 2F), -110.1 (m, 2F).

1 H{ 11

 111 B} NMR (CDCl3, 400 MHz):  = 1.20 (d, 6H, CH3-i Pr), 1.27 (d, 6H, CH3-i Pr), 1.80 (s, 3H, CH3-Th), 1.96 (s, 3H, CH3-Th), 2.41 (s, 3H, CH3-Th), 3.38 (quint, 1H, CH-i Pr), 4.33 (quint, 1H, CH-i Pr), 4.87 (s, 1H, BH), 6.72 (s, 1H, CH-Th), 7.34 (s, 1H, CH-Th).

13 C{ 1

 131 H} NMR (CDCl3, 100 MHz):  = 14.4 (s, CH3-Th), 14.6 (s, CH3-Th), 15.3 (s, CH3-Th), 22.1 (s, CH3-i Pr), 27.1 (s, CH3-i Pr), 45.1 (s, CH-i Pr), 50.8 (s, CH-i Pr), 111.3 (m, CF2), 116.4 (m, CF2), 124.8 (s, Cquat-Th), 124.9 (s, CH-Th), 126.6 (s, Cquat-Th or Cquat-CH3), 136.1 (m, Csp2-bridge), 137.7 (s, Cquat-CH3), 138.7 (s, CH-Th), 139.8 (s, Cquat-CH3), 147.3 (s, Cquat-Th or Cquat-CH3).

19 F

 19 NMR (CDCl3, 377 MHz):  = -132.0 (quint, 3 JFF = 5.5 Hz, 2F), -110.2 (t, 3 JFF = 3.4 Hz, 2F), -110.0 (t, 3 JFF = 3.5 Hz, 2F). 11 B{ 1 H} NMR (CDCl3, 128 MHz):  = 33.6 (s, B).

1 H

 1 NMR (DMSO, 400 MHz):  = 1.73 (s, 6H, CH3-Th), 1.84 (s, 3H, CH3-Th), 2.04 (s, 3H, CH3-Th), 2.43 (t, 2H, CH2-N), 3.16 (m, 4H, CH2-N), 3.65 (q, 2H, CH2-O), 3.85 (m, 4H, CH2-O), 4.83 (s, 1H, OH); 6.8 (s, 1H, CH-Th), 6.96 (s, 2H, CH-Th). 13 C{ 1 H} NMR (DMSO, 100 MHz):  = 13.8 (s, CH3-Th), 14.0 (s, CH3-Th), 14.7 (s, CH3-Th), 50.3 (s, CH2-N), 62.8 (s, CH2-0H), 123.9 (s, Cquat-Th or C-CH3), 124.4 (s, CH-Th), 124.5 (s, Cquat-CH3), 128.6 (s, CH-Th), 137.8 (s, Cquat-CH3), 139.3 (s, Cquat-Th or C-CH3), 142.7 (s, Cquat-Th).

19 F

 19 NMR (DMSO, 377 MHz):  = -131.2 (m, 2F), -109.2 (m, 2F), -109.1 (m, 2F). 11 B NMR (DMSO, 128 MHz):  = 10.9 (s, B).

1 H

 1 NMR (DMSO, 400 MHz):  = 1.74 (s, 3H, CH3-Th), 1.81 (s, 3H, CH3-Th), 2.40 (s, 3H, CH3-Th), 2.86 (m, 2H, CH2-N), 3.07 (m, 2H, CH2-N), 3.78 (m, 4H, CH2-O), 6.79 (s, 2H, CH-Th), 6.93 (s, 2H, CH-Th), 7.07 (s, 1H, NH).

13 C{ 1

 131 H} NMR (DMSO, 100 MHz):  = 13.8 (s, CH3-Th), 14.0 (s, CH3-Th), 14.7 (s, CH3-Th), 50.3 (s, CH2-N), 62.8 (s, CH2-0H), 123.9 (s, Cquat-Th or C-CH3), 124.4 (s, CH-Th), 124.5 (s, Cquat-CH3), 128.6 (s, CH-Th), 137.8 (s, Cquat-CH3), 139.3 (s, Cquat-Th or C-CH3), 142.7 (s, Cquat-Th).

19 F

 19 NMR (DMSO, 377 MHz):  = -131.2 (m, 2F), -109.2 (m, 2F), -109.1 (m, 2F). 11 B NMR (DMSO, 128 MHz):  = 8.9 (s, B).

1 H 19 F

 119 NMR (CD2Cl2, 400 MHz):  = 0.82 (s, 18H, CH3-Si), 1.91 (s, 6H, CH3-Th), 7.08 (s, 2H, CH-Th). 13 C{ 1 H} NMR (CD2Cl2, 100 MHz):  = -0.5 (s, CH3-Si), 14.0 (s, CH3-Th), 111.5 (m, CF2), 116.4 (m, CF2), 126.5 (s, Cquat-Th or C-CH3), 134.0 (s, CH-Th), 136.7 (m, Csp2-bridge), 139.2 (s, C-Si(CH3)3), 147.2 (s, Cquat-Th or C-CH3). NMR (CD2Cl2, 377 MHz):  = -132.4 (quint, 3 JFF = 5.7 Hz, 2F), -110.4 (t, 3 JFF = 5.7 Hz, 4F).

1 H

 1 NMR (CD2Cl2, 400 MHz):  = 1.90 (s, 6H, CH3-Th), 7.04 (s, 2H, CH-Th). 13 C{ 1 H} NMR (CD2Cl2, 100 MHz):  = 14.3 (s, CH3-Th), 110.1 (s, C-Br), 125.1 (s, Cquat-Th or C-CH3), 129.3 (s, CH-Th), 143.9 (s, Cquat-Th or C-CH3).

19 F

 19 NMR (CD2Cl2, 377 MHz):  = -132.2 (quint, 3 JFF = 5.7 Hz, 2F), -110.6 (t, 3 JFF = 5.7 Hz, 4F).

1 H{ 11

 111 B} NMR (CDCl3, 400 MHz):  = 1.205 (d, 12H, CH3-i Pr), 1.285 (d, 12H, CH3-i Pr), 1.97 (s, 6H, CH3-Th), 3.40 (quint, 2H, CH-i Pr), 4.32 (quint, 2H, CH-i Pr), 4.89 (s, 2H, BH), 7.34 (s, 2H, CH-Th). 13 C{ 1 H} NMR (CDCl3, 100 MHz):  = 14.6 (s, CH3-Th), 22.1 (s, CH3-i Pr), 27.1 (s, CH3-i Pr), 45.1 (s, CH-i Pr), 50.7 (s, CH-i Pr), 126.5 (s, Cquat-Th or C-CH3), 138.6 (s, CH-Th), 147.4 (s, Cquat-Th or C-CH3).

19 F

 19 NMR (CDCl3, 377 MHz):  = -132.0 (quint, 3 JFF = 5.6 Hz, 2F), -110.0 (t, 3 JFF = 5.6 Hz, 4F). 11 B{ 1 H} NMR (CDCl3, 128 MHz):  = 33.3 (s, 2B). HRMS (ASAP -165 °C): exact mass (monoisotopic) calcd for [C27H38N2F6

1 H

 1 NMR (DMSO, 400 MHz):  = 1.77 (s, 6H, CH3-Th), 2.87 (m, 4H, CH2-N), 3.09 (m, 4H, CH2-N), 3.81 (m, 8H, CH2-O), 6.94 (s, 2H, CH-Th), 7.07 (s, 2H, NH). 13 C{ 1 H} NMR (DMSO, 100 MHz):  = 14.1 (s, CH3-Th), 50.3 (s, CH2-N), 67.8 (s, CH2-0H), 124.7 (s, Cquat-Th or C-CH3), 128.6 (s, CH-Th), 142.6 (s, Cquat-Th or C-CH3).

19 F 11 B

 1911 NMR (DMSO, 377 MHz):  = -131.2 (quint, 3 JFF = 6.4 Hz, 2F), -109.0 (t, 3 JFF = 6.4 Hz, 4F). NMR (DMSO, 128 MHz):  = 8.5 (s, B).HRMS (ASAP -300 °C): exact mass (monoisotopic) calcd for [C23H26B2F6N2O4S2 + H] + , 595.14971; found 595.1504 (1 ppm). Anal. Calcd. For [C23H26B2F6N2O4S2]; C, 46.49; H, 4.41; N, 4.71; S, 10.79. Found C, 46.01; H, 4.61; N, 4.69; S, 10.56.

1 H

 1 NMR (DMSO, 400 MHz):  = 1.75 (s, 6H, CH3-Th), 2.44 (t, 4H, CH2-N), 3.16 (m, 8H, CH2-N), 3.84 (m, 8H, CH2-O), 4.16 (dt, 4H, CH2-OH), 4.84 (t, 2H, OH), 6.98 (s, 2H, CH-Th).

13 C{ 1

 131 H} NMR (DMSO, 100 MHz):  = 14.0 (s, CH3-Th), 56.9 (s, CH2-N), 57.0 (s, CH2-0H), 60.4 (s, CH2-N), 62.4 (s, CH2-O), 125.3 (s, Cquat-Th or C-CH3), 130.2 (s, CH-Th), 143.3 (s, Cquat-Th or C-CH3).

1 H

 1 NMR (CDCl3, 400 MHz):  = 2.43 (s, 3H, CH3-Th), 6.52 (m, 1H, CH-Th), 6.83 (d, 1H, CH-Th).

13 C{ 1

 131 H} NMR (CDCl3, 100 MHz):  = 15.6 (s, CH3-Th), 108.7 (s, C-Br), 125.7 (s, CH-Th), 129.8 (s, CH-Th), 141.6 (s, C-CH3).

1 H{ 11

 111 B} NMR (CDCl3, 400 MHz):  = 1.25 (d, 6H, CH3-i Pr), 1.31 (d, 6H, CH3-i Pr), 2.58 (d, 3H, CH3-Th), 3.41 (quint, 1H, CH-i Pr), 4.54 (quint, 1H, CH-i Pr), 4.96 (s, 1H, BH), 6.89 (dq, 1H, CH-Th), 7.31 (d, 1H, CH-Th).

13 C{ 1

 131 H} NMR (CDCl3, 100 MHz):  = 15.3 (s, CH3-Th), 22.0 (s, CH3-i Pr), 27.0 (s, CH3-i Pr), 44.8 (s, CH-i Pr), 50.5 (s, CH-i Pr), 126.7 (s, CH-Th), 139.3 (s, CH-Th), 146.0 (s, Cquat-CH3).

11 B

 11 NMR (CDCl3, 128 MHz):  = 33.5 (d, B).

1 H

 1 NMR (DMSO, 400 MHz):  = 2.40 (d, 3H, CH3-Th), 2.83 (m, 2H, CH2-N), 3.07 (m, 2H, CH2-N), 3.80 (m, 4H, CH2-O), 6.67 (dq, 1H, CH-Th), 6.78 (d, 1H, CH-Th), 6.93 (s, 1H, NH). 13 C{ 1 H} NMR (DMSO, 100 MHz):  = 14.9 (s, CH3-Th), 50.2 (s, CH2-N), 62.7 (s, CH2-0), 125.7 (s, CH-Th), 129.4 (s, CH-Th), 139.5 (s, Cquat-CH3).

11 B

 11 NMR (DMSO, 128 MHz):  = 9.3 (s, B).

1 H

 1 NMR (DMSO, 400 MHz):  = 2.41 (d, 3H, CH3-Th), 2.46 (t, 2H, CH2-N), 3.13 (m, 4H, CH2-N), 3.65 (q, 2H, CH2-OH), 3.86 (m, 4H, CH2-O), 4.80 (t,1H, OH), 6.71 (dq, 1H, CH-Th), 6.83 (d, 1H, CH-Th). 13 C{ 1 H} NMR (DMSO, 100 MHz):  = 15.5 (s, CH3-Th), 57.1 (s, CH2-N), 57.5 (s, CH2-N), 60.7 (s, CH2-OH), 62.7 (s, CH2-O), 126.6 (s, CH-Th), 131.3 (s, CH-Th), 141.0 (s, Cquat-CH3).

1 H

 1 NMR (CD3CN, 400 MHz):  = 1.76 (s, 3H, CH3-Th), 1.91 (s, 3H, CH3-Th), 2.27 (s, 3H, CH3-Ph), 2.39 (s, 3H, CH3-Th), 2.70 (t, 2H, CH2-N), 3.19 (m, 4H, CH2-N), 3.96 (m, 4H, CH2-OB), 4.32 (t, 2H, CH2-OCO), 6.78 (s, 1H, CH-Th), 7.04 (s, 1H, CH-Th), 7.12 (d, 2H, CH-Ph), 7.30 (d, 2H, CH-Ph), 7.74 (s, 1H, NH). 13 C{ 1 H} NMR (CD3CN, 100 MHz):  = 14.4 (s, CH3-Th), 14.7 (s, CH3-Th), 15.1 (s, CH3-Th), 20.8 (s, CH3-Ph), 58.3 (s, CH2-N), 58.6 (s, CH2-N), 61.4 (s, CH2-OCO), 63.8 (s, CH2-O), 119.7 (s, CH-Ph), 125.5 (s, C-CH3 or Cquat-bridge), 125.8 (s, CH-Th), 126.8 (s, C-CH3 or Cquat-bridge), 130.6 (s, CH-Ph), 132.2 (s, CH-Th), 136.9 (s, Cquat.Ph-CH3), 139.2 (s, Cquat-CH3), 140.7 (s, Cquat-CH3 or Cquat-bridge), 145.5 (s, Cquat-CH3 or Cquat-bridge), 154.1 (s, CO).

19 F

 19 NMR (CD3CN, 377 MHz):  = -132.6 (m, 2F), -110.5 (m, 2F), -110.7 (m, 2F). 11 B NMR (CD3CN, 128 MHz):  = 11.7 (s, B).

1 H

 1 NMR (DMSO, 400 MHz):  = 1.69 (s, 6H, CH3-Th), 2.22 (s, 6H, CH3-Ph), 2.64 (t, 4H, CH2-N), 3.15 (m, 4H, N-CH2), 3.28 (m, 4H, N-CH2), 3.88 (m, 8H, CH2-OB), 4.32 (t, 4H, CH2-OCO), 7.03 (s, 2H, CH-Th), 7.08 (d, 4H, CH-Ph), 7.32 (d, 4H, CH-Ph), 9.56 (s, 2H, NH). 13 C{ 1 H} NMR (DMSO, 100 MHz):  = 14.4 (s, CH3-Th), 20.8 (s, CH3-Ph), 57.3 (s, N-CH2), 57.7 (s, CH2-N), 60.6 (s, CH2-OCO), 63.0 (s, CH2-O), 118.8 (s, CH2-Ph), 125.8 (s, Cquat-bridge or Cquat-CH3), 129.6 (s, CH-Ph), 130.8 (s, CH-Ph), 132.0 (s, Cquat-NH), 137.0 (s, Cquat.Ph-CH3), 144.1 (s, C-CH3 or Cquat-bridge), 153.4 (s, CO).

19 F 11 B

 1911 NMR (DMSO, 377 MHz):  = -131.2 (m, 2F), -109.0 (m, 4F). NMR (CD3CN, 128 MHz):  = 11.8 (s, B). HRMS (ASAP -100 °C): exact mass (monoisotopic) calcd for [C27H38B2F6N2S2] +. , 590.25612; found 590.2568 (1 ppm); exact mass (monoisotopic) calcd for [C27H38B2F6N2S2+H] + , 591.26395; found 591.2625 (2 ppm); exact mass (monoisotopic) calcd for [C27H38B2F6N2S2-CH3]+, 575.23265; found 575.2321 (1 ppm).

1 H

 1 NMR (DMSO, 400 MHz):  = 1.20-1.25 (m, 4H, CH2), 1.33-1.4 (m, 4H, CH2), 2.53-5.6 (t, 8H, NCH2),

1 H

 1 NMR (DMSO, 400 MHz):  = 0.87 (s, 3H, CH3), 0.93 (s, 3H, CH3), 0.98 (s, 3H, CH3), 1.08-1.64 (m, 6H, CH2-Cyclohexyl), 2.57 (t, 8H, N-CH2), 2.71 (m, 4H, CH2N), 3.05 (d, 2H, CH2-NH), 3.42 (m, 8H, CH2-OH), 3.57 (m, 1H, CH-NH), 3.96 (t, 4H, CH2-OCO), 4.30 (m, 4H, OH). 13 C{ 1 H} NMR (DMQO, 100 MHz):  = 23.2 (s, CH3), 27.5 (s, CH3), 31.4 (s, Cquat-cyclohexyl), 35.0 (s, CH3), 36.3 (s, Cquat-cyclohexyl), 41.3 (s, CH2-cyclohexyl), 43.9 (s, CH-NH), 45.5 (s, CH2-cyclohexyl), 46.6 (s, CH2-NH), 53.5 (s, CH2-N), 53.6 (s, CH2-N), 57.0 (s, N-CH2), 59.3 (s, CH2-OH), 61.9 (s, O-CH2), 62.

1 H 13 C{ 1

 1131 NMR (DMSO, 400 MHz):  = 1.18-1.19 (m, CH2-hexyl), 1.35 (m, CH2-hexyl), 1.35 (s, CH3-Th), 2.56 (m, N-CH2), 2.69 (m, CH2-N), 2.93 (m, CH2-NHCOO), 3.09-3.21 (m, CH2-N), 3.86-3.94 (m, CH2-OB), 4.19 (t, CH2-OCONH), 7.01 (s, CH-Th), 7.16 (m, NH). H} NMR (DMSO, 100 MHz):  = 13.8 (s, CH3-Th), 18.9-25.9 (s, CH2-hexyl), 29.3 (s, CH2-hexyl), 40.1 (s, CH2-NHCOO), 53.4-56.7 (s, CH2-N), 57.3 (s, N-CH2), 59.3 (s, CH2-OCONH), 61.9-62.5 (s, CH2-OB), 125.4 (s, C-CH3), 130.3 (s, CH-Th), 155.5 (s, CO).

1 H 13 C{ 1 19 F

 113119 NMR (DMSO, 400 MHz):  = 0.79-1.85 (m, CH2-IPDI), 0.86 (s, CH3-IPDI), 0.92 (s, CH3-IPDI), 0.98 (s, CH3-IPDI), 1.71 and 1.79 (s, CH3-Th), 2.57-2.59 (m, N-CH2), 2.71 (m, CH2-N), 3.41-3.43 (m, CH2-NHCOO), 3.57 (m, CH-NHCOO), 3.87-3.96 (m, CH2-OB), 4.21-4.27 (m, CH2-OCONH), 6.96-7.11 (m, CH-Th), 7.22-7.23 (m, NH). H} NMR (DMSO, 100 MHz):  = 14.4 (s, CH3-Th), 20.6 (s, CH3-IPDI), 27.9 (s, CH3-IPDI), 35.4 (s, CH3-IPDI), 44.4 (s, CH-IPDI), 46.0-46.3 (s, CH2-IPDI), 54.0 (s, CH2-N), 57.3 (s, CH2-N), 59.9 (s, CH2-OCONH), 62.98 (s, CH2-OB), 125.5 and 125.9 (s, Cquat-CH3 or Cquat-bridge), 130.8 (s, CH-Th), 144.1 (s, Cquat-CH3 or Cquat-bridge), 156.7 (s, CO), 157.4 (s, CO). NMR (DMSO, 377 MHz):  = -131.3 (m), -109.4 (m).

1 H 13 C{ 1

 1131 NMR (DMSO, 400 MHz):  = 1.71 (s, CH3-Th), 2.65 (m, N-CH2), 3.15-3.25 (m, CH2-N), 3.88 (m, CH2-OB), 4.31 (m, CH2-NHCOO), 7.02 (s, CH-Th), 7.34 (s, CH-Ph), 9.53 (m, NH). H} NMR (DMSO, 100 MHz):  = 13.9 (s, CH3-Th), 56.8 (s, CH2-N), 57.1 (s, CH2-NH), 62.5 (s, CH2-OCONH), 67.0 (s, CH2-OB), 118.9 (s, CH-Ph), 125.3 (s, Cquat-CH3 or Cquat-bridge), 130.3 (s, CH-Th), 133.8 (s, Cquat-Ph), 143.6 (s, Cquat-CH3 or Cquat-bridge), 152.9 (s, CO).

1 H 13 C{ 1 19 F

 113119 NMR (DMSO, 400 MHz):  = 2.81-2.89 (m, N-CH2), 3.13-3.20 (m, CH2-N), 3.85-4.18 (m, CH2-OB), 4.33-4.35 (m, CH2-OCONH), 7.03-7.46 (m, CH-Th), 7.48-7.95 (m, CH-Naphthyl), 9.41-9.57 (m, NH). H} NMR (DMSO, 100 MHz):  = 14.1 (s, CH3-Th), 53.4 (s, CH2-N), 56.9 (s, N-CH2), 59.5 (s, CH2-OCONH), 62.6 and 62.8 (s, CH2-OB), 125.4 and 125.4 (s, CH-naphthyl), 134.0 (s, CH-Th), 155.0 (s, CO). NMR (DMSO, 377 MHz):  = -131.2 (m), -109.2 (m).

Figure I. 3

 3 Figure I.3. a) Photochromisme en co-cristal ; b) travail photomécanique des bras de levier en cristal moléculaire. (Reproduit à partir de la référence 6).La transformation des fibres textiles photochromiques passives en fibres actives, avec une réponse physico-chimique claire au stimulus lumineux externe, suscite un intérêt mondial où les rares exemples disponibles dans la littérature concernent principalement des fibres à base de molécules d'azobenzène.7,8 En 2013, Zhang et al. Ont rapporté la synthèse de fibres d'élastomère cristallin liquide (LCP) contenant de l'azobenzène qui présentent des comportements de flexion et de déflexion induits par la lumière.9 

Figure I. 4

 4 Figure I.4. a) Polymères cristallins liquides à base d'azobenzène réticulés physiquement ; b) Photographies de la fibre LCP qui présente des comportements de flexion et de déflexion photo-induits lors de l'irradiation avec une lumière UV de 365 nm (150 mW cm-2) et une lumière visible (λ > 430 nm, 120 mW cm-2) à 60 °C. (Reproduit à partir de la référence 9). Cependant, la flexion et la déflexion de ces fibres d'élastomère cristallin liquide (LCP) à base d'azobenzène sont obtenues à 60 °C, limitant ainsi leurs applications potentielles. De plus, les molécules d'azobenzène ne sont pas des commutateurs photo-bistables, la fibre revenant lentement à sa forme initiale après l'arrêt de l'irradiation. De plus, la lumière doit être centrée dans la région UV/bleu, à λ 365 nm, ce qui n'est pas représentatif de l'énergie solaire pour obtenir la meilleure réponse.

  Scheme C.3. UPy functionalized polyurethanes.Dans le troisième chapitre, la deuxième approche basée sur la liaison covalente à travers des connexions boronates a été expliquée en détail. Le chapitre commence par présenter la réactivité de l'atome de bore, suivi d'une exploration de l'application des boranes trivalents en optoélectronique et en détection d'anions. Ensuite, l'intégration du bore dans les polymères a été présentée, illustrant les différents protocoles synthétiques utilisés dans leur synthèse. En reliant la chimie du bore aux polymères, les propriétés intrinsèques des boranes trivalents, notamment l'acidité de Lewis et l'électrophilicité de l'atome de bore, sont transposées dans le polymère, ouvrant la voie à de nouveaux domaines d'applications. Dans ce chapitre, nous avons ensuite présenté l'approche covalente suivie pour synthétiser des polymères photosensibles. À cet égard, des DTE substitués par aminoborane ont été synthétisés comme intermédiaire clé pour la synthèse de fonctions boratrane tétravalentes. Les DTE substitués par boratrane se sont révélés présenter une bonne photo-réversibilité et stabilité. Ensuite, un modèle d'uréthane-boratrane contenant du DTE a été synthétisé en faisant réagir l'intermédiaire clé, le DTE substitué par aminoborane, avec des bis-dioles contenant de l'uréthane synthétisés. Ce composé modèle imite la structure unitaire des polymères ciblés et s'est également révélé photochromique. La polymérisation ultérieure des DTE substitués par aminoborane et des bisdioles contenant de l'uréthane a conduit à la formation des polyuréthanes contenant du bore souhaités. Ces polymères présentaient des caractéristiques photosensibles ouvrant de nouvelles perspectives d'application, par exemple dans les textiles intelligents et l'optique adaptative (Schéma C.2).

Titre:

  Synthèse et Caractérisation de Polymère Photo-réactifs avec des Interactions Supramoléculaires ou des Connexions Boronate Mots clés : polymère-sensibles aux stimuli, photochromisme, polyuréthanes thermoplastiques, chimie du bore Résumé: Ce travail traite de la synthèse et de la caractérisation de polymères photo-réactifs à changement de forme, en faisant appel à deux méthodologies de synthèse distinctes : l'une par assemblage supramoléculaire et l'autre par liaison covalente impliquant la chimie du bore. Afin de fournir une vue d'ensemble du domaine, un travail bibliographique a été effectué sur les polymères stimuli-responsifs et plus particulièrement sur les polymères photoréactifs à changement de forme. Les deux approches employées dans cette étude pour obtenir de tels polymères ont été discutées en détail. La première approche est basée sur l'utilisation d'uréidopyrimidinone (UPy) comme unité de liaisons hydrogène dans les polyuréthanes thermoplastiques (TPU). L'intégration de dithiényléthènes (DTE) fonctionnalisés à l'UPy se fait alors par le biais d'interactions supramoléculaires. L'incorporation des unités DTE est dans ce cas envisagée afin de permettre la commutation contrôlée et réversible de la conformation du polymère, conduisant ainsi à des changements dynamiques de forme du polymère. La deuxième approche dite par liaison covalente fait intervenir des DTE fonctionnalisés avec des groupes boratrane générés pendant le processus de polymérisation pour produire des polyuréthanes contenant du bore. Ces polymères se sont révélés photo-réactifs lorsqu'ils sont exposés aux UV et à la lumière visible. En conclusion, ce travail vise à fournir des informations dans le domaine des polymères stimuli-responsifs et ouvre la voie au développement de nouveaux matériaux dotés de fonctionnalités choisies et de capacités de changement de forme. Title: Synthesis and Characterization of Photo-Responsive Polymers with Supramolecular Interactions or Boronate Connections Keywords: stimuli responsive polymers, photochromism, thermoplastic polyurethanes, hydrogen bonds, boron chemistry

  

  

  

Table 2 .

 2 1. SEC, TGA and DSC analysis of the model polymer.

	Mn (g/mol)	Ð	TGA (°C)	DSC -Tg (°C)
	10000	1.8	240	-43

Table 2 .

 2 2. The different equivalents of diols and isocyanate monomers used in the synthesis of different TPUs.

	Polymer	IPDI	UPy-x	PTHF	BDO
	P1, P7	4	2	2.5	2.5
	P2, P8	4	2	2	3
	P3, P9	4	2	1.5	3.5
	P4, P10	4	2	1	4
	P5, P11	4.5	1	2.5	2.5
	P6, P12	4.75	0.5	2.5	2.5

Table 2 . 3
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		Polymer	Mn (g/mol)	Ð	UPy/IPDI	pTHF/BDO
		P4	1600	3.7	2/4	1/4
	UPy-1	P3 P2 P1	1700 1900 2600	4.5 5.4 5.7	2/4 2/4 2/4	1.5/3.5 2/3 2.5/2.5
		P5	3400	3.9	1/4.5	2.5/2.5
		P6	6100	3.0	0.5/4.75	2.5/2.5
		P10	2000	2.5	2/4	1/4
	UPy-2	P9 P8 P7	2500 3000 3200	2.5 2.7 3.0	2/4 2/4 2/4	1.5/3.5 2/3 2.5/2.5
		P11	3400	2.6	1/4.5	2.5/2.5
		P12	6700	3.4	0.5/4.75	2.5/2.5

. Molecular weight (g/mol) and dispersity of polymers P1-P12.

  IPDI), 148.2 (s, Cquat -CH3), 154.7 (s, NCNH), 156.0 (s, NHCONH or NHCOO), 157.2 (s, NHCOO), 172.8 (s, CO).

	SEC, TGA and DSC analysis					
		Polymer	Mn (g/mol)	Ð	TGA (°C)	DSC -Tg (°C)	UPy/IPDI	pTHF/BDO
		P4	1600	3.7	273	-16	2/4	1/4
		P3	1700	4.5	271	-28	2/4	1.5/3.5
	UPy-1	P2 P1	1900 2600	5.4 5.7	257 284	-31 -48	2/4 2/4	2/3 2.5/2.5
		P5	3400	3.9	284	-57	1/4.5	2.5/2.5
		P6	6100	3.0	303	-65	0.5/4.75	2.5/2.5
		P10	2000	2.5	273	30	2/4	1/4
		P9	2500	2.5	285	19	2/4	1.5/3.5
	UPy-2	P8 P7	3000 3200	2.7 3.0	288 291	-6 -18	2/4 2/4	2/3 2.5/2.5
		P11	3400	2.6	292	-28	1/4.5	2.5/2.5
		P12	6700	3.4	306	-38	0.5/4.75	2.5/2.5
			P7-P12					
	1 H NMR (CDCl3, 400 MHz):  = 0.78-1.74 (m, CH2-IPDI), 0.88 (s, CH3-IPDI), 1.00 (s, CH3-IPDI), 1.01 (s, CH3-
	IPDI), 1.52-1.69 (m, CH2), 2.17-2.20 (s, CH3-UPy), 2.86 (d, CH2-NHCOO), 3.34-3.41 (m, CH2-O), 3.70-3.75
	(m, CH-NHCOO), 3.98-4.04 (m, CH2-OCONH), 4.55-4.62 (m, NH-urethane), 4.83-4.90 (m, NH-urethane),
	5.76 (s, CH-UPy), 9.90-9.96 (d, NH), 11.79-11.88 (d, NH), 13.02 (s, NH).		
	13 C{ 1 H} NMR (CDCl3, 100 MHz):  = 19.0 (s, CH3-UPy), 23.3 (s, CH3-IPDI), 25.9 (s, internal CH2-BDO), 26.5

1 H NMR (CDCl3, 400 MHz):  = 0.79-1.84 (m, CH2-IPDI), 0.89 (s, CH3-IPDI), 1.01 (s, CH3-IPDI), 1.02 (s, CH3-IPDI), 1.55-1.66 (m, CH2), 2.14-2.22 (s, CH3-UPy), 2.87 (d, CH2-NHCOO), 3.07-3.62 (m, CH2-O), 3.74-3.83 (m, CH-NHCOO), 4.00-4.06 (m, CH2-OCONH), 4.55-4.57 (m, NH-urethane), 4.80-4.82 (m, NH-urethane), 5.78 (s, CH-UPy), 9.91-10.00 (d, NH), 11.81-11.90 (d, NH), 13.05 (s, NH). 13 C{ 1 H} NMR (CDCl3, 100 MHz):  = 18.9 (s, CH3-UPy), 23.2 (s, CH3-IPDI), 25.9 (s, internal CH2-BDO), 26.5 (s, internal CH2-pTHF), 27.7 (s, CH3-IPDI), 31.8 (s, Cquat-IPDI), 35.1 (s, CH3-IPDI), 36.4 (s, Cquat-IPDI), 41.9 (s, CH2-IPDI), 44.5 (s, CH-IPDI), 46.3 (s, CH2-IPDI), 47.0 (s, CH2-IPDI), 54.8 (s, CH2{IPDI}-NHCOO), 64.4 and 64.7 (s, CH2{BDO}-OCONH), 70.2 (s, CH2{pTHF}-OCONH), 70.6 (s, CH2{PTHF}-O), 106.7 (s, CH-IPDI), 148.2 (s, Cquat -CH3), 154.7 (s, NCNH), 156.0 (s, NHCONH or NHCOO), 157.1 (s, NHCOO), 173.0 (s, CO). (s, internal CH2-pTHF), 27.7 (s, CH3-IPDI), 31.9 (s, Cquat-IPDI), 35.1 (s, CH3-IPDI), 36.4 (s, Cquat-IPDI), 41.9 (s, CH2-IPDI), 44.6 (s, CH-IPDI), 46.4 (s, CH2-IPDI), 47.1 (s, CH2-IPDI), 54.9 (s, CH2{IPDI}-NHCOO), 64.5 and 64.7 (s, CH2{BDO}-OCONH), 70.2 (s, CH2{pTHF}-OCONH), 70.6 (s, CH2{PTHF}-O), 106.8 (s, CH-ATR 3324 cm -1 N-H stretching 2942 and 2854 cm -1 C-H stretching 1667 cm -1 C=O stretching of urea 1716 and 1703 cm -1 C=O stretching of urethane 1532 cm -1 N-H vibration 1463, 1447, 1365 and 1305 cm -1 C-H vibration 1238, 1106, 1068 and 1049 cm -1 C-O stretching The absence of the characteristic stretching band between 2276-2240 cm -1 corresponding to the isocyanate (NCO) group indicates the total consumption of the isocyanate in the rection medium.
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	Polymer	Mn (g/mol)	Ð	TGA (°C)	DSC -Tg (°C)
	38	11500	2.0	130	13
	39	2700	1.4	120	13
	40	2500	1.1	140	12
	41	3400	1.3	130	10

1. SEC, TGA and DSC analysis of polymers 38-41.

  Anal. Calcd. For [C20H20BF6NO2S2]; C, 48.50; H, 4.07; N, 2.83; S, 12.95. Found C, 47.96; H, 3.98; N, 2.66; S, 12.71.

	Chapter III
	HRMS (ASAP -170 °C): exact mass (monoisotopic) calcd for [C20H20BF6NO2S2 + H] + , 496.10055; found
	496.1007 (0 ppm).
	123

  HRMS (ASAP -130 °C): exact mass (monoisotopic) calcd for [C9H14BNO2S + H] + , 212.09111; found 212.0914 (1 ppm). Anal. Calcd. For [C9H14BNO2S]; C, 51.21; H, 6.69; N, 6.69; S, 15.19. Found C, 51.32; H, 6.75; N, 6.43; S, 14.87.

  CH2-0H), 63.7 (s, CH2-0H), 119.8 (s, CH-Ph), 127.4 (s, CH-Th), 130.3 (s, CH-Ph), 132.4 (s, CH-Th), 133.83 (s, Cquat-PhCH3), 137.0 (s, Cquat-Ph), 142.8 (s, Cquat-CH3), 154.1 (s, CO).

	1 H NMR (CD3CN, 400 MHz):  = 2.27 (s, 3H, CH3-Ph), 2.44 (s, 3H, CH3-Th), 2.74 (t, 2H, CH2-N), 3.18 (m,
	4H, CH2-N), 3.96 (m, 4H, CH2-O), 4.30 (t, 2H, CH2-OB), 6.73 (dq, 1H, CH-Th), 6.91 (d, 1H, CH-Th), 7.11 (d,
	2H, CH-Ph), 7.28 (s, 2H, CH-Ph), 7.71 (s, 1H, NH).
	13 C{ 1 H} NMR (CD3CN, 100 MHz):  = 15.3 (s, CH3-Th), 20.8 (s, CH3-Ph), 58.1 (s, CH2-N), 58.4 (s, CH2-N),
	61.6 (s, 11 B NMR (CD3CN, 128 MHz):  = 12.2 (s, B).
	HRMS (ASAP -1802 °C): exact mass (monoisotopic) calcd for [C19H25BN2O4S + H] + , 389.17008; found
	389.1703 (0 ppm).
	Anal. Calcd. For [C19H25BN2O4S]; C, 58.77; H, 6.49; N, 7.21; S, 8.26. Found C, 55.09; H, 6.76; N, 7.22; S,
	3.28.

Synthesis of urethane containing bis diol-36 115

  

		1 (s, O-
	CH2), 155.5 (s, CO), 156.9 (s, CO).
	HRMS (ESI), solvent CH2Cl2 / CH3OH (95 / 5): exact mass (monoisotopic) calcd for [C24H48N4O8+H] + ,
	521.35449; found 521.3546 (0 ppm); exact mass (monoisotopic) calcd for [C24H49N4O8+Na] + ,
	543.33643; found 543.3367 (0 ppm).
	Anal. Calcd. For [C24H48N4O8]; C, 55.36; H, 9.29; N, 10.76; S, 00.00. Found C, 54.79; H, 8.82; N, 10.76; S,
	00.00.	
	ATR	3309 cm -1 N-H stretching
		2949 and 2841 cm -1 C-H stretching
		1708 and 1683 cm -1 C=O stretching
		1539 cm -1 N-H vibration
		1238 and 1026 cm -1 C-O stretching

and 1382 cm -1 C=C stretching 1220 and 1089 cm -1

  1,5-naphthalene diisocyanate (2.37 g, 11.3 mmol, 1.00 eq.) in dry DMF (100 mL) over a period of approximately 1 hour. This mixture was left to react overnight. After that the solvent was removed under vacuum and the obtained oil was washed with water then DCM. The traces of solvents were then removed under vacuum affording a light brown viscous oil (1.50 g, 15 %).

	1 H NMR (DMSO, 400 MHz):  = 2.63 (t, 8H, CH2-N), 2.81 (t, 4H, N-CH2,), 3.46 (q, 8H, CH2-OH), 4.14 (t,
	4H, CH2-OCO), 4.35 (t, 4H, OH), 7.48 (s, 2H, CH-naphthyl), 7.59 (s, 2H, CH-naphthyl), 7.89 (s, 2H, CH-
	naphthyl), 9.50 (s, 2H, NH).
	HRMS (ESI), solvent CH3OH / CH2Cl2 (90 / 10): exact mass (monoisotopic) calcd for [C24H36N4O8+H] + ,
	509.26059; found 509.2604 (0 ppm); exact mass (monoisotopic) calcd for [C24H36N4O8+Na] + ,
	531.24253; found 531.2423 (0 ppm).
	ATR	3309 cm -1 N-H stretching
		2937 and 2856 cm -1 C-H stretching
		1724 and 1654 cm -1 C=O stretching
		1546 cm -1 N-H vibration
		1498

13 C{ 1 H} NMR (DMSO, 100 MHz):  = 53.6 (s, N-CH2), 57.0 (s, CH2-N), 59.4 (s, CH2-OH), 62.8 (s, CH2-OCO), 120.0 (s, CH-naphthyl), 121.6 (s, CH-naphthyl), 125.3 (s, CH-naphthyl), 128.9 (s, Cquat-naphthyl), 134.0 (s, Cquat-naphthyl), 155.0 (s, CO). C-O stretching
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 3 2. Crystal data and structure refinement for 24 at 150 K.

	Temperature (K)	150
	Empirical formula	C22H26BF6NS2
	Formula weight (g.mol -1 )	493.37
	Crystal system	triclinic
	Space group	P -1
	a, Å	7.8921(10)
	b, Å	13.1739(16)
	c, Å	13.6340(17)
	α, (°)	118.682(4)
	β, (°)	100.798(4)
	γ, (°)	95.104(4)
	Volume (Å 3 )	1195.0(3)
	Z	2
	Dca (g.cm -3 )	1.371
	R1 a /wR2 b (I > 2σ(I))	0.0354/0.0891
	R1 a /wR2 b (all)	0.0405/0.0936

13 C{ 1 H} NMR (DMSO, 100 MHz) of DTE 3
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	Temperature (K)	150
	Empirical formula	C22H24BF6NO3S2
	Formula weight (g.mol -1 )	539.35
	Crystal system	monoclinic
	Space group	P 21/c
	a, Å	16.3543(15)
	b, Å	11.1988(10)
	c, Å	13.2810(12)
	α, (°)	90
	β, (°)	101.332(3)
	γ, (°)	90
	Volume (Å 3 )	2385.0(4)
	Z	4
	Dca (g.cm -3 )	1.502
	R1 a /wR2 b (I > 2σ(I))	0.0488/0.1102
	R1 a /wR2 b (all)	0.0798/0.1277

. Crystal data and structure refinement for DTE-3 at 150 K.

13 C{ 1 H} NMR (DMSO, 100 MHz) of DTE 4
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	Temperature (K)	150
	Empirical formula	C20H20BF6NO2S2
	Formula weight (g.mol -1 )	495.30
	Crystal system	monoclinic
	Space group	P 21/c
	a, Å	18.6074(18)
	b, Å	8.9877(7)
	c, Å	12.9821(12)
	α, (°)	90
	β, (°)	92.408(3)
	γ, (°)	90
	Volume (Å 3 )	2169.2(3)
	Z	4
	Dca (g.cm -3 )	1.517
	R1 a /wR2 b (I > 2σ(I))	0.0753/0.1109
	R1 a /wR2 b (all)	0.348/-0.328

. Crystal data and structure refinement for DTE-4 at 150 K.

ray structure of DTE 25
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	Temperature (K)	150
	Empirical formula	C21H26F6S2Si2
	Formula weight (g.mol -1 )	512.72
	Crystal system	triclinic
	Space group	P -1
	a, Å	9.4489(10)
	b, Å	10.2583(10)
	c, Å	13.4380(15)
	α, (°)	83.788(4)
	β, (°)	81.090(4)
	γ, (°)	77.914(3)
	Volume (Å 3 )	1254.4(2)
	Z	2
	Dca (g.cm -3 )	1.357
	R1 a /wR2 b (I > 2σ(I))	0.0328/0.0894
	R1 a /wR2 b (all)	0.0376/0.0940

. Crystal data and structure refinement for 25 at 150 K.

Table 3 .

 3 6. Tableau S.1. Crystal data and structure refinement for DTE-1 at 150 K.

	Temperature (K)	150
	Empirical formula	C27H34B2F6N2O6S2
	Formula weight (g.mol -1 )	682.30
	Crystal system	monoclinic
	Space group	P 21/n
	a, Å	20.696(4)
	b, Å	8.0779(13)
	c, Å	20.738(4)
	α, (°)	90
	β, (°)	102.654(6)
	γ, (°)	90
	Volume (Å 3 )	3382.8(10)
	Z	4
	Dca (g.cm -3 )	1.340
	R1 a /wR2 b (I > 2σ(I))	0.1010/0.2596
	R1 a /wR2 b (all)	0.1493/0.2934

X-ray structure of thienyl boratrane
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	Temperature (K)	150
	Empirical formula	C9H14BNO2S
	Formula weight (g.mol -1 )	211.08
	Crystal system	monoclinic
	Space group	2/c 1
	a, Å	18.626(2)
	b, Å	11.8124(18)
	c, Å	18.637(2)
	α, (°)	90
	β, (°)	92.911(10)
	γ, (°)	90
	Volume (Å 3 )	4095.2(9)
	Z	16
	Dca (g.cm -3 )	1.369
	R1 a /wR2 b (I > 2σ(I))	0.0440/0.1115
	R1 a /wR2 b (all)	0.0493/0.1147

. Crystal data and structure refinement for Thienyl boratrane at 150 K.

ray structure of thienyl boratrane
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 3 8. Crystal data and structure refinement for thienyl boratrane at 150 K.

	Temperature (K)	150
	Empirical formula	C11H18BNO3S
	Formula weight (g.mol -1 )	255.13
	Crystal system	monoclinic
	Space group	P 21/n
	a, Å	10.0268(16)
	b, Å	7.6529(13)
	c, Å	16.937(3)
	α, (°)	90
	β, (°)	104.023(7)
	γ, (°)	90
	Volume (Å 3 )	1260.9(4)
	Z	4
	Dca (g.cm -3 )	1.344
	R1 a /wR2 b (I > 2σ(I))	0.0784/0.1758
	R1 a /wR2 b (all)	0.0818/0.1774

Table 3 .

 3 9. Crystal data and structure refinement for 32 at 150 K.

	Temperature (K)	150
	Empirical formula	C30H31BF6N2O4S2(C2H3N)2
	Formula weight (g.mol -1 )	754.60
	Crystal system	monoclinic
	Space group	C 2/c
	a, Å	18.997(3)
	b, Å	11.1498(18)
	c, Å	33.978(6)
	α, (°)	90
	β, (°)	91.417(8)
	γ, (°)	90
	Volume (Å 3 )	7195(2)
	Z	8
	Dca (g.cm -3 )	8, 1.393
	R1 a /wR2 b (I > 2σ(I))	0.0618/0.1495
	R1 a /wR2 b (all)	0.0725/0.1558

Table 3 .

 3 10. Crystal data and structure refinement for thienyl boratrane urethane 31 at 150 K.

	Temperature (K)	150
	Empirical formula	C19H25BN2O4S
	Formula weight (g.mol -1 )	473.20
	Crystal system	triclinic
	Space group	P -1
	a, Å	9.5530(13)
	b, Å	11.2629(17)
	c, Å	12.1649(17)
	α, (°)	117.019(5)
	β, (°)	98.774(5)
	γ, (°)	90.051(6)
	Volume (Å 3 )	1148.7(3)
	Z	2
	Dca (g.cm -3 )	2, 1.368
	R1 a /wR2 b (I > 2σ(I))	0.0643/0.1888
	R1 a /wR2 b (all)	0.0711/0.1879

Table 3 .

 3 11. Crystal data and structure refinement for 33 at 150 K.

	Temperature (K)	150
	Empirical formula	C43H48B2F6N4O8S2
	Formula weight (g.mol -1 )	992.66
	Crystal system	monoclinic
	Space group	C 2/c
	a, Å	19.684(4)
	b, Å	10.125(2)
	c, Å	24.600(6)
	α, (°)	90
	β, (°)	100.583(7)
	γ, (°)	90
	Volume (Å 3 )	4819.4(18)
	Z	4
	Dca (g.cm -3 )	1.368
	R1 a /wR2 b (I > 2σ(I))	0.0585/0.1385
	R1 a /wR2 b (all)	0.0775/0.1471

  Tout d'abord, en ce qui concerne les polyuréthanes thermoplastiques présentés dans le chapitre deux, élargir la gamme des monomères utilisés, à savoir les diisocyanates et les diols, devrait être envisagé pour mieux comprendre l'effet de leur nature sur les propriétés globales des polymères. De plus, il serait intéressant d'étudier les propriétés mécaniques des polymères synthétisés afin de mieux comprendre leurs capacités dans différents domaines d'applications. De plus, le mélange de ces polymères avec les unités photosensibles DTE constitue l'étape finale de ce projet pour obtenir les polymères photosensibles supramoléculaires souhaités. En ce qui concerne les polymères contenant du bore photosensibles présentés dans le chapitre trois de ce manuscrit, plusieurs tâches doivent être achevées. Tout d'abord, l'optimisation des conditions de polymérisation est nécessaire pour obtenir des polymères de poids moléculaire plus élevé. De plus, il est nécessaire de mettre à l'échelle la réaction de polymérisation pour générer des quantités suffisantes de ces polymères afin d'effectuer toutes les caractérisations nécessaires. Enfin, pour tous les polymères photosensibles mentionnés cidessus, des mesures photophysiques complètes, c'est-à-dire des calculs de rendement quantique et des tests de résistance à la fatigue, doivent être réalisées pour déterminer l'efficacité de ces systèmes. De plus, des tests de mouvement mécanique doivent également être effectués pour atteindre l'objectif ultime de ce projet, à savoir la synthèse de polymères photosensibles changeant de forme.Par ailleurs, d'un point de vue critique, quelques domaines pourraient être davantage évalués. Bien que cette recherche ait réussi à développer des polymères photosensibles, il est important de comprendre comment ces polymères nouvellement synthétisés se comparent aux polymères photosensibles existants en termes d'efficacité et de scalabilité. Cela nous permettrait d'évaluer les véritables progrès de ce travail et de donner des indications sur les implications à considérer dans le monde réel. De plus, bien que l'objectif ultime de ce travail de recherche soit d'obtenir des polymères photosensibles changeant de forme, il est encore à un stade préliminaire, car des tests de mouvements mécaniques réels n'ont pas encore été effectués. La praticité et l'efficacité de ces mouvements seront le véritable test de l'utilité des polymères pour des applications réelles. Plus spécifiquement, en ce qui concerne l'approche supramoléculaire, les polyuréthanes fonctionnalisés UPy synthétisés doivent être rigoureusement testés lorsqu'ils sont mélangés avec des DTE fonctionnalisés UPy en termes de propriétés mécaniques et photophysiques. Cela permettrait de déterminer la meilleure combinaison de monomères, ainsi que la quantité d'unités DTE qui devrait être présente pour obtenir l'effet désiré. De même, pour les polymères synthétisés par l'approche des liaisons covalentes boronates, des tests de ces différents polymères fourniraient une meilleure compréhension de l'effet de la nature du diisocyanate utilisé, en reliant l'effet produit par ces polymères lorsqu'ils sont exposés à la lumière à la nature des monomères utilisés. De plus, il est également souhaitable d'élargir la gamme des monomères afin de construire et approfondir les connaissances sur ce sujet. En résumé, bien que cette recherche fournisse une base complète dans le domaine des polymères photosensibles, il reste plusieurs domaines clés d'évaluation et de tests qui seraient cruciaux pour évaluer l'applicabilité, l'efficacité et la durabilité réelles des matériaux développés.

Scheme 1.23. Strategy two: a schematic representation of the formation of the photo-responsive polymer by reacting a boronate functionalized DTE with diisocyanate.

SEC traces of the different TPUs (P1 and P7). blue curve: RI normalized -orange curve: corrected absorption (254 nm).

Scheme 3.19. Synthesis of TEAB-pendant random copolymers via polymer reactions at side chains. (Redrawn from ref. 103).

Scheme 3.24. Synthesis pathway of mono-boratarane DTEs 3 and 4.

B NMR (DMSO, 128 MHz):  = 11.6 (s, B).

cm -1 N-H stretching

F NMR (DMSO, 377 MHz):  = -131.2 (m), -109.0 (m).

B NMR (DMSO, 128 MHz):  = 19.8 (s).

B NMR (DMSO, 128 MHz):  = 19.9 (s).

F NMR (DMSO, 377 MHz):  = -131.3 (m), -109.3 (m).

B NMR (DMSO, 128 MHz):  = 19.7 (s).
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List of abbreviations

UCST: Upper critical solution temperature