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Les travaux de thèse décrits dans ce manuscrit ont été effectués dans

Titre : Polymères Liquides Ioniques (PIL) Réactifs et

Nanostructures à Partir de Copolymères à Blocs Composés d'un

Bloc PIL Résumé : Au cours de la dernière décennie, la combinaison des propriétés singulières des liquides ioniques moléculaires (conductivité ionique, stabilité thermique, solubilité modulable et stabilité chimique) avec les propriétés intrinsèques des polymères (formation de films, possibilités de former des assemblages à l'échelle mésoscopique) a permis un développement croissant des polymères liquides ioniques (PILs en anglais). Les PILs sont caractérisés par la présence d'un groupement chargé sur chaque unité monomère liée au squelette polymère, formant une structure macromoléculaire. Ils peuvent être aussi bien des polycations, combinés à des contre-anions mobiles, que des polyanions avec un contre-cation mobile sur chaque unité monomère ; des polyzwitterions portants un anion et un cation sur leur structure, avec divers contre-ions représentent également une autre catégorie de PILs.

Dans la large gamme de PIL, un réel intérêt a été porté aux PILs contenant l'entité imidazolium. L'objectif de ce travail de thèse a été de développer l'ingénierie des polymères liquides ioniques (PILs) de type imidazolium ainsi qu'une nouvelle famille de copolymères à blocs apparentés.

Des PILs type imidazolium ont été utilisés en tant que polymères réactifs pour la catalyse organique et la modification chimique par post-polymérisation. [1][2][3] Divers composés (homopolymères, copolymères statistiques de type styrénique, polymères réticulés) stables à l'air, portant divers contre-anions (bromures, hydrogénocarbonates, carboxylates), ont été spécialement conçus via des stratégies de synthèse relativement simples. La génération de carbènes N-hétérocycliques supportés sur polymères (poly(NHC)s) a permis de comparer les performances catalytiques de tous ces précurseurs à travers des réactions de référence de la catalyse organique. Spécifiquement, les copolymères statistiques type styrénique peuvent également être fonctionnalisés de manière stoechiométrique par post-polymérisation avec différents substrats électrophiles (e.g. CS 2 , isothiocyanate, métaux de transition).

Une nouvelle famille de copolymère à blocs contenant un bloc poly(acétate de vinyle) et un bloc de type poly(bromure de N-vinyl-3-alkylimidazolium), a été synthétisé par « Cobalt Mediated Radical Polymerization » (CMRP). [4][5] La capacité de ces composés à s'auto- Ce travail de thèse ouvre de nombreuses perspectives pour ces PILs type imidazolium réactifs et leurs copolymères à bloc apparentés via l'exploitation de la réactivité de l'entité imidazolium et la modularité des nombreux paramètres tels que la structure chimique du polymère, le substituant alkyl et le contre-anion.

General Introduction

Ionic liquids (ILs) are organic or inorganic salts possessing a melting point generally lower than 100 °C and that are characterized by a high chemical and thermal stability, a negligible volatility and inflammability, a high CO 2 permeability, an adjustable solubility, and a high ionic conductivity. Due to these specific properties, ILs have been regarded as organic green solvents, but they have been expanded to an increasing number of applications in various areas such as catalysis, electrochemistry, organic and polymer synthesis, energy, nano-and biotechnology. In the past decade, ILs have been introduced as true building blocks into polymeric structures, leading to a unique class of polyelectrolytes referred to as "poly(ionic liquid)s", also called "polymerized ionic liquids" (PILs). [1][2][3][4][5][6] PILs are attracting an increasing interest by combining the inherent features of ILs mentioned above, with specific properties of polymers, such as mechanical stability, film formation and processability.

PILs are characterized by the presence of charged groups in each monomer unit connected to a polymeric backbone, forming a macromolecular structure. PILs can be either polycations, i.e. carrying a cation in their backbone, and a mobile counter-anion, or polyanions with fixed anionic monomer unit and a mobile counter-cation; polyzwitterions carrying both an anion and a cation in their structure, with various counterions, represents another category of PILs.

In the wide PIL range, those based on the imidazolium moiety have received an increasing attention in the past two decades. In this context, our group at LCPO, in collaboration with D. Mecerreyes at POLYMAT in San-Sebastian, designed well-defined imidazoliumbased PILs and related block copolymers (BCPs). To this end, the reversible addition fragmentation chain transfer (RAFT) polymerization of methacrylamido-or methacrylate ILtype monomers was employed. These PIL BCPs could be further manipulated and made to self-assemble in a selective solvent into a variety of micelle-like structures, by exchanging the bromide (Br -) counter-anion of PIL blocks for bis(trifluorosulfonyl) imide ((CF 3 SO 2 ) 2 N -). 7,8 In a subsequent work at LCPO, PILs deriving from N-vinyl-3-alkylimidazolium bromide monomers were shown to serve as recyclable precursors of polymer-supported N-heterocyclic carbenes, referred as poly(NHC)s. 9 In this PhD thesis, we propose new innovations in this field of engineered PILs. The main aim of this work is to expand the scope of the imidazolium-based PILs, by exploiting, the intrinsic reactivity of the C 2 -H group of the imidazolium moiety for organocatalysis and for post-chemical modification. Secondly, a new class of PIL BCPs consisting of N-vinyl-3alkylimidazolium units has been also developed by a particular controlled radical polymerization named cobalt-mediated radical polymerization (CMRP). Investigations into the self-assembling properties both in solution and at the solid state of these PIL BCPs are also described.

Chapter 1 is an overview of imidazolium-based PILs, with a special focus on PIL BCPs including related synthetic strategies and identification of nanostructures formed by selfassembly in bulk or in solution. Potential applications of PILs and PIL BCPs will be also briefly discussed.

Chapter 2 describes the use of the imidazolium-based PILs as true reactive polymers for organocatalysis, in the one hand, and, on the other hand, for post-chemical modification.

Miscellaneous PIL derivatives featuring various counter-anions (e.g. Br -, HCO 3 -, R'COO - ), including homopolymers, statistical copolymers of styrenic-type and crosslinked polymer networks have been specifically designed by free radical (co)polymerization, most often following simple synthetic strategies. The catalytic performances of these different (co)PILs will be first evaluated and compared in selected organocatalyzed reactions (e.g. benzoin condensation, transesterification, cyanosilylation, cycloaddition of carbon dioxide and propylene oxide) according to their polymer structure. In addition specific polystyrene-based coPILs have been derivatized by post-chemical modification in presence of different Abstract. Synthesis, physico-chemical properties and potential applications of imidazoliumbased poly(ionic liquid) (PILs) block copolymers (BCPs) are described in this chapter. The first part gives a short introduction to the field of PILs that are a special class of polyelectrolytes characterized by the combined properties of ionic liquids (e.g. high chemical and thermal stability, negligible volatility and inflammability, high ionic conductivity) with those of polymer materials, such as processability, mechanical properties, film formation, etc. Synthetic strategies, including chain-growth polymerization -controlled or not-, step-growth polymerization and/or post-chemical modification of preformed polymers, are briefly discussed. Potential applications of PILs for energy, gas separation or for the preparation of nanostructured carbons are also highlighted.

The second part is specifically devoted to PIL BCPs that combine the specific properties of PILs, such as responsiveness to ion exchange, ionic conductivity and/or gas transport, with the self-assembling properties in solution or at the solid state of BCPs. A wide range of robust ionic nanostructured morphologies can thus be accessed. Synthetic strategies to PIL BCPs utilizing "controlled/living" polymerization methods and/or post-chemical modification of preformed copolymers, as well as their self-assembling properties in a selective solvent and in bulk are discussed. Finally, potential applications of this emerging class of ionic nanostructured materials, for instance, in energy conversion devices or in gas separation membranes, are highlighted.

This bibliographic chapter corresponds in large parts to the book chapter that will appear in "Handbook of ionic liquids&polymers", Editor-in-Chief: D. Mecerreyes, Springer, Heidelberg, 2014, in press. 

Introduction

Ionic liquids (ILs) are defined as organic/inorganic salts with a melting point lower than 100 °C. They are characterized by a high chemical and thermal stability, negligible volatility and inflammability, and a high ionic conductivity. [1][2][3][4][5][6] Originally, ILs have been used as organic solvents for green chemistry, 7 but they have been expanded to an increasing number of applications such as catalysis, 8 electrochemistry, 9,10 organic and polymer chemistry, 2,11 analytical chemistry, 12 energy, 13 nano- 14 and biotechnology. 15 In the past decade, ILs have been also introduced as building blocks of polymeric structures, leading to a new class of polyelectrolytes, referred to as "poly(ionic liquid)s"

(PILs), also called "polymerized ionic liquids" (Figure 1). [1][2][3][4][5]16 Figure 1. Illustration of poly(ionic liquid)s (PILs) and the five basic PIL structures.

PILs are attracting an increasing interest by combining inherent features of ILs, including thermal stability, high solid state ionic conductivity, high CO 2 permeability and adjustable solubility, with specific properties of polymers, such as film formation and processability.

Initially, PILs appeared to play a purely complementary role towards the amplification of the IL functions, delivering performance that could not readily be afforded by ILs. For example, development of membranes for gas separation required the use of polymeric materials providing mechanical properties and film formation, which proved of a high efficiency for CO 2 capture. [1][2][3][4][5] Usual PIL chemical structures are illustrated in Figure 2. They include imidazolium 1, 1,2,3-triazolium 2, pyridinium 3, tetraalkylammonium 4 or phosphonium 5 as cationic PILs, and perfluorosulfonyl imides 6, sulfate cyanides 7, sulfonates 8, phosphonates 9 and carboxylates 10, as anionic PILs, featuring various counterions. Synthesis, properties and applications of PILs have been reviewed by several groups in recent years. [1][2][3][4][5][6]16,17 This chapter briefly covers recent achievements mainly regarding imidazolium-based PILs 1 (Figure 2), including their synthetic strategies and their potential applications. This will be followed by an overview of PIL block copolymers (PIL BCPs) based on the imidazolium (or pyridinium ring in one case), associated with various counter-anions. Synthetic strategies of PIL BCPs by controlled/living polymerization (C/LP), as well as their self-assembling properties both in solution and in bulk will be discussed. In contrast, BCPs that are issued from alkylation of tertiary amino-containing units, i.e. quaternization reaction of e.g.

dialkylaminoethyl (meth)acrylate, will not be covered here; information regarding such materials can be found elsewhere. [18][19][20] 1. Poly(ionic liquid)s

Definition and main features

Although there is no clear definition of PILs, these polyelectrolytes are characterized by the presence of charged groups in each monomer repeating unit, connected through a polymeric backbone to form a macromolecular structure. An IL monomer is defined as an IL compound bearing a polymerizable group in its chemical structure (Figure 1). PILs can be of cationic-type, that is, a cationic moiety fixed to the polymer backbone with a mobile counteranion of each monomer unit, or of anionic-or zwitterionic-type. In the latter case, the polymer backbone carries both a cationic and anionic functionality.

Different types of IL-based copolymers (random, alternating, block) and branched macromolecular architectures are potentially accessible. The number of PILs that can be derived is eventually high, due to all possible combinations between cations, anions and different polymer backbones and architectures. The five common forms of PIL are illustrated in Figure 1. These include polycations (Figure 1a), polyanions (Figure 1b), and crosslinked PIL network composed of polycations and polyanions (Figure 1c). IL monomer units can also be covalently linked by an alkyl chain spacer to form various crosslinked PIL networks (Figure 1d-e). Currently, IL monomers possessing a single polymerizable unit on the cation (Figure 1a) dominates the PIL research. In this chapter, we will mainly discuss PILs consisting of imidazolium cationic units (Figure 2,1).

In sharp contrast to regular polyelectrolytes, PILs can be made soluble not only in water, but also in polar organic solvents, depending on the anion/cation combination. Their solubility in organic solvents is due to the hydrophobic character of the constitutive counter-anions, and the reduced columbic interactions. Solubility of cationic PILs is indeed mainly governed by the anion that can be adjustable by the anion metathesis reaction (Scheme 1).

Additionally to hydrophilic halide anions (Cl -, Br -, I -), hydrophobic anions can be introduced in PILs, which includes tetrafluoroborate (BF 4 -), hexafluorophosphate (PF 6 -), bis(perfluoroethylsulfonyl) imide ((CF 3 CF 2 SO 2 ) 2 N -) and bis(trifluoromethanesulfonyl) imide ((CF 3 SO 2 ) 2 N -, also referred as TFSI or Tf 2 N -) which is a highly stable and a non-coordinating counter-anion. [21][22][23] Scheme 1. Anion metathesis reaction on imidazolium-based PILs, here poly(N-vinyl-3alkylimidazolium).

More generally, counterions play a crucial role in governing the physical properties of PILs. For instance, a broad range of values of the glass transition temperature (T g ) has been reported for PILs consisting of imidazolium units. [1][2][3][4][5] Contrary to "conventional" polyelectrolytes, PILs can exhibit a T g as low as -60 °C. 24 The question that can arise is can PILs be liquid compounds, like most of their IL counterparts? It turns out that PILs are most often amorphous, excepting some cases having liquid/fluidic properties at room temperature. [1][2][3][4][5]16 At the solid state, PILs can be easily manipulated for film formation via spin-coating, electrospinning or extrusion.

One major interest of PILs is their use as solid polymer electrolytes in energy application, by taking advantage of their rather high ion-conductivity. 16 Their polymeric character yet endows PILs with a low ion mobility, and a decrease of roughly 2-4 orders of magnitude between PILs and corresponding IL monomers (or molecules) has been reported. [1][2][3][4][5]16,25 For example, N-vinyl-3-ethylimidazolium bis(trifluoromethanesulfonyl) imide shows an ionic conductivity of 6 x 10 -3 S.cm -1 and of 5 x 10 -5 S.cm -1 , at 30 °C, before and after polymerization, respectively. 25,26 Hence, a proper balance has to be found to engineer PILs with an optimal ion conductivity. With a cationic polymer backbone, only the free counteranion mobility is taken into account, and is limited by the interstitial space or free volume of polymeric chains. 4,25,27 

Synthetic strategies to imidazolium-based PILs

PIL synthesis is mainly achieved by direct chain growth polymerization of IL monomers, or by post-chemical modification of preformed polymers (Scheme 2). Imidazolium-based PILs can also be obtained by step-growth polymerization, as illustrated in route C, Scheme 2.

These two synthetic strategies can be implemented by different polymerization techniques, such as conventional free-and "controlled/living" polymerization (reversible addition fragmentation chain transfer (RAFT), [28][29][30][31] atom transfer radical polymerization (ATRP), [32][33][34] cobalt-mediated radical polymerization (CMRP), 35 nitroxide-mediated polymerization (NMP) 36 or ring-opening metathesis polymerization (ROMP)). 37 Post-polymerization modification is typically carried out by quaternization between the Nalkylimidazole building block and a polymer carrying an alkyl halide handles (e.g. poly(4vinylbenzyl chloride) (route B in Scheme 2).

Note that the determination by direct methods of both imidazolium-type PIL molar masses and dispersity in general, e.g. by size exclusion chromatography (SEC) or by matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI ToF), is most often inconclusive. This is due to interactions of these polyelectrolytes with SEC columns. Very recently, however, Matyjaszewski et al. proposed a "universal" method to analyze imidazolium-based PILs with TFSI counter-anions, by employing THF as eluent in presence of LiTFSI (i.e. the same anion) . 38 Scheme 2. Main synthetic strategies to imidazolium-based PILs.

Method A (Scheme 2) most often requires the synthesis (and purification) of the IL monomer prior to its polymerization. Post-chemical modification (method B, Scheme 2) can sometimes facilitate the control of the molecular weight of the polymer precursor, or the synthesis of random copolymers. One limitation, however, is the anion exchange reaction that may be incomplete. Method C (Scheme 2) is an example of the step-growth polymerization that will be discussed further. 39,40 

Polymerization of imidazolium-based IL monomers

Typical PILs constituted of an imidazolium moiety are shown in Figure 3 (11-12 and 14-20). The polymer backbone can derive from a vinyl (11), [41][42][43][44][45] or a styrenic (12), [46][47][48] or a (meth)acrylic or (meth)acrylamide ( 14), [49][50][51][52] or a vinyl ether (15), 53 or a glycidyl ether (16), or a norbornenyl monomers (17) (Figure 3). 54 Other cations such as tetraalkyl ammonium, 47,55,56 pyridinium, 27,57,58 pyrrolidonium, 59 guanidinium, 60 piperidinium, 61 or tetraalkyl phosphonium 62 with vinyl, styrenic and methacrylic-type have also been synthesized, but these will not be discussed here.

Polymerizations are usually carried out in bulk or in solution (e.g. in DMF, CH 3 OH…). A few examples of water-borne emulsion or in dispersed media polymerization of IL monomers have also been reported. [63][64][65][66] Figure 3. Chemical structure of cationic PILs synthesized by chain-growth polymerization.

Free radical polymerization

Many examples of PIL synthesis by free-radical polymerization (FRP) have been reported (11, 12, 14, 18, Figure 3). [1][2][3][4][5] FRP can be readily implemented using conventional radical sources (e.g. AIBN or azoinitiators such as V-501 or V-70) and is tolerant to many functional groups.

In addition to linear polymers, crosslinked PIL networks (19-20) have also been obtained by FRP, using bi-or trifunctional acrylate-or styrenic-type IL monomers (Figure 3). [66][67][68][69] Linear PILs can bear a large variety of counter-anions such as halides, tetrafluoroborate, hexafluorophosphate, triflate, nitrate, bis(trifluoromethane)sulfonyl imide, alkylsulfonate, dicyanoamide, iron tetrachloride and perchlorate (see Figure 2). In contrast, most of PIL networks reported so far mainly consist of halide and bis(trifluoromethane)sulfonyl imide counter-anions. Generally, IL monomers with halides counter-anions are first polymerized, which is followed by anion metathesis.

One also resorts to FRP to achieve copolymers consisting of both IL and nonionic monomer units. [70][71][72] This synthetic strategy enables to dilute the charge density, and/or to increase the distance between IL monomer units on the polymer backbone. For example, a random copolymer of hexylmethacrylate (HMA) and a methacryloyl-based imidazolium IL monomer, 1-[2-methacryloyloxy)ethyl]-3-butylimidazolium tetrafluoroborate, was synthesized via free radical copolymerization. 72 Interestingly, a significant amount of nonionic monomer allowed increasing the ionic conductivity over an order of magnitude.

Indeed, the presence of HMA units decreased the glass transition temperature of the copolymer and thus increased the ion mobility.

Obviously, (co)polymers obtained by FRP are polydisperse compounds which is not yet an issue for applications such as gas separation via synthesis of porous materials, for example.

However, it does not allow comparing efficiency of PILs in terms of molar masses for mechanical properties, for example. Consequently, more precise synthetic methods have been developed to achieve well-defined PILs and related block copolymers.

Precise synthesis by controlled/living polymerization

In the last two decades, "controlled/living" polymerization methods have attracted a considerable attention. [29][30][31][32][33][34]37,[73][74][75] These techniques have been recently applied to the polymerization of imidazolium-based monomers. The possibility to design well-defined macromolecular architectures from these methods has also opened avenue for a use of "controlled PILs" and related block copolymers in various areas, such as catalysis, energy, gas separation, etc. (see section 1.3 and 2.4)

Polymerization by atom transfer radical polymerization (ATRP) [32][33][34] of imidazoliumbased styrenic 76 and acrylate 49 monomers (12 and 14, Figure 3), with tetrafluoroborate as counter-anions was first attempted in 2004 by Shen et al.. The nature of both the copper catalyst, initiator and solvent were shown to have a strong influence on the ATRP outcomes.

For example, the polymerization of IL acrylate monomers carried out in acetonitrile at 60 °C was very fast but uncontrolled using CuBr complex as catalyst, whereas the CuCl catalyst led to a high conversion with a good control (<1.3). 49,76 Recently, Matyjaszewski et al. showed the impact of the presence of salts/couterions such as halides, TFSI, BF 4 -and PF 6 -(Figure 2) on the ATRP process. 77 Controlled polymerization was possible, but a proper choice of conditions was required, with an appropriate combination of copper catalyst, initiator, solvent and counterion. The nature and relative amounts of salts were found to significantly affect the polymerization rate. For instance, the polymerization rate was slow with halide counter-anion, in contrast to TFSI. Use of BF 4 -and PF 6 -caused significant side reactions at high conversions, which was ascribed to the presence of trace amounts of hydrogen fluoride generated from the degradation of the counterions.

The reversible addition-fragmentation chain transfer polymerization method (RAFT) 29- 31,73 was also applied to control the molecular weight of PILs. Main chain transfer agents 52,[78][79][80][81][82][83][84][85] The first example was reported by Mecerreyes, Taton, Gnanou et al. in 2008. 52 Methacrylamido-and methacrylate-type monomers were purposely designed to this end. Polymers did exhibit molar masses predetermined by the initial molar ratio of the monomer to the dithioester precursor, as evidenced by 1 H NMR spectroscopy from polymer chain end analysis. Polyacrylamide (PAm) and poly(methacrylic acid) (PMAA) were also pre-synthesized by RAFT to serve as macro-CTA's for block copolymer synthesis. 52,78 Other well-defined block copolymers with PIL block were also prepared thanks to the controlled character of the RAFT method, as discussed further. 52,78,79,[81][82][83][84][85][86][87] For instance, Endo, Mori et al. synthesized PILs based on N-vinylimidazolium (Figure 3, 11) and related PIL BCPs using xanthates (CTA-4 and CTA-5, Figure 4) as CTAs, with a reasonably good control (D < 1.56). 81 It is worth pointing out that controlled radical polymerization of N-vinylimidazolium IL monomers is more challenging, due to the generated radical species that are highly reactive due to their nonconjugated nature. [28][29][30][31]88,89 Cobalt-mediated radical polymerization (CMRP) developed by the group in Liège is yet a powerful method to control the polymerization of conjugated vinyl monomers, including acrylonitriles or acrylates, and nonconjugated vinyl monomers as well, such as vinyl acetate or N-vinylpyrrolidone. 74 In 2011, Detrembleur, Taton et al. polymerized N-vinylimidazolium IL monomers using a preformed alkyl-cobalt(III) adduct as the mediating agent. Excellent control over molecular weights and dispersities (D ~1.05-1.06) was achieved. 90 In 2003, Barrett et al. reported the synthesis of imidazolium-based polymers (Figure 3, 17) via ring-opening metathesis polymerization (ROMP) (Scheme 4). 37,75 Obviously, imidazolium-based PILs deriving from norbornene monomers have been scarcely studied as polyelectrolytes. 91,92 PIL BCPs (see further) synthesized via ROMP have been reported by Gin, Bailey et al., not only for conductivity measurements, but also to achieve membrane for gas separation in collaboration with Noble et al.. [93][94][95][96] Scheme 4. Example of imidazolium-based PIL synthesis by ROMP. 75,[91][92][93][94][95][96] 

RAFT polymerization of these monomers was conducted in methanolic solutions at 70 °C, in

Post-polymerization modification

The post-polymerization modification method is also largely employed to design PILs. It consists in converting pre-existing nonionic polymers into PILs. As discussed previously, polymerization of some IL monomers is very challenging, hence chemical modification of pre-formed polymers made by "controlled/living polymerization" and that can be easily characterized may be convenient. This technique is also useful for PIL block copolymer synthesis with at least one PIL block (see Scheme 2). This method has been mainly applied to imidazolium-based PILs with styrenic, (meth)acrylic and norbornene polymer backbones, following two routes (Figure 3, 12, 14-16).

The first one involves the quaternization of N-alkylimidazole of a pre-polymer carrying an alkyl halide substituent along the polymer backbone (route B, Scheme 2). 97,98 Oppositely, halo-alkanes can readily quaternize imidazole-containing polymer precursors (Scheme 5). 99 The first route is the most used due to the number of halogen-containing polymers. A typical example is the quaternization of poly(4-vinylbenzyl chloride) (PVBnCl) with 1alkylimidazole (route B, Scheme 2). Well-defined PVBnCl synthesis can also be easily achieved by RAFT or by NMP. 97,98,[100][101][102][103][104] Quaternization of PVBnCl is quantitative in DMF at 80 °C, forming the corresponding PIL. This strategy allows achieving PIL BCPs and random copolymers as well. 97,98,[100][101][102][103][104] Scheme 5. Example of post-polymerization modification to synthesize imidazolium-based PILs (see also route B, Scheme 2).

Recently, Drockenmuller et al. reported the synthesis of cationic poly(acrylate)s with pendant 1,2,3-triazolium monomer units (Figure 3, 18). 105 The latter moieties were obtained via the copper-catalyzed azide-alkyne cycloaddition, followed by quaternization. The easy formation and abundance of structures carrying 1,2,3-triazole units and their versatile conversion to 1,2,3-triazolium analogues by a simple quaternization thus adds to the synthetic toolbox for building new macromolecular architectures.

Step-growth polymerization

Step-growth polymerization has been more rarely employed for the synthesis of PILs. 1- 5,16 This technique does not allow a precise control over chain length and dispersity, in contrast to chain-growth polymerization method proceeding by RAFT, ATRP, CMRP or ROMP. Nevertheless, main-chain imidazolium-or 1,2,3-triazolium-based PILs can be achieved. Generally, subsequent anion metathesis leads to the targeted PIL. Four different main strategies can eventually be implemented:

• The most direct method is by direct quaternization of a dihalide-containing monomer precursor with a diimidazole monomer, which leads to a main-chain imidazolium-based PILs (13) (Scheme 6, A). 39,40 • Polymerization by hydroboration of diallylimidazolium IL derivatives was also reported (21) (Scheme 6, B). 106 • Polymerization of click chemistry α-azido, w-alkyne AB-type monomers, followed by quaternization was implemented to access main-chain 1,2,3-triazolium-based PILs (22) (Scheme 6, C). [107][108][109] • The acyclic diene metathesis polymerization (ADMET) process allowed synthesizing ionic polyolefins substituted with pendant ILs (23) (Scheme 6, D). 110 Scheme 6. Examples of cationic PILs synthesized by step-growth polymerization.

Potential applications of PILs

Due to their combined properties emanating from the IL units and their intrinsic polymeric nature, PILs have emerged as a new class of polyelectrolytes finding potential applications in various areas, such as energy, analytical chemistry, biotechnology, catalysts, gas separation, or dispersants (see Figure 5). Use of PILs in all these applications has been recently reviewed and will not be covered here in details. [1][2][3][4][5] Figure 5. Potential applications of PILs (for a review see references 1-6)

PILs for energy devices

Interest in PILs as solid-state polymer electrolytes is linked to their high ionic conductivity combined with their mechanical stability, safety and simple processing. 3,16,60,111- 122 Obviously, PIL ionic conductivities are most often below that of their molecular IL counterparts, generally over two or three orders of magnitude, 16,251 PILs ionic conductivities being in the range of 10 -3 to 10 -6 S.cm -1 or less.

However, it is important to note some essential points to compare PILs as solid conductive materials. Synthetic strategy, purification, sample preparation and measurements can differ significantly, it questioning the obtained results.

For example, the ionic conductivity of poly(N-vinyl-3-ethylimidazolium bis(trifluoromethanesulfonyl) imide) was determined by three different research teams. The group of Ohno reported a value of 6.3 x 10 -7 S.cm -1 at 25 °C, 123 whereas Mecerreyes et al. indicated a value of 5.0 x 10 -5 S.cm -1 at 30 °C, 26 and Vygodkii measured a conductivity of 2.5

x 10 -11 S.cm -1 at 25 °C. 124 All PIL compounds were actually not purified by the same way and the presence of residual monomers and/or exogenous salts could strongly influence the measurement. Anion exchange, from bromide to TFSI, was achieved before or after polymerization, and no precise information about the polymer molar masses was provided. It is therefore difficult to draw clear conclusions about the ionic conductivity of PILs at a given temperature.

Besides the fine tuning of their mechanical properties, appropriate counter-anions can be selected to engineer PILs for a targeted application utilizing their ion conduction. In this regard, the bis(trifluoromethane)sulfonyl imide ((CF 3 SO 2 ) 2 N - , referred to as TFSI) anion appears the more efficient, not only owing to its large size decreasing significantly the glass transition temperature, but also to the strong delocalization of the minus charge providing a weak coordinating nature to the anion.

Interestingly, PILs can be doped with exogenous molecular ILs so as to enhance the ionic conductivity. 26,99,125 

PILs for separation devices

Another active field utilizing PILs is gas separation and sorption. This increasing interest is explained by the significantly higher CO 2 absorption capacity of PILs compared to that of their IL homologues, and by a complete reversibility of these reactions for cycles. 126 CO 2 molecules can indeed penetrate into the free volume of the PIL matrix. 127 The type of ion pairing and the polymer backbone dramatically influence the kinetic and efficiency of the CO 2 absorption capacities. 128,129 The chemical structure has been optimized for the cation accessibility and the CO 2 mobility. 127 PILs have been employed for separation of light gases, such as nitrogen and methane. 69 This requires processing PILs into membranes for simultaneous high CO 2 flux, selectivity and stability, at processing temperatures and pressures. 46,68 However, the solid nature and physically resistance to high pressure of PILs reduced the CO 2 permeability. A blend system of ILs and PILs has been purposely designed so as to improve the CO 2 permeability. 69,130,131 Current studies are focusing on understanding the influence of various chemical structures on the performance on the blend system. 132 PILs have also been used in analytical chemistry. Due to the increase of IL viscosity at high temperature, PILs are excellent alternatives for a use in solid phase extraction and chromatography. 133,134 Crosslinked PIL networks made from cationic divinylimidazolium IL monomers, for instance, were used as supports to enhance chromatographic efficiency. 156 Interest in porous materials lies in the possibility to make use of IL species as reacting sites.

PILs for catalysis

PILs can also be used as polymer-supported catalysts or pre-catalysts for various molecular reactions. The main interest in using PILs for catalysis is to facilitate the recycling and reuse of the polymer-support. For intance, crosslinked PIL nanoparticles exhibiting a high-surface-to-volume ratio were employed for the cycloaddition of carbon dioxide and epoxide with high activity and selectivity. 135 PILs can complex and stabilize metallic compounds and metal oxide nanoparticles, such as rhodium nanoparticles. 136 Imidazolium-based PILs can also serve as polymeric precursors of poly(N-heterocyclic carbene)s, as illustrated in Figure 6, this aspect will be exploited in this PhD work (see chapter 2). 137 

PILs as dispersants and stabilizers

Imidazolium-based PILs have been successfully applied as polymeric dispersants for the synthesis of π-conductive polymers and for nanomaterials in aqueous and organic solutions. 138 Polypyrrole (PPy), polyaniline (PANI) and poly(3,4-ethylenedioxythiophene) (PEDOT) organic dispersions have indeed been prepared using PIL stabilizers with proper selected anions. For example, EDOT can be polymerized in an aqueous dispersion of poly(Nvinylimidazolium bromide). Anion exchange from bromide to TFSI can be applied on the PIL stabilizer that precipitates in water and trapped the conducting polymer microparticles. 139 Thus, the recovered powders can be easily dispersed in various organic solvents through the solubility of the PILs. The PIL/PEDOT mixture is currently used in electrochemical devices. 140-142

PILs as precursors for carbon materials

Imidazolium-based ILs and PILs have been reported as an interesting class of precursors for functional carbon-based nanomaterials and for nitrogen doped carbons as well. PILs are especially useful to produce nitrogen-doped carbons fibers and membranes by electrospinning. 82,[143][144][145] Carbon hollow spheres possessing a high surface-to-volume ratio, high thermal stability, low apparent density and low percolation threshold have also been prepared from PILs. 146 More recently, Antonietti et al. reported the use of a mesoporous PIL network for carbonization in the presence of FeCl 2 , so as to obtain graphitic carbon nanostructures with a high electric conductivity. 147 In addition, aromatic carbon nanostructures (single-wall carbon nanotubes (CNTs), multiwall carbon nanotubes or graphene sheets) can interact with the nitrogen-containing fivemembered cation ring of the imidazolium-based PILs by cation-π interactions. 138 PILs can dispersed such carbon nanostructures. Alternatively, IL monomers can be polymerized in situ in the IL/CNT mixture, generating a polymeric gel with a high content of CNTs and a high electrical conductivity. 148

Other applications

Similar to ILs, several groups have investigated the preparation of cellulose/PIL composites thanks to the cellulose solubility in IL monomers. 48,149,150 Another interesting application of PILs comes to their potential to be an organic-inorganic hybrid materials induced by the use of counter-anion such as FeCl 4 -which gives some magnetic properties. 126 Recently, others fields such as microwave absorbing materials, 126 sensors 151 and DNA vectors 152 have been investigated utilizing PILs.

Poly(ionic liquid) block copolymers

Block copolymer (BCP) engineering is a major item of polymer science, spanning aspects of macromolecular chemistry through the molecular design of active species, to theoretical and physicochemical studies. [153][154][155][156] Currently, some neutral (nonionic) BCPs are practically used in our daily life as specialty polymers, e.g. as dispersants, 157 adhesives, in microelectronics [158][159][160][161] or drug delivery systems. [162][163][164][165] The success of neutral BCPs is due to their self-assembling properties, either at the solid state or in a selective solvent of one block, which provides a wide range of morphologies in the submicron size range. [166][167][168][169][170][171] Miscellaneous BCP architectures and compositions can be achieved by resorting to "controlled/living polymerization" (C/LP) techniques, which can be combined with modern synthetic tools, such as "click chemistry", 172 post-polymerization modification of preformed and reactive (co)polymers, [173][174][175] or supramolecular chemistry. 176,177 In recent years, ionic liquids (ILs) have been introduced as doping agents in nonionic (nonconducting) BCPs as a means to tune nanostructured morphologies and impart ionic conductivity or gas transport in nanodomains. 131,[178][179][180][181][182][183][184][185][186] This is because ILs exhibit a high intrinsic CO 2 solubility as well as a high ion conductivity as emphasized in the sections above. 22,179,[187][188][189][190] For instance, ionic nanodomains of continuous morphology prove more conductive than morphologies in which grain boundaries impede ion mobility. 100,191 An anisotropic ionic conductivity can be achieved from IL-doped BCPs exhibiting a lamellar mesophase, 192 while BCPs with a three-dimensional network morphology can lead to a direction-independent ionic conductivity, due to well-connected ion-conducting pathways. 184 However, blends between an exogenous ionic liquid electrolyte and a polymer matrix are prone to electrolyte leakages. To alleviate this problem, one solution may be to resort to PILs instead of molecular ILs. In the past five-six years, design and self-assembling properties of BCPs constituted of a PIL block have been the topic of detailed studies. This novel family of BCPs combines the attributes of PILs, such as ionic sensitivity, with the self-assembling properties of BCPs, which provides access to a range of nanostructured morphologies in solution and at the solid state (Figure 7). In bulk, ionic and non-ionic blocks generally segregate in highly ordered nanodomains, due to the strong incompatibility of the two blocks. 93 This is expected to impart complementary features to these ion-conducting materials, such as structural stability and bulk mechanical properties, while affording tunable transport performances. 99,193 The next sections will describe synthetic methods to achieve imidazolium-type PIL BCPs, their self-assembling properties in solution and in bulk. Potential applications of these compounds will be discuss in the last section.

This topic is obviously still in its infancy, and concerns roughly fifty papers that were published in the past five-six years (in fact the first paper on imidazolium-type PIL BCP dates back to 2003). 

Synthesis of poly(ionic liquid)-based block copolymers

The traditional synthetic route to linear AB-type BCPs is by sequential addition of monomers. Various PIL BCPs have been directly synthesized by C/LP of imidazolium-type IL monomers featuring a halide counter-anion (see Table 1), which includes not only radical methods by RAFT, ATRP, NMP, and CMRP, but also ROMP. 52,[78][79][80][81][82][83][84][85]90,[93][94][95][96][194][195][196] Besides direct sequential polymerization, PIL BCPs can be accessed by postpolymerization modification of preformed BCP precursors (Scheme 7). 172,175,197 First examples based on imidazolium units were actually made in this way, as reported by Waymouth, Gast et al. in 2003. 97 The resulting compounds were found to self-assemble in toluene into elongated micelles with PIL blocks at the core (see also further).

Scheme 7. Synthesis of PIL BCPs. Route A: Direct sequential polymerization by RAFT. 52 Route B: Sequential polymerization by NMP followed by a quaternization. 97 Table 1 gathers the different imidazolium-based PIL BCP structures that were reported so far, including the nature of the anions and that of the alkyl chains on the imidazole ring, as well as the associated synthetic methods. In this section are described the synthetic aspects, while following sections will discuss the self-assembling properties in solution and at the solid state of these materials.

Reversible addition fragmentation chain transfer (RAFT)

As previously mentioned, the first example of PIL BCP synthesis by RAFT was reported by Mecerreyes, Taton, Gnanou et al. in 2008 (Route A, Scheme 7). 52 Polyacrylamide (PAm)

and poly(methacrylic acid) (PMAA) were pre-synthesized by RAFT to serve as macro-CTA's for block copolymer synthesis. 52,78 Chain extension experiments were carried out in aqueous or in alcoholic solutions, affording double hydrophilic PIL BCPs with bromide anions (PMAA-b-PIL(Br) and PAm-b-PIL(Br); Entries 1 and 2, Table 1). These compounds were further manipulated and made to self-assemble in micelle-like structures, either by anion exchange or by chemical modification of PMAA.

Sequential RAFT polymerization was also employed to achieve copolymers based on PIL and poly(N-isopropylacrylamide) (PNIPAM), thus exhibiting both an ionic and a thermal responsiveness (Entry 3, Table 1). 79 Dithioester CTA-3 was used and the length of the PIL block was kept constant, while that of PNIPAM was varied ( values from 5500-38600 g.mol -1 , with D < 1. and CTA-5, Figure 4). 81 Polymerization of the N-vinylimidazolium salt was accomplished from a xanthate-functionalized PNIPAM, leading to a reasonably well-defined PIL BCP (D < 1.5). The same group also synthesized four-armed star block copolymer homologues, using tetrafunctional dithiocarbamate CTAs (CTA-6 and CTA-7, Figure 4; Entry 5, Table 1). 1). 198 The colloidal behavior and stimuli-responsive properties of these PIL BCPs were then studied after self-assembly. 1). 84,85,87 The aim of this study was to provide an understanding of the influence of morphology on ion transport after anion exchange, from bromide to TFSI or hydroxide (HO -), as discussed further.

Wang et al. developed a synthetic strategy to ABA-type triblock copolymers ( values from 21-29 kg.mol -1 with 6.8-13.5 mol% PIL; Entry 10, Table 1). 195 A telechelic poly(vinylidene fluoride-co-hexafluoropropylene) [P(VDF-HFP)] macro-RAFT agent was first designed, before polymerization of the methacrylate-type imidazolium monomer. No microphase separation was observed with this particular triblock PIL BCPs, presumably owing to some compatibility of the PIL and the fluoropolymer matrix.

Atom transfer radical polymerization (ATRP)

As 1). 196 This work will be discussed in Chapter 3 of this manuscript.

Ring-opening metathesis polymerization (ROMP)

In a series of papers, Gin, Bailey et al. investigated the synthesis and self-assembling properties in bulk of PIL BCPs obtained by ROMP of norbornenyl-type monomers, using Grubbs' first generation catalyst (Entry 14, Table 1). 93,94 Control over the ROMP process allowed the authors to vary the relative volume fraction of the poly(norbornene dodecyl ester) block (f DOD = 0.42-0.96) and the overall molar masses of their compounds ( values from 5000-20100 g.mol -1 ). As an indirect evidence for the formation of copolymers with no apparent homopolymer contaminant, analysis by NMR DOSY showed only one roomtemperature diffusion coefficient in CD 2 Cl 2 , whereas a physical blend of the two homopolymers gave rise to two distinct diffusion coefficients.

The same team also reported the synthesis of ABC-type triblock copolymers by sequential ROMP (Entry 15, Table 1). 95,96 1). 97,98 This was achieved from neutral polystyrene-b-poly(4-vinylbenzyl chloride) (PS-b-PVBnCl) BCPs (D < 1.2) obtained by NMP, 36,199 followed by functionalization with 1-methylimidazole (Route B, Scheme 7). The obtained PIL BCPs were then subjected to anion exchange using sodium tetrafluoroborate (NaBF 4 ).

Later on, a few groups employed similar NMP-derived PS-b-PVBnCl precursors, to achieve PIL BCPs of different composition and study their self-assembling properties in bulk. 1). 102 The charge content was varied so as to tune the glass transition temperature (T g ) and the Young modulus of the material. Another example concerned the prior synthesis of difunctional poly(VBIm) ( value = 204 kg.mol -1 , D ~ 1.2) from a difunctional NMP initiator. This was followed by the quaternization with an alkyl imidazole (Entry 20, Table 1). 99 After anion exchange, from Br -to TFSI, chain extension of this PIL precursor with styrene produced the targeted ABA triblock copolymer. The quaternization reaction was then performed using n-butylimidazole to introduce the IL groups (Entry 22, Table 1). The 

Self-assembly in solution

Only a handful of studies have focused on the self-assembly in solution of PIL BCPs. Use of a selective solvent of one block gives rise to micelle-like nanostructures. Interestingly, selfassembly of PIL BCPs can be triggered by a simple ion exchange, which relates to the ionic sensitivity of PILs. 4,41 Pioneer works by Waymouth, Gast et al. evidenced the formation of elongated micelles in dilute toluene solution, from styrenic-based PIL BCPs shown in Entry 16. The PIL block was found to arrange in a cylindrical morphology at the core. 4,41,97,98 This was investigated both by small-angle neutron scattering (SANS) and dynamic light scattering (DLS). As the length of the IL core-forming block was increased, the conformation of the PS shell changed, from a starlike to a brushlike arrangement, as depicted in Figure 8. It was also shown that these micelles could sequester a few water molecules for each IL repeating unit. shown in Entries 1 and 2 (Table 1). 52,78 Anion exchange, from Br -to TFSI, turned the solution properties of PIL blocks from hydrophilic to hydrophobic, forming water-soluble micellar aggregates. Studies by 1 H NMR, dynamic light scattering and transmission electron microscopy (TEM) evidenced that compounds consisting of a hydrophilic mass fraction (f) around 35±10 self-organized into direct or reverse polymersomes (= polymeric vesicles), as a function of the selective solvent used (water, methanol or THF). Hydrodynamic radius of polymersomes ranged from 17 to 150 nm, depending on the composition of the copolymer.

Compounds with f > 45 self-assembled into polymeric spherical micelles.

For instance, anion exchange of the PIL block, from Br -to TFSI led to a vesicular morphology consisting of TFSI-based PIL blocks as the hydrophobic membrane stabilized by water-soluble PAm (or PMAA). The PAm 135 -b-(PIL-TFSI) 12 sample possessing a hydrophilic mass fraction higher than 45, was found to self-assemble into spherical polymeric micelles.

All these observations were consistent with the empirical classification of Discher and Eisenberg regarding the type of nanoparticles obtained by self-assembly of amphiphilic block copolymers of coil-coil type, as a function of the hydrophilic mass fraction. 203 Interestingly, this variation in solubility due to anion exchange was found to occur reversibly, so that a given self-assembled morphology could be unassembled and/or reassembled into another nanostructure.

Moreover, chemical modification of the hydrophilic PMAA block allowed generating a hydrophobic PMMA, offering another means to manipulate nanostructures, not only in water but also in organic media, through a proper selection of the selective solvent of one block (Figure 9). The same team evidenced that the star-block architecture shown in Entry 5 (Table 1) could form spherical micelles that aggregated into dehydrated clusters at temperature above the LCST of PNIPAM. 86 The thermally induced phase separation behavior and selfassemblies in aqueous solution were found to depend on the sequence of each block (location of the thermoresponsive segment) along the arm star.

The ATRP-derived ABA-type symmetric PIL BCP reported by Texter et al. (Entry 11, Table 1) also exhibited both an ionic and a thermal responsive behavior, emanating from the PIL and the pluronic block, respectively. 194 In addition to exhibit "classical" surface activity, the amphiphilic compound also immunized colloids against coagulation induced by electrostatic screening. It was also used as a wetting additive and was found to form a thermoreversible gel, with a LCST ranging from 0 to 50 °C (Figure 10). 1). 82 The authors took benefit of the (CN) 2 N -counter-anion generated by anion exchange from parent bromide-containing PIL, and made use of the resulting dicyanamide-containing PIL as carbon precursor. With this counter anion, indeed, the polymeric carbon framework was better preserved at elevated temperatures during the carbonization step.

Tauer et al. discussed the colloidal behavior of PIL BCPs that contain poly(3-n-tetradecyl-1-vinylimidazolium bromide) as PIL block and PNIPAM, or PS, or PBuA, or PBuMA as a nonionic block (Entry 8, Table 1). 198 They evidenced PIL dispersion formation and used these compounds as electrostatic stabilizers for heterophase polymerization of hydrophobic monomers. Zeta potential measurements established the amphiphilic character of these PIL BCPs.

Self-assembly at the solid state and related transport properties

As already mentioned, PIL BCPs enable to access a range of nanostructured morphologies at the solid state, where the ion-transporting and the non-ionic blocks segregate in ordered nanodomains. In this regard, PILs behave as single-ion conductors with IL moieties as pendant groups and mobile counterions, making PILs good candidates as solid polymer electrolytes. 3,16 For instance, strong microphase separation and large nanodomain width (lower number of interfaces) are expected to favor high conductivity. However, optimal properties require that a balance between ionic conductivity and mechanical strength can be found.

The ion conduction behavior of PS-b-poly(1-(4-vinylbenzyl)-3-alkylimidazolium TFSI;

Entry 17, Table 1), as a function of morphology in the microphase separated structure, was studied by Elabd, Mahanthappa et al. 100 Morphologies at the solid state were examined both by temperature-dependent synchrotron small-angle X-ray scattering (SAXS) and TEM. These PIL BCPs were found to self-assemble into a hexagonally packed cylindrical morphology for a composition in PIL lower than 7.1 mol%. A lamellar morphology was observed above 17.0 mol%, and a blend of cylinders and lamellae were evidenced between these two compositions. Comparable values of ionic conductivity (1.0 x 10 -4 S.cm -1 at 150 °C) were determined by electrochemical impedance spectroscopy (EIS), regardless of the imidazolium alkyl substituent. However, ionic conductivity increased by an order of magnitude when the PIL content increased from 8.6 mol% to 17.0 mol%. Another 5-fold conductivity enhancement was noted for higher mol. fraction in PIL.

The conductivity dropped off by more than an order of magnitude, from the lamellar sample (1.0 x 10 -6 S.cm -1 at 90 °C) to the sample showing the coexistence of lamellae + hexagonally packed cylinders (3.2 x 10 -7 S.cm -1 at 90 °C; 8.6 mol% in PIL). This was explained by the lack of connectivity of the discontinuous cylindrical mesophase, where grain boundaries might act as morphological defects impeding conductivity. Values were also dramatically dependent on BCP processing method; solvent casting providing well-ordered morphologies vs. melt pressing giving rise to more poorly ordered mesophases.

Similar PIL BCPs, but with chloride as counter-anion, i.e. PS-b-poly(1-(4-vinylbenzyl)-3butylimidazolium chloride) (Entry 18, Table 1 ), the conductivity increased with time and temperature, from 1.8 x 10 -3 S.cm -1 at 22 °C to 3.1 x 10 -3 S.cm -1 at 40 °C. Exchange from chloride to hydroxide anions allowed increasing the conductivity of PIL BCP membranes by a factor of 10. This result was explained by a higher diffusion of hydroxide ions (ratio of diffusion coefficients of HO -and Cl -in water: D HO -/D Cl -≈ 3), and also likely to some differences of condensation and hydration of counterions. However, some degradation was noted with PIL BCPs with the hydroxide ions, presumably owing to the formation of bicarbonate ions (HCO 3 -) formed in contact with atmospheric CO 2 .

Long et al. also evidenced microphase separation at the solid state for their poly(Sty-b-[EVBIm-co-nBA]-b-Sty) ABA-type triblock copolymers (Entry 19, Table 1). A rather limited long-range order was yet noted, which was attributed to a relatively high dispersity value (D ~ 1.40). 102 PS-type external A blocks allowed for mechanical reinforcement, while the central statistical copolymer B block provided ionic conductivity. These properties could also be tuned by doping the material with 20 mol% of an exogenous molecular IL. Ionic conductivity values were in the range 5 x 10 -4 -5 x 10 -6 S.cm -1 at 90 °C. Observation of a second scattering peak at q ~ 1.8 nm -1 was ascribed to aggregation phenomena occurring between ion-rich domains. The proposed morphology is shown in Figure 11. triblock copolymer (Entry 20, Table 1) for a use as electromechanical transducer. 99 A modulus of approximately 100 MPa at 23 °C was determined by dynamic mechanical analysis for this PIL BCP. Addition of 1-ethyl-3-methylimidazolium triflate, as molecular exogenous IL, allowed reducing the T g of the central block, and increasing ionic conductivity by an order of magnitude for 20 wt%, and an additional order of magnitude for 40 wt% IL (a value of 1 x 10 -2 S.cm -1 at 90 °C was determined in the latter case). In addition, actuator testing revealed superior curvature relative to Nafion®. It was found, however, that the presence of both homoPIL and diblock copolymer limited precise and long-range ordered microstructure formation.

With both PMMA-b-PIL BCPs having TFSI anions (Entry 9, Table 1), and random copolymer homologues, Elabd, Winey et al. studied the effect of the weak microphase separation in ion transport. 84 SAXS and TEM analyses evidenced a microphase-separated morphology for the PIL BCP, but with no long-range order, likely owing to the partial affinity between the PIL and the PMMA blocks. The interdomain distances were 18 nm and 21 nm, for BCPs made of 13.4 and 15.7 mol% in PIL, respectively. In contrast, random copolymer homologues did not show any microphase separation, as expected. At similar PIL compositions, the ionic conductivity of the PIL BCPs was almost 2 orders of magnitude higher than that of the random copolymers (6.3 x 10 -6 vs. 1.0 x 10 -7 S.cm -1 at 150 °C), demonstrating that local confinement of conducting ions in nanoscale ionic domains -despite a weak segregation regime-can favor ion transport.

In another contribution, the same PIL BCPs were evaluated for hydroxide (HO -) conductivity. 85 Parent compounds carrying bromide anions were employed to this end. A nanoscale morphology was observed at 30 °C, in both dry and relative humidity conditions (from 30 to 90% RH). Hydroxide-exchanged PIL BCPs showed only two broader scattering peaks, compared to the bromide counterparts exhibiting four peaks. The HO -conductivity (25

x 10 -3 S.cm -1 at 80 °C, 90% RH) was one order of magnitude higher, not only than that of the random copolymer analog, but also than that of the homoPIL analog with the same IL composition and water content. This was again explained by the ion-water confinement in nanodomains that might accelerate transport.

More recently, Elabd et al. synthesized similar PMMA-b-PIL BCPs with bromide as counter-anions, but having long alkyl side-chain length between the acrylate and the imidazolium groups. 87 Interestingly, at 80 °C with 90% RH, this PIL BCP exhibited a high bromide ion conductivity (64.85 x 10 -3 S.cm -1 ) which is an order of magnitude higher than a similar PIL BCP with shorter alkyl side chain length and three times than its analogous PIL homopolymer. In addition, this PMMA-b-PIL BCP was transparent and showed a high mechanical strengh (0.74 GPa modulus) and a PIL block glass transition temperature around 24 °C.

The same group showed that, at comparable PIL composition, acrylate-based poly(Sty-b-AEBIm-TFSI) PIL BCPs (Entry 21, Table 1) strongly microphase separated. In addition, Chapter 1 50 these compounds exhibited ~ 1.5-2 orders of magnitude higher ionic conductivity than their methacrylate-based homologues with weak microphase separation described above. 103 Hence, a higher degree of incompatibility between the low-T g PIL and the nonionic PS block improved ion transport properties. Hexagonally packed cylinders, lamellae, and coexisting lamellae and network morphologies were observed, as a function of PIL composition ROMP-derived copolymers (Entry 14, Table 1) with variable volume fraction of the poly(norbornene dodecyl ester) block (f DOD = 0.42-0.96; values ranging from 5000-20100 g.mol -1 ). 93,94 SAXS and rheological measurements at 25 °C showed the classic equilibrium self-assembled BCP morphologies, including lamellae, hexagonally packed cylinders, and spheres on a body-centered-cubic lattice. Even PIL BCPs having relatively low molecular weights exhibited a long-range ordered and stable morphology showing diffraction patterns with numerous higher order reflections by SAXS.

However, the bicontinuous gyroid phase occupying that region with traditional BCPsand often sought for transport-related applications-was not observed in any sample. Instead, coexistence of cylinders and lamellae were identified at the intersection of hexagonal and lamellar regions. Poorly defined liquid-like packing of spheres was also noted in most asymmetric samples. The absence of the bicontinuous gyroid morphology, and difficulties in accessing order-to-disorder transitions were attributed to the strong microphase separation of such PIL BCPs.

The first examples of self-assembled ABC-type triblock copolymers (A: hydrophobic block, B: PIL block and C: hydrophilic block; Entry 15, Table 1) were described by Gin et al. 95 SAXS analysis of these samples verified phase-separation on the nanoscale and formation of different ordered morphologies, depending on block sequence and compositions.

ABC-and ACB-type triblock compounds were found to self-assemble into a lamellar phase, while the CAB-type BCP generated a hexagonally packed cylinder morphology. Interdomain spacings for the three compounds were very similar (i.e., ABC: 26. 1). This was ascribed to a higher incompatibility between the PS and the PIL blocks, likely due chain stretching of histidinium-type chains, as well as to an increase in volume fraction of the as-derivatized PHMAm. A higher water affinity of conducting blocks was also noted.

While PS-b-PHMAm membranes had conductivities up to 2 x 10 -4 S.cm -1 at room temperature, conductivities resulting from PIL BCPs increased by an order of magnitude, presumably owing to a higher mobility of PIL chains.

In order to vary the lamellar interdomain sizes of their self-assembled pyridinium-type PIL BCPs (Entry 24, Table 1), Garcia et al. exploited the anion exchange method (see Figure 12). 201 Neutral PS-b-P2VP BCPs were first partially quaternized (20 mol% of the 2-VP units) with 1-bromoethane, and Br -anions were exchanged with larger sized anions, such as TFSI or CF 3 (CF 2 ) 3 SO 3 -. All compounds, with Br -, TFSI -and CF 3 (CF 2 ) 3 SO 3 -anions, exhibited a lamellar morphology, the lamellar domain size of which varied from 34 nm to 48 nm and further to 73 nm, from the Br -to the TFSI to CF 3 (CF 2 ) 3 SO 3 -BCP compound, respectively. 1). 202 This other nonimidazolium precursor was then blended with an epoxy resin (30 wt% relative to epoxy) and cured, which resulted in a spherical nanostructure, with sphere sizes of approximately 16 nm (by TEM). This led to the formation of a magnetic nanostructured thermoset material free of any kind of metal oxide or metal magnetic nanoparticles. The magnetic properties were measured by superconducting quantum interference device (SQUID). The spherical nanostructuration combined with confinement of magnetic anions (Figure 13) allowed promoting strong dipolar interactions between the magnetic entities and the observed ferromagnetic ordering. 

Potential applications of PIL BCPs

As already emphasized, PILs and related BCPs have emerged as a versatile family of polyelectrolytes showing multiple advantages, such as tunable solubility, adjustable chain flexibility, relatively high ionic conductivity, or ionic-responsiveness. This section briefly discusses the very few and preliminary investigations regarding PIL BCPs' applications in selected fields, such as energy harvesting, gas separation, or as precursors for magnetic or nanostructured carbon materials.

Energy conversion devices

Due to their relatively high ionic conductivity, which can be tuned by a proper selection of both the alkyl substituent on the imidazolium ring and the counter-anion, PILs are promising materials as solid polymer electrolytes for various electrochemical devices (actuators, transducers, fuel cells, ion-conducting membranes, or solar cells). 111,[114][115][116][117][118][119]204,205 Ionconducting membranes are key components in energy conversion devices, since they not only enable the transport of ionic species across physically separated reaction sites, but they also provide structural stability and barrier properties to the device. As previously discussed, microphase separated PIL BCPs represent a promising method to develop mechanically robust nanostructured materials (via the non-ionic block, preferentially of high T g ), while the PIL domains can form connecting paths for ion conduction (this is particularly favored with low T g PILs). However, specific nanodomains (e.g. hexagonally packed cylinders) impede ionic conductivity due to grain boundaries, 100 whereas larger size nanodomains (e.g. in lamellar morphologies) favor ion transport. Other parameters can influence conductivity of PIL BCPs, such as the type of couterion, relative humidity, temperature, or use of an exogenous IL. In different cases, the temperature dependence of the ionic conductivity was well described by the Vogel-Tamman-Fulcher (VFT) model, indicating a strong correlation between ion conduction and polymer segmental dynamics. 84,85,87,[99][100][101][102][103]200 Armand, Gigmes et al. integrated their P(STFSILi)-b-PEO-b-P(STFSILi)s, BAB triblock copolymers (Entry 12, Table 1) as solid polymer electrolytes in real lithium batteries. 193 Corresponding devices exhibited unprecedented performances in this application: the best ionic conductivity of 1.3 x 10 -5 S.cm -1 was obtained at about 20 wt% P(STFSILi) (molar ratio 

PIL BCPs for gas separation

ILs and PILs represent promising materials for CO 2 capture, storage and conversion, and for gas separation applications in general. 46,68,[187][188][189]206,207 These features combined with the potential of nanophase-separation on transport properties make PIL BCPs potential candidates for gas separation. 1) was also investigated by Gin, Noble et al.. 95 Preparation of defect-free, thin film membrane composites, with a 3-20 mm thick nanostructured top layer of the BCP, could be achieved. The composition of the BCP top layer was found to impact the CO 2 permeability that could be increased by 2 orders of magnitude up to a value of 9300 barrers. This beneficial effect on the CO 2 permeability was attributed to a higher gas diffusion coefficient of the ordered nanostructures arising from PIL BCPs, compared to amorphous BCP compounds. However, the selectivity was not improved since the diffusion of both CO 2 and N 2 was favored by the nanostructuration. Use of an additional molecular IL might be helpful to gain in selectivity.

The same group reported the first example of membrane nanocomposites issued from ABC PIL-based triblock copolymer (Entry 15, Table 1). 96 Only the ABC-and CAB-type sequences were successfully coated onto the surface of a commercial porous poly(acrylonitrile) membrane support, forming hybrid membranes, the potential of which for CO 2 /light gas separations was examined on a series of four gases (i.e., CO 2 , N 2 , CH 4 , H 2 ). The two phase-separated systems showed different gas permeability values, but similar selectivity values (Table 2). This was ascribed to different polymer nanostructures and/or nanodomain orientation.

Table 2. Gas permeabilities (in barrers) and selectivities of ABC-and CAB-type triblock copolymer composite membranes. Thickness of the active layers were respectively 12.4 µm and 12.6. 96 Perm (CO 2 )
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As precursors for nanostructured carbon

Imidazolium-based ILs and PILs have been reported as effective precursors for functional carbon-based nanomaterials. 144,146,147 Incorporation of molecular ILs into porous templates, without the need for high pressure, can be easily achieved owing to the liquid state and the highly thermostability of ILs.

Antonietti et al. reported that PIL BCPs (Entry 6, Table 1) could serve as efficient precursors for the preparation of mesoporous graphitic nanostructures in the presence of metal salts. 82 The carbonization step was carried out in the presence of 10 wt% of FeCl 

Conclusion

In the past decade, the field of polyelectrolytes has been widely expanded by the introduction of poly(ionic liquid)s that exhibit specific properties such as relatively high CO 2 solubility, ionic conductivity, thermal and chemical stability and tunable solubility, thanks to ion exchange, with the intrinsic properties of polymers.

From a synthetic viewpoint, PILs can be achieved by free radical polymerization, or by "controlled/living" polymerization (e.g. RAFT, ATRP, RAFT, ROMP), or by step-growth polymerization of IL-type monomers. Post-chemical modification enabling the introduction of IL units side groups onto a preformed polymer is an alternative synthetic strategy to obtain PILs and related PIL BCPs. These synthetic tools allow fine-tuning composition, IL content, type of couterion and alkyl chain. Both the thermomechanical properties and the ionic conductivity can thus be tailored by a judicious selection of these parameters.

Introduction of ILs and PIL segments into BCPs has also emerged in the past five years.

PIL BCPs combine properties of PILs with the ordered phase-separated nanostructures formed by self-assembly of BCPs.

The possibility to achieve multiresponsive, robust, and stable nanostructures from PIL BCPs in solution opens avenues for their use in areas, such as micellar catalysis and drug delivery systems. On the other hand, several studies have evidenced that transport properties of PIL BCPs correlate with their nanostructured morphologies resulting from their selfassembly at the solid state. As for traditional self-assembled materials, processing conditions (e.g., solvent casting vs. melt casting) influence phase segregation and resulting size and nature domains, which can have a significant impact on ionic conductivity and/or gas transport. Higher conductivities may be reached by increasing the size of the conducting channels, e.g. in lamellar domains where PIL chains can adopt a stretched conformation. In contrast, PIL BCPs self-assembling into hexagonally packed cylinders may exhibit a rather poor ionic conductivity, owing to defects and grain boundaries of this peculiar morphology.

None of the studies reported so far has established the existence of the bi-continuous gyroid morphology, which would be of particular interest for gas or ion transport-related applications. This is presumably due to the strong microphase segregation regime resulting from the covalent association of nonionic and PIL blocks that have been so far considered.

However, further efforts may be needed to achieve such co-continuous morphology, for instance, using specific solvent and/or thermomechanical treatments.

The field of PIL BCPs is still in its infancy, and pioneer works described in this chapter may help for an optimization of their transport and mechanical properties. There is still plenty of room to design and engineer novel compounds and, for instance, to introduce new functionalities via the PIL and/or the uncharged blocks towards a specific applications. One can thus expect that this field will blossom in the next few years.

In this PhD work, and as discussed in the two following chapters, we have expanded the use of PILs by exploiting the potential reactivity of the imidazolium units, for the purpose of catalysis and post-chemical modification. In particular, we have designed novel PILs that can generate poly(N-heterocyclic carbene)s (chapter 2).

We have also developed a specific synthetic strategy to PIL BCP based on PVAc and poly(N-vinyl-3-alkylimidazolium) (PVAc-b-PIL) featuring different alkyl chains counteranions. The ionic conductivity of this PIL BCPs induced by their self-assembling property at the solid state will be discussed in chapter 3. Meanwhile their self-assembling properties in solution are studied with various counter-anions. The use of PIL BCPs as stabilizers and reducing agents via the counter-anion for the synthesis of gold nanoparticles will be also described in chapter 3. Novel mesoporous polymer monoliths are also elaborated by a facile solvothermal copolymerization route. Such IL-type mesoporous polymers are successfully applied as polymer-supported organic (pre)catalysts either for the cyclocarbonatation of propylene oxide or for the benzoin condensation and cyanosilylation, via generation of NHC units by deprotonation with a strong base. The insolubility of mesoporous copoly(ionic liquid)s enables to easily recycle the monolithic precursor up to three cycles, with excellent yields in all cases, attesting to the efficient catalytic activity.

The latter coPILs are also employed as reactive polymer precursors for postpolymerization modification, in this case, in stoichiometric transformations with small electrophilic antagonist molecules. CoPILs are, for instance, shown to react not only with organic substrates, such as CS 2 or isothiocyanate affording the corresponding polybetaines, but also with transition metals, such as Pd or Au, yielding corresponding poly(NHC-Met) complexes.

A number of results presented in this chapter have been published in the following papers: 
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N-vinyl-3-alkylimidazolium-based

Introduction

As emphasized in chapter 1 of this document, poly(ionic liquid)s (PIL)s have emerged as a special class of polyelectrolytes combining the inherent features of ionic liquids (ILs), such as thermal and chemical stability, high solid ionic conductivity, or adaptable solubility, with the intrinsic properties of polymers, including mechanical stability and processability. [1][2][3][4][5][6] In this PhD work, we have expanded the use of PILs by exploiting their potential reactivity for the purpose of catalysis, and for post-chemical modification of the imidazolium units as well. Some ILs [7][8][9] and PILs 10,11 have already been demonstrated to behave as efficient catalysts (or pre-catalysts) in selected reactions. In particular, both imidazolium-based ILs and PILs can generate N-heterocyclic carbenes (NHCs) and poly(NHCs), respectively, for the purpose of organocatalysis. [12][13][14][15][16][17] NHCs are not only being employed as ligands for transition metals, [18][19][20] but also as true organocatalysts in various molecular transformations. [21][22][23] More recently, NHCs have also served as organocatalysts or building blocks in metal-free polymer synthesis. [24][25][26] Steric and/or electronic properties of NHCs can be finely tuned through variation of their substituent pattern, which allows modulating their overall reactivity (e.g. nucleophilicity and/or basicity) towards various substrates. 27,28 However, their poor stability when exposed to air makes NHCs difficult to handle. [29][30][31] To circumvent this limitation, various masked NHCs have proved of practical use as pre-catalysts both in molecular and macromolecular reactions. 22,26 The common route to in situ generate NHCs or poly(NHCs) is the deprotonation by a strong base of the acidic proton of imidazol(in)ium IL units. 26 However, NHCs can be masked in the form of NHC-Ag(I) complexes 32,33 or 2-alkoxy, 34 trichloromethyl, 35 pentafluorophenyl, 35 isothiocyanate, 36 carboxylic acid, 36,37 and NHC-CO 2 adducts. 38,39 The latter zwitterionic azol(in)ium-2-carboxylates usually result from the carboxylation of free carbenes most often prepared separately with CO 2. 4,[6][7][8][9]40 Progressive hydrolysis of NHC-CO 2 adducts, forming imidazol(in)ium hydrogen carbonates, denoted as [NHC(H)][HCO 3 ],

has yet been reported. 12,41 Hence, it would be highly desirable to develop air-stable NHC precursors that could be of practical usage for the purpose of organocatalysis or organometallic chemistry. 12,17,[42][43][44][45][46][47][48][49][50] Our group at LCPO has reported that [NHC(H)][HCO 3 ] salts can serve as a genuine source of NHCs, under very mild conditions, formally by a loss of "H 2 CO 3 " (H 2 O +CO 2 ). 12,13 In addition, synthesis of [NHC(H)][HCO 3 ] precursors can be readily achieved in one pot, by anion exchange from commercial imidazol(in)ium halides ([NHC(H)][X]; X= Br or Cl), in the presence of KHCO 3 in methanol.

In the first part of this chapter, we provide synthetic developments to imidazolium-based PIL precursors as genuine sources of poly(NHC)s:

i. First, the easy synthesis of air-stable and recyclable polymeric versions of imidazolium hydrogen carbonates, poly([NHC(H)][HCO 3 ])s, and their use in organocatalysis will be described. Interestingly, these salt precursors can be readily synthesized following two distinct routes that do not require the prior formation of poly(NHC)s. These particular PILs can be subsequently used as a source of poly(NHC)s, by analogy with their molecular versions, for selected organocatalyzed molecular reactions. 12,13 Re-carboxylation at the completion of each tested reaction ii. Alternatively, specific PILs with carboxylate counter-anions have been investigated

as precursors of poly(NHC)s (Scheme 2). Recently, it has been evidenced, indeed, that some counter-anions showing some high basicity (e.g. amino salts or weak organic acids such as acetic acid) allow for a proton transfer in the imidazolium moiety. [51][52][53][54][55] Increasing the basicity of the counter-anion thus enables tuning the relative stability of the [cation…anion] pair via hydrogen bonding. The generation of NHCs from imidazolium salts with sufficiently basic counter-anions has been evidenced experimentally by carbene-type reaction employing elemental sulfur, 54 and for the benzoin condensation reaction as well. 55 We report here, for the first time, the Their catalytic performance will be compared with the other polymer pre-catalysts described in this chapter. 

Novel imidazolium-based PILs as polymer-supported catalysts

Catalyst recycling is obviously of prime importance in catalyzed processes, [56][57][58][59][60][61] including molecular reactions by an organocatalytic pathway. 62 In a previous work from our group, the synthesis of polymeric analogues of both NHCs and NHC-CO 2 adducts, denoted as poly(NHC)s and poly(NHC-CO 2 ) adducts were described (Route A, Scheme 4). 46 When used as polymer-supported pre-catalysts for metal-free transesterification and benzoin condensation reactions, poly(NHC-CO 2 ) adducts did prove easier to handle and could be more easily recycled than their "bare" poly(NHC) counterparts. One limitation of this approach, however, was the need for the prior synthesis of related air sensitive poly(NHC)

intermediates. 63 This was achieved by deprotonation of PIL possessing halide anions, at low temperature and in the presence of a strong base. We now provide a new synthetic access to air-stable and recyclable PILs for facile organocatalysis. 

N-vinyl-3-alkylimidazolium-based PILs with hydrogen carbonate counter-anions as polymer-supported N-heterocyclic carbenes 1.Synthesis of poly(N-vinyl-3-alkylimidazolium hydrogen carbonate)s

Poly(N-vinyl-3-alkyl imidazolium hydrogen carbonate)s 1 synthesized in this work, denoted as poly(VRImHCO 3 )s or poly([NHC(H)][HCO 3 ])s, where R is an alkyl substituent (R = ethyl, butyl, phenylethyl, dodecyl), represent novel poly(ionic liquid)s (PILs). 1,2,[4][5][6]64,65 As depicted in Scheme 5, synthesis of these PILs could be achieved following two distinct routes. 46 The first synthetic method is based on the free-radical polymerization (FRP) of N-vinyl-3alkylimidazolium monomers featuring a hydrogen carbonate (HCO 3 -) counter-anion, denoted as VRImHCO 3 (Scheme 5, path a). The latter monomers were readily synthesized by alkylation of N-vinylimidazole (VIm) that is commercially available, followed by direct anion exchange of N-vinyl-3-alkylimidazolium bromide (VRImBr) monomers, using potassium hydrogen carbonate (KHCO 3 ) in methanol, at room temperature, following a procedure described in our group. 12 This method could be generalized to VRImBr monomers carrying various alkyl substituents in 3-position. Four different VRImBr monomers 4a-d were thus synthesized by quaternization of VIm, using various alkyl (ethyl, n-butyl, 1-phenylethyl, and n-dodecyl) bromides. 46,[66][67][68] The four VRImHCO 3 monomers 5a-d (R= ethyl, n-butyl, 1-phenylethyl and n-dodecyl)

were next obtained by anion exchange. 12,13,41,69 The novel VRImHCO 3 monomers were characterized by 1 H and 13 C NMR spectroscopy. 1). We hypothesized that a too high temperature (80 °C) could lead to the premature degradation of VRImHCO 3 monomers 5. 2,2'-Azobis(4-methoxy-2,4-dimethyl valeronitrile) (V-70) was thus employed as initiator at 40 °C, which enabled the polymerization to proceed, albeit with a low conversion after a reaction time of 72h (entry 2, Table 1). In contrast, the redox initiating system utilizing potassium persulfate (KPS) and dimethylaminopropionitrile (DMAPN) at room temperature (RT) enabled quantitative conversion of monomer 5b in DMSO, after 18h (entry 4, Table 1), whereas a low conversion was noted in MeOH, likely owing to the poor solubility of KPS in the latter solvent (entry 5, Table 1). All monomers 5ad were thus efficiently polymerized in DMSO at RT in the presence of KPS/DMAPN, providing polymers, PVRImHCO 3 1a-d, in near quantitative yields (Table 1). Although the possibility of anion exchange between KPS and PVRImHCO 3 cannot be ruled out, this metathesis reaction could not be evidenced.

Characterization of polymers 1a-d by 1 H NMR spectroscopy confirmed the expected structure. In particular, the signal corresponding to the CH proton of the imidazolium moiety could be clearly identified at 9-10 ppm. In addition, signals due to the vinylic protons of monomers at 5.4-6 ppm completely vanished, while protons of monomer units CH-CH 2 were observed at 4-4.3 ppm (Figure 3-Figure 4 and Figure S1-Figure S6). While all signals were broadened after polymerization, that corresponding to the HCO 3 -carbon atom at 160.0 ppm was found as sharp as in the 13 C NMR spectrum of monomer 5 (Figure 2). unimodal molecular weight distribution in each case (Figure 5), with a dispersity between 1.4 and 2.3. Due to the nonsolubility of polymers 1c and 1d in water, analysis of these polymers by aqueous SEC could not be carried out. 1) and PVBuImHCO 3 1b (entry 4, Table 1) obtained by free radical polymerization in DMSO at RT.

An alternative synthetic route to PVRImHCO 3 1 consisted in applying the same anion exchange method described above to FRP-derived poly(N-vinyl-3-alkylimidazolium bromide)s, PVRImBr 6 (Scheme 5, path b). The FRP of VRImBr monomers 4 was already reported. [3][4][5]46,71 For instance, PVBuImBr 6b was synthesized in methanol using AIBN as a radical source at 80 °C. Characterization of PIL 6b by 1 H NMR spectroscopy confirmed the expected structure (see annex Figure S7). Corresponding PVBuImHCO 3 1b' was obtained by anion exchange of 6b with KHCO 3 in methanol at RT for 24h (see Scheme 5). A similar yellowish powder to 1b (path a) was obtained, with identical 1 H and 13 C NMR spectra.

Thus synthesis of novel N-vinyl-3-alkylimidazolium-based PILs with hydrogen carbonate as counter-anion could be readily achieved, following two distinct routes both relying on a simple and direct anion exchange, from Br -to HCO 3 -.

Use of poly(N-vinyl-3-alkylimidazolium hydrogen carbonate)s in organocatalysis

The potential of poly(vinylimidazolium hydrogen carbonate) salts 1a-d and 1b' (see Scheme 5) as polymer-supported pre-catalysts was then explored. Here we provide our preliminary results regarding their catalytic potential, without a complete investigation into the optimization of their catalytic efficiency. It is well-established, indeed, that polymersupported catalysts with optimized catalytic properties requires a specific design and a systematic and logical approach, from the precise understanding of the mechanism of elementary catalytic reactions. 72 Various parameters can be manipulated, including the nature of the polymer support, the nature of the linker, catalyst density along the polymer support, and the nature of the connectivity of the catalyst to the support.

Here polymers 1a-d and 1b' were expected to in situ generate poly(NHC)s 2, by formal loss of H 2 O and CO 2 , as illustrated in Scheme 1, and by analogy with their molecular versions. 46 In this regard, 1a-d and 1b' are also denoted as poly[NHC(H)][HCO 3 ]s.

Three different organocatalyzed reactions of molecular chemistry were implemented, namely, transesterification, 46,[73][74][75] benzoin condensation 17,46,75,76 and cyanosilylation of aldehydes, 77,78 all known as being efficiently catalyzed by both molecular NHCs and ([NHC(H)][HCO 3 ]) salt precursors. 13 

All poly([NHC(H)][HCO 3 ]

) salts exhibited an excellent catalytic activity at the first run, providing excellent conversion of benzyl acetate (83-100%), irrespective of the nature of the alkyl substituent on the imidazolium ring (Figure 6). This indicated that free poly(NHC)s 2

were efficiently generated at 80 °C, at least partially, from the poly([NHC(H)][HCO 3 ]) salt precursors, formally by loss of "H 2 CO 3 ". In contrast, the same precursors did not show any catalytic activity at all at RT., evidencing their latent character for catalysis.

Fairly good conversions (63-98%) were achieved with 1a-c and 1b' over 3 runs of organocatalysis (See Figure 6), attesting to an efficient recycling with no significant loss of catalytic activity. Precursors 1b and 1b', obtained from path a and path b, respectively (Scheme 5), showed roughly the same catalytic efficiency for this transesterification reaction, indicating that the structure of both polymers was likely very similar.

The poly([NHC(H)][HCO 3 ]) precursor 1d allowed reaching a complete conversion in benzyl acetate after the first run (Figure 6). However, 1d (or 3d, Scheme 1) could not be recovered by re-carboxylation due to its solubility in THF, unlike 1a-c (or 3a-c). The catalytic efficiency of the latter precursors however decreased progressively with the number of cycles, which might be explained by incomplete re-incorporation of CO 2 and/or of partial deactivation of in situ generated poly(NHC)s 2a-c.

Cyanosilylation reaction

Precursors 1a-d were then investigated as polymer-supported pre-catalysts for the cyanosilylation of benzaldehyde with trimethylsilyl cyanide (TMSCN), another NHCcatalyzed molecular reaction. 77,78 Only one report previously described the use of polymersupported version of NHCs for this reaction (1 mol% of catalyst, RT., 10 min). 79 Excellent yields were obtained with 1a-c and 1b' up to five catalytic cycles (See Figure 7), meaning that all polymer-supported NHC precursors could be readily recycled after carboxylation, without any significant loss of catalytic activity (Figure 7). For the same reason mentioned above, the THF soluble precursor 1d/3d could not be recycled, though also providing a quantitative conversion after the first run of organocatalysis. The first catalytic cycle led to benzoin in rather good yields (62-79%) with 1a-b' and 1d

(See Figure 8). In contrast, a poor yield (28%) in benzoin was obtained with 1c after the first run of catalysis. This might be ascribed to the poorer solubility of poly([NHC(H)][HCO 3 ]) 1c

in the reaction mixture compared to the other precursors, the corresponding poly(NHC) being also more hardly generated or prematurely deactivated. The slow kinetic of the reaction did not allow us to efficiently recycle the polymer pre-catalyst.

A significant decrease of the yield was also noted in the second catalytic cycle both for 1b' and 1c (25 and 9%, respectively), whereas the yield decreased only at the third run both with 1a and 1b (5 and 15%, respectively). Increasing the reaction time to 48h did not allow improving the generation of free poly(NHC)s 2 from 1, as conversions were close to those obtained after 24h.

Overall, results of the benzoin condensation utilizing polymer precursors 1 are consistent with previous observations at LCPO when poly(NHC-CO 2 ) adduct homologues were employed: 46 the reaction is rather slow, yields drop after a few cycles, and polymersupported pre-catalysts can be hardly recycled.

In conclusion, an easy synthetic access to air-stable and recyclable poly([NHC(H)][HCO 3 ])s 1 was provided for facile organocatalysis. Excellent catalytic activities could be achieved for the cyanosilylation and the transesterification reactions, whereas benzoin condensation requires longer reaction times, and did not allow efficiently 

N-vinyl-3-alkylimidazolium-based PILs with carboxylate counteranions for a use in organocatalysis

This section describes our preliminary investigations into the use of imidazolium-based PILs featuring carboxylate anions. A few research groups have indeed evidenced that organic acids could interact with NHCs. ). 51 In 2010, Nyulàszi evidenced, for the first time, that anions of sufficient basicity (e.g. acetate) enabled a proton transfer in imidazolium-based ILs, providing an imidazole-2ylidene derivative and an acid (acetic acid; B, Scheme 9). 52 The authors showed that the two species interacted to one with each other by hydrogen bonding or could be dissociated according to the pressure and the temperature. Further use of such a system for organocatalysis via NHC generation was then demonstrated. 55 In the meantime, Rogers et al. 

Synthesis of poly(N-vinyl-3-butylimidazolium bromide-co-Nvinyl-3-butylimidazolium carboxylate)s

The synthesis of poly(N-vinyl-3-butylimidazolium bromide-co-N-vinyl-3butylimidazolium carboxylate), denoted as poly

([NHC(H)][Br]-co-[NHC(H)][R'COO]) 7
where R' is an alkyl substituent (R' = 1-adamantyl 7a, 10-undecyl 7b), is shown in Scheme 10. IL monomers with halide counter-anions were first polymerized by FRP using AIBN as initiator, as described previously (see section 1.1.1).

The alkyl carboxylate salts were first prepared separately by simple deprotonation of the corresponding organic acid using tBuOK. As described above, anion metathesis reaction aimed at substituting the RCOO -for the Br -anion was carried out at RT in dried methanol for 48h, with an excess of potassium carboxylate salts (2.5 eq.). [3][4][5]46,71 After dialysis, characterization of 7a and 7b by 1 H NMR spectroscopy revealed the presence of only 25 and 24% of 1-adamantyl carboxylates and 10-undecyl carboxylates as counter-anions, respectively (Figure 9 and Figure S15). In other words, anion exchange was not quantitative, 

and

Use of poly(N-vinyl-3-butylimidazolium bromide-co-N-vinyl-3butylimidazolium carboxylate)s as organocatalyst precursors

The Then, quaternization of the VBnCl units, using an excess of n-butylimidazole in DMF at 90 °C for 48h (Scheme 12), allowed for a quantitative post-polymerization modification, as indicated by 1 H NMR analysis. This copolymer 9 was further characterized by 13 C NMR (Figure 12) and IR spectroscopy (see Figure S12), and by thermogravimetric analysis (TGA) (see Figure S13).

Characterization by 1 H NMR allowed stating on the quantitative reaction. Chemical shifts of protons of the methylene group -CH 2 -from 4.4 to 5.4 ppm were observed, and characteristic signals of the butylimidazolium group were clearly detected (Figure 13). 

Synthesis of poly(styrene)-co-poly(4vinylbenzylbutylimidazolium hydrogen carbonate)

In view of elaborating a reactive platform made of masked poly(NHC)s, a poly(styrene)co-poly(4-vinylbenzylbutylimidazolium hydrogen carbonate) (PS-co-PVBnBuImHCO 3 ) 10, incorporating HCO 3 -anions, was synthesized by anion metathesis of coPIL 9 using KHCO 3 in methanol (Scheme 13), following our previously reported procedure. [12][13][14]87 Scheme 13. PS-co-PVBnBuImHCO 3 10 synthesized by anion exchange from PS-co-PVBnBuImCl 9.

The novel PS-co-PVBnBuImHCO 3 10 was characterized by 1 H, 13 C and DEPT 135 NMR spectroscopy, IR spectroscopy and TGA. Although chemical shifts of coPIL 10 were similar to those of the parent coPIL 9, the presence of a characteristic signal at 161 ppm in the 13 C NMR spectrum of coPIL 10, corresponding to the HCO 3 -quaternary carbon, attested to the efficiency of the anion exchange (Figure 14a).

In addition, DEPT 135 confirmed the expected structure (Figure 14b). The presence of the HCO 3 -counter-anion was further observed by IR spectroscopy with the appearance of new bands attributed to the hydrogen carbonate counter-anion (1650 and 1380 cm -1 ) (Entries a in black and b in red, Figure S12). The extent of anion exchange was also evaluated by reacting an aqueous solution of coPIL 10 with AgNO 3 ; no AgCl precipitate was observed, in agreement with the absence of residual chloride. 

Carbonatation reaction using poly(styrene)-co-poly(4vinylbenzylbutylimidazolium chloride)

The catalytic activity of chloride anion-containing coPIL 9 was first evaluated in the cycloaddition of CO 2 and propylene oxide as a model substrate, affording propylene carbonate (Scheme 14). This reaction was recently shown to be catalyzed by PILs incorporating various counter-anions, such as Cl -, BF 4 -or PF 6 -. 10,88,89 Mechanisms of this tested molecular reaction catalyzed by coPIL are depicted in the supporting information (See Scheme S4).

The coPIL 9 being insoluble in THF, its recycling was also investigated. The carbonatation reaction was performed in THF at 140 °C, in the presence of 3 mol% of 9

(VBnBuImCl units) with 2.5 MPa of CO 2 . After each run, the solid catalyst was readily separated from the reaction mixture by filtration, washed, dried and reused for the next run.

The filtrate was analyzed by 1 H NMR spectroscopy to identify the product and determine the conversion of the reaction (See Figure S11). Very good conversions were achieved during the three successive cycles of organocatalysis (1 st : 90; 2 nd : 87; 3 rd : 88%), attesting to an efficient recycling with no significant loss of catalytic activity of the polymer-supported catalyst 9 with the chloride anions.

Scheme 14. Synthesis of propylene carbonate using PS-co-PVBnBuImCl 9 as catalyst.

Benzoin condensation using poly(styrene)-co-poly(4vinylbenzylbutylimidazolium hydrogen carbonate)

To further illustrate the versatility of the coPIL platform, the polystyrene-based compound 10 was examined for its ability to behave as a masked poly(NHC) upon release of H 2 O and CO 2 , by analogy with the reactivity of both molecular and poly(N-vinyl)-type imidazolium hydrogen carbonate. 12,13 The potential of coPIL 10 as polymer-suported NHC organocatalyst was investigated in the benzoin condensation (Scheme 15). 13,17,75,76,87 The reaction was performed in THF at 80 °C, in the presence of 10 mol% of 10 (VBnBuImHCO 3 units) which were the same conditions applied for the catalytic evalutation of the poly(N-vinyl)-type imidazolium hydrogen carbonate 1.

Scheme 15. Benzoin condensation using PS-co-PVBnBuImHCO 3 10 as catalyst.

After 24h of reaction, 94% conversion was obtained by analysis of the crude reaction mixture by 1 H NMR (see Fig. S10), which compared well with the reactivity of molecular and polymeric N-vinyl-type imidazolium hydrogen carbonates previously reported. 13,14,46,87 Figure 16 shows the increase of the benzoin conversion after optimization of the polymer structures. The catalytic efficiency was thus improved by the decrease of the imidazoliumbased pre-catalyst density using the copolystyrenic PIL precursor 10 that proved more efficient than poly(N-vinyl)-type homologues carrying HCO 3 -or RCOO -as counter-anions (see section 1.1.2.3 and 1.2.2). Further improvements could be expected, for instance, from using a polystyrene-based coPIL featuring carboxylate counter-anions. A statistical structure could also facilitate a quantitative anion exchange reaction, from bromide to carboxylate, which could not be achieved with a homopoly(N-vinyl) precursor, likely due to steric hindrance.

Mesoporous poly(ionic liquid)-based copolymer networks for a use in organocatalysis

As mentioned previously, we also investigated mesoporous copolymers in a monolithic form with a tunable IL content and a controllable porosity, for catalysis. These precursors were designed in the group of Dr. Jayin Yuan at Max Planck Institute (Potsdam, Germany).

Mesoporous polymers (pore sizes between 2 and 50 nm) have attracted huge research interest in the past 5 years due to their high surface area and meanwhile satisfactory mass/energy transfer, compared to microporous and macroporous systems. [90][91][92] The application scope of mesoporous polymers is very broad, including separation, adsorption, gas storage, porous carbon production and catalysis. [93][94][95] The direct copolymerization utilizing a cross-linking comonomer is a straightforward method to achieve mesoporous polymers, the porous structure of which depends on initial polymerization parameters, such as temperature, time, solvent, nature and amount of crosslinker or initiator. 96,97 The incorporation of ILs into mesoporous polymers has received an increasing interest in recent years. [98][99][100] The high surface area provided by the porous polymer network, and the functionality of the ILs, can be synergistically combined in such a structure configuration.

For example, Xiao et al. reported the synthesis of mesoporous polymers that were surfacedecorated with IL molecules via post-polymerization. In their approach, divinylbenzene (DVB) and N-vinylimidazole were firstly copolymerized under solvothermal conditions, forming a mesoporous network with Brunauer-Emmett-Teller specific surface area (S BET ) up to 670 m 2 /g. The surface IL species were subsequently introduced via a quaternization reaction of imidazole groups, which was followed by anion exchange. 94 Ionic porous polymers obtained in this way were shown to efficiently catalyze the transesterification reaction for biodiesel production. Recently, Antonietti's group reported the synthesis of mesoporous polyelectrolyte networks with S BET up to 310 m 2 /g, via interpolyelectrolyte complexation in organic solvents. 101 Their application as polymer-supported catalysts for aerobic oxidation of hydrocarbons, CO 2 sorption and activation, and dye sorbent were demonstrated.

The mesoporous crosslinked PILs that were used in our work were obtained by copolymerization of an imidazolium-based IL monomer and DVB as crosslinker, under solvothermal conditions. Reaction conditions to achieve the PIL-based porous network (PILPNs), as well as their characterization and analysis via nitrogen sorption will not be discussed here, but can be found elsewhere. 102 We will only describe the synthesis of the PILPNs (Scheme 16) and their use as polymer-supported catalysts.As depicted in Figure 17, these PILPNs also served to access mesoporous carbon structures. 

Copolymerization of N-vinyl-3-ethylimidazolium bromide monomers in presence of divinylbenzene

Figure 17 illustrates the general synthetic route to mesoporous PIL copolymer networks (PILPNs), and their subsequent applications as polymer-supported organocatalysts and for microporous carbons, respectively. For the sake of conciseness, the as-synthesized copolymers are denoted as P(DVB-co-yIL), whereas y denotes the molar content of ILs in the monomer mixture. The preparation of the porous monoliths is based on the slightly procedure described by Xiao et al. 103 In a typical procedure, DVB and a defined amount of IL (N-vinyl-3-ethylimidazolium bromide in our case typically 0.1 mol%) were mixed and dissolved in a given solvent, depending on the hydrophilicity/hydrophobicity of the employed IL comonomer. A homogeneous solution of comonomers was obtained and transferred to a Teflon stained autoclave. The reactor was then kept at either 180 °C for 24h in DMF. After cooling down, an adaptive columnar monolith was formed and immersed in the reaction solvent overnight to enable the extraction of any unreacted monomers. The purified monolith was dried in ambient conditions for 2 days to slowly evaporate the residual solvent, before it was completely dried at 80 °C under high vacuum (Figure 18A). This drying step was crucial to maintain the monolithic form. 104,105 The dried copolymer monoliths were then subjected to elemental analysis and nitrogen sorption measurements to characterize the composition and the pore feature, respectively.

N 2 sorption studies showed typical type-IV isotherms, giving a steep increase in a relative pressure range of 0.8 -0.95, indicating the mesoporous characters (Figure S16).

Characterization evidenced a S BET value of 640 m²/g and a satisfactory pore volume (V total = 1.07 cm 3 /g). The SEM image in Figure 18C shows the particle morphology of P(DVB-0.1EVIBr). 

Synthesis of propylene carbonate using P(DVB-0.1EVIBr) as organocatalyst

The potential of these imidazolium-based mesoporous materials as polymer-supported 

A B C

conversion and corresponding 1 H NMR spectrum in Figure S11). Excellent conversions were obtained up to three cycles of organocatalysis, attesting to an efficient recycling with no significant loss of catalytic activity. As shown Figure 19, catalytic results obtained with 11 were excellent, related experiments also employed a lower catalytic amount compared to the non-crosslinked polymer-precursor 9

(see section 1.3.3.1), having similar structure. In addition, the synthesis of IL-based monolith 11 is faster and easier than that of coPIL 9. Such mesoporous networks could be or practical use for continuous flow catalytic reactions.

Synthesis of crosslinked copoly(NHC) for organocatalysis 1.4.3.1. Synthesis of the cross-linked copoly(NHC) by deprotonation

The potential of P(DVB-0.1EVIBr) as precursors for polymer-supported NHCs was also studied. It is well-documented that the NHCs can be directly in situ generated by deprotonation of the acidic proton of imidazolium IL salt precursor using a strong base, in an aprotic solvent. 12,13,26,46 Following this strategy, P(DVB-0. 

Benzoin condensation and cyanosilylation reaction

The cross-linked P(DVB-0.1EV(NHC)) 12 was then investigated as polymer-supported NHC in both benzoin condensation (Scheme 19) and cyanosilylation reactions (Scheme 20).

After the P(DVB-0.1EV(NHC)) was generated, the substrate (i.e. benzaldehyde, and trimethylsilyl cyanide) was added, and the reaction mixture was stirred for 1 or 24h, depending on the implemented reaction. Of particular interest, insolubility of the crosslinked polymer-supported catalyst allowed for its easy recycling up to 3 cycles. After each run, the solid catalyst was separated from the reaction mixture by filtration, washed and dried, and then reused for the next run. Benzoin condensation reactions (Scheme 19) were performed in THF at 60 °C, in the presence of 1 mol% of P(VDB-0.1 EV(NHC)) (EV(NHC) units). Benzoin formation was monitored by 1 H NMR spectroscopy of the filtrate (see equation used for the determination of the conversion in benzoin and 1 H NMR spectrum in Figure S10). Fairly good conversions were achieved, up to three cycles of organocatalysis (Figure 20), attesting to an efficient recycling while maintaining a high catalytic activity. The slight loss of efficiency could be ascribed to partial deactivation of NHC units, likely due to their sensitivity to trace impurities and the conditions reactions.

Overall, it is worth emphazing that results of the benzoin condensation utilizing crosslinked copoly(NHC)s 12 proved superior (higher TOF values) to those employing noncrosslinked homopoly(NHC)s generated either from N-vinyl-(1 and 7) (see section 1.1.1.3 and 1.2.2) or from styrene-based (10) (see section 1.3.3.2) imidazolium PILs (see Figure 21).

For instance, not only the first run provided excellent catalytic activity, but the two subsequent cycles also gave a high conversion (73-87%) (Figure 20), contrarily to our previous observations. This might be ascribed to the mesoporous and monolithic character of P(VDB-0.1EV(NHC)) which could better preserve the carbenic centers. In addition, lower catalytic amounts of P(DVB-0.1EV(NHC)) 12 (i.e. 1 mol%) were used compared to our previous systems (i.e. 3 or 10 mol%) while maintaining an excellent catalytic efficiency.

However, it should be acknowledged that here poly(NHC)s were formed under rather harsh conditions, i.e. use of a strong base at low temperature, while use of polymeric NHC progenitors (i.e. PILs and coPILs with HCO 3 -and RCOO -counter-anions) could deliver NHC units in situ under mild conditions (see Figure 21). Next, the catalytic potential of the P(DVB-0.1EV(NHC)) was investigated for the cyanosilylation of benzaldehyde with trimethylsilyl cyanide (TMSCN) (Scheme 20). 79,87 The reaction was carried out in THF in the presence of 0.5 mol% of EV(NHC) catalytic units, at 60 °C for 1h. Conversion was monitored by 1 H NMR spectroscopy of the filtrate (see equation and 1 H NMR spectrum in Figure S9). Excellent conversions were obtained after only 1h of stirring, up to 3 cycles (Figure 22), attesting to the efficiency and the recycling of the crosslinked polymer-supported catalyst.

Scheme 20. Cyanosilylation using P(DVB-0.1EV(NHC)) 12 as supported catalyst. 

Post-polymerization modification using poly(styrene)-co-poly(4vinylbenzylbutylimidazolium chloride or hydrogen carbonate)

In this part, we show that the statistical poly(N-vinylbenzyl imidazolium)-type coPILs 9 and 10 described above (see Scheme 13) can now serve as reactive polymer precursors for various quantitative post-chemical modifications, in addition of their use for organocatalysis discussed in the first part of this chapter.

Post-polymerization modification, referred to as polymer-analogous modification, is part of the common polymer chemistry toolbox. [108][109][110] This method consists in synthesizing new polymers by modification of naturally occurring macromolecules or preformed synthetic polymers. These precursors carry handles that can be converted into other functional groups, in a subsequent step of chemical modification. by the Huisgen 1,3-dipolar cycloaddition reaction, 125,126 or by palladium-catalyzed coupling and cross-coupling reactions 127,128 have also been reported.

Metallation from chloride-containing coPIL

Firstly, coPIL 9 was investigated as a precursor of a poly(NHC-Ag) complex 13, by a simple metallation reaction. In molecular chemistry, NHC-Ag complexes are indeed easily synthesized from an imidazolium halide in presence of silver oxide, the latter reagent playing the role of both the base and the metallating agent. 32,33,129,130 The synthetic interest of such NHC-silver complexes lies in their ability to transfer the NHC fragment to other transition metals, hence they can serve as efficient masked NHCs. The as-obtained PS-co-poly(NHC-Ag(I)Cl) complex, 13, was isolated in good yields (~ 80%) after 24h of stirring at 40 °C. Copolymer 13 was completely characterized by 13 C NMR (Figure 23) and IR spectroscopy (Figure S12) and TGA (Figure S13). In particular, the signal due to the C 2 H proton of the imidazolium moiety at 9.5-10.5 ppm completely vanished in the 1 H NMR spectrum, confirming that deprotonation by silver oxide took place. Moreover, the observation of a characteristic signal at 180 ppm in the 13 C NMR spectrum, downshifted by Thus, reaction of PS-co-PVBnBuImHCO 3 10 with an excess of CS 2 (12 equiv.) in MeOH, at 50 °C for 24h, led to the corresponding polybetaine, PS-co-poly(azolium dithiolate) 14, also denoted as PS-co-Poly(NHC-CS 2 ) adduct (14, Scheme 22). The structure of 14 was authenticated by 13 C, 1 H NMR, and IR spectroscopy (Figure S12) and by TGA (Figure 25). In particular, a diagnostic signal at 231 ppm, corresponding to the -CS 2 moiety could be observed in the 13 C NMR spectrum of 14 (Figure 24), in good agreement with data concerning molecular analogs reported in the literature. 39,75 Figure 24. 13 C NMR spectrum of the PS-co-poly(NHC-CS 2 ) 14 in DMSO-d 6 .

In addition, two bands at 1050 and 1250 cm -1 , corresponding to the symmetric and asymmetric stretching mode of CS 2 , respectively, could be observed in the IR spectrum of 14, while the concomitant disappearance of the characteristic band of the HCO 3 -counter-anion at 1650 and 1380 cm -1 were noted (Entries b in red and d in orange, Figure S12).

The chemical composition of 14 could be further established by TGA, where a good agreement between experimental and theoretical weight loss of carbon disulfide (WL exp = 23% vs. WL calc = 22%), butyl substituents (WL exp = 15% vs. WL calc = 16.5%), polystyryl backbone (WL exp = 45% vs. WL calc = 42.5%) and imidazole moieties (WL exp = 17% vs. WL calc = 19%) could be observed (Figure 25).

Importantly, although this reaction involving CS 2 has limited synthetic utility, it clearly establishes that coPIL 10 can quantitatively deliver the corresponding free copoly(NHC) in solution, in addition to affording the novel copolybetaine 14. 

Stoichiometric transfer of Pd and Au from HCO 3 -containing coPIL

Having established that coPIL 10 was able to quantitatively react both with CS 2 and isothiocyanate, via the formation of the related copoly(NHC), yielding novel copolymers with a betaine-type structure, we turned our attention to the reactivity of coPIL 10 towards organometallic substrates. Indeed, this would give access to various copoly(NHC)-transition metal complexes from a single platform based on imidazolium hydrogen carbonate coPIL, by analogy with their molecular homologues. 20,29,[144][145][146] Thus, the stoichiometric reaction of In summary, the efficiency of novel imidazolium-based PILs with either hydrogen carbonate and chloride counter-anions was demonstrated as poly(NHC) precursors for stoichiometric post-polymerization modifications with organic and organometallic substrates.

Exploiting the imidazolium reactivity, an optimization of the polymer backbone was achieved, from a homopoly(ionic liquid) version to a statistical copolymeric version.

Increasing the distance between the polymer backbone and the imidazolium via a spacer group and introducing the NHC precursor units statistically along the polymer backbone, indeed, improved the NHC generation. A summary highlighting the use of coPILs 9 and 10, for the purpose of organocatalysis and for post-chemical modification, is shown in Figure 29. 

Conclusion

In this chapter, novel N-vinylimidazolium-based homopolymers, statistical styrenic-type copolymers and mesoporous copolymer networks were specifically designed by relatively simple synthetic methods utilizing free-radical copolymerization. Advantage of the intrinsic reactivity of the imidazolium moiety was taken through the use of all these novel poly(ionic liquid)s for organocatalytic reactions of molecular chemistry. The statistical styrenic-type coPIL precursor was also employed for quantitative post-chemical modification.

From poly(N-vinyl-3-alkyl imidazolium hydrogen carbonate)s, the in situ generation of related polymer-supported N-heterocyclic carbenes, poly(NHC)s, occured by a formal loss of "H 2 CO 3 " (H 2 O + CO 2 ). Re-carboxylation of as-obtained poly(NHC)s allowed easily recycling the polymer precursors and reusing them for several organocatalytic cycles, especially for transesterification and cyanosilylation reactions. Excellent catalytic activities could be achieved for the latter reactions, whereas benzoin condensation required longer reaction times, and did not allow efficiently recycling the polymer-supported pre-catalysts, presumably owing to a premature deactivation of poly(NHC)s under forcing conditions.

Poly(N-vinylimidazolium bromide-co-N-vinylimidazolium carboxylate)s were synthesized for the first time, by partial anion exchange reaction from the parent poly(Nvinylimidazolium bromide), though this modification step proved incomplete, likely owing to steric hindrance issues. Analysis revealed around 25% of carboxylate counter-anions.

Catalytic tests on the benzoin condensation reaction established the generation of the NHC units, and confirmed the anion exchange between the bromine ions and the carboxylates.

Copoly(ionic liquid)s (coPILs) based on poly(styrene)-co-poly(4vinylbenzylbutylimidazolium) salts, consisting of either a chloride or a hydrogen carbonate counter-anion, PS-co-PVBnBuIm(Cl or HCO 3 ), were also achieved by quaternization of a preformed statistical PS-co-PVBnCl copolymer, in order to decrease the catalytic density.

These coPILs featuring a spacer group between the polymer backbone and the imidazolium moiety represent a versatile platform of reactive polymers, due to the presence of imidazolium units statistically distributed along the polymer backbone. The two coPILs could be used as efficient polymer-supported organocatalysts for the synthesis of cyclic carbonate and the benzoin condensation as well. In the latter case, catalysis occurred via the generation of NHC units when using the hydrogen carbonate counter-anion.

In addition, a novel mesoporous polymer monolith, with adjustable contents of ionic liquid, high specific surface area and pore volumes were elaborated by a facile solvothermal copolymerization route. Such ionic mesoporous polymers, called PILPNs, were successfully applied as polymer-supported organic (pre)catalysts, either for the cyclocarbonatation of propylene oxide or for the benzoin condensation or for cyanosilylation, via generation of NHC units with a strong base.

Comparison of the catalytic performances of the four different imidazolium-based PILs described in this chapter, also showing the merits and drawbacks in each case, is summarized in Table 2. This straightforward synthetic strategy might be generalized to access many other functional polymers via the copoly(NHC) generation occurring in situ from air-stable solid compounds.

These different imidazolium-based polymer precursors thus offer novel perspectives for various organocatalyzed reactions under various conditions, according to the chemical structure selected. For example, PILPNs could be developed for efficient organocatalysis under a continuous flow in a column system.

In addition, the stoichiometric post-chemical modifications of coPILs forming metallic poly(NHC)-adducts could be obviously used for organometallic catalysis (Heck reaction, Suzuki coupling, hydrogenation, oxidation etc.). Addition of electrophilic substrates could also be expanded to other molecular compounds which have been described to react with NHCs at stoichiometry (e.g. fullerenes or azides). These reactions could also be used for network synthesis using multifunctional electrophiles (e.g. bis-azides, bis-isothiocyanates, etc.).

In the next chapter of this manuscript, we show that N-vinylimidazolium-type PILs can also be engineered into well-defined block copolymer structures, through the use of a peculiar controlled radical polymerization method. Further investigations into the self-assembly, either in bulk or in solution, will be also described.

Experimental and supporting information

Materials. MeOH was distilled over Na metallic before use. CO 2 (N-45, Air Liquide) was purified by passing through a click-on inline "super clean purifier" (SGT) prior to use.

N-Vinylimidazole

Instrumentation. 1 H NMR, 13 C NMR, DEPT135 NMR and 19 F NMR spectra were recorded on a Bruker AC-400 spectrometer in appropriate deuterated solvents. Some 13 C measurements were performed at 298K on a Bruker Avance III 400 spectrometer operating at 100.7 MHz and equipped with a 5mm Bruker multinuclear direct cryoprobe-head. The 1D 13 C NMR data were obtained over 6144 scans with a 30° flip angle (90° pulse=9 µs), an acquisition time of 1.3s, a relaxation delay of 3s and 65k data points. Molar masses of water soluble PILs were determined by size exclusion chromatography (SEC) in H 2 O/formic acid (0.3 M) as the eluent (0.6 mL/min) and with pyridine as a flow marker at 25 °C, using both refractometric (RI) and UV detectors (Varian). Analyses were performed using a PL-GPC50 plus integrated GPC System equipped with PSS SUPREMA Max columns with pore sizes of 30 and 1000 Å respectively (connected in series), fitted with dual detectors (refractometry and UV). Calibration curve was done using Poly(2-vinylpyridine) as polymer standards. Molar masses of THF soluble polymer were determined by size exclusion chromatography (SEC) in THF as the eluent (1 mL/min) and with trichlorobenzene as a flow marker at 40 °C, using both refractometric (RI) and UV detectors (Varian). Analyses were performed using a three-column set of TSK gel TOSOH (G4000, G3000, G2000 with pore sizes of 20, 75, and 200 Ǻ respectively, connected in series) calibrated with polystyrene standards. A Bruker Tensor 27 spectrometer was used for ATR-FTIR analysis. Thermogravimetric analyses (TGA) were performed using a TA instruments Q50 under a nitrogen atmosphere, from room temperature (10 °C/min) to 600 °C. The weight loss was recorded as a function of temperature. The specific surface area and pore size distribution were calculated using the Brunauer-Emmett-Teller (BET) equation, and the density functional theory (DFT) method (slit/cylinder. pores, QSDFT adsorption branch), respectively. Samples were degassed at 120 °C for 20h prior to the measurements.

Synthesis of N-vinyl-3-ethylimidazolium bromide VEtImBr (4a).

N-Vinyl-3-ethylimidazolium bromide ([NHC(H)][Br]

) 4a was prepared following a procedure already described. The monomer was recovered as a white solid (100% yield). N-vinyl-3-

butylimidazolium bromide VBuImBr (4b), N-vinyl-3-(1-phenylethyl)-imidazolium bromide VEtPhImBr (4c) and N-vinyl-3-dodecylimidazolium bromide VDodeImBr (4d)

were prepared following a similar procedure. NMR data were in accordance with those reported in the literature.

Synthesis of N-vinyl-3-ethylimidazolium hydrogen carbonate VEtImHCO 3 (2a).

A mixture of N-vinyl-3-ethylimidazolium bromide, 1a, (1 g, 4.92 mmol) and 1.05 equiv of KHCO 3 (518 mg, 5.18 mmol) was dried at 60 °C under vacuum for 12h. Dry methanol (5 mL) was then added, and the resulting suspension was stirred for 24h at RT. After filtration of the suspension over Celite, methanol was evaporated under vacuum to yield a sticky solid. After trituration of the solid with acetone and filtration, 2a was obtained as a yellowish powder and dried under dynamic vacuum (yield: 83%). The product was then stored under static vacuum. 

Synthesis of N-vinyl-3-butylimidazolium hydrogen carbonate VBuImHCO 3 (5b).

5b was prepared following a similar procedure to that used for the synthesis of 5a. 1 

Synthesis of N-vinyl-3-(1-phenylethyl)imidazolium hydrogen carbonate

VEtPhImHCO 3 (5c). 5c was prepared following a similar procedure as that used for the synthesis of 5a. 1 

Synthesis of N-vinyl-3-dodecylimidazolium hydrogen carbonate VDodeImHCO 3 (5d).

5d was prepared following a similar procedure to that used for the synthesis of 5a. 1 

(CH 3 -CH 2 -CH 2 (-CH 2 -) 7 CH 2 -CH 2 -), 28.2 (CH 3 -CH 2 -CH 2 (-CH 2 -) 7 CH 2 -CH 2 -), 31.2 (CH 3 -CH 2 - CH 2 (-CH 2 -) 7 CH 2 -CH 2 -), 34.7 (CH 3 (-CH 2 -) 9 CH 2 -CH 2 -), 54.2 (CH 3 -CH 2 -CH 2 -CH 2 -),

Synthesis of PVBuImBr (6b) by polymerization of VBuImBr (4b).

In a typical experiment, a 10 mL Schlenk tube was flame dried and charged with 1g (4.3 mmol) of 4b, 12.7 mg (0.08 mmol) of AIBN and 4 mL of methanol. The Schlenk tube was subjected to five freeze-thaw cycles and placed in a thermostated oil bath previously maintained at 80 °C. The reaction was quenched after 3h by sudden cooling with liquid nitrogen. The resulting poly(N-vinyl-3-butylimidazolium) bromide (6b) was isolated by precipitation in acetone. After drying under vacuum, 6b was obtained as a yellowish powder (Yield 95%). M n = 25000 g.mol -1 (D = 1.45) by SEC in H 2 O/acid formic (0.3 M) (see Figure 5). 1 H NMR (CD 3 OD, see Figure S7): δ 8.9-9. 

Synthesis of PVEtImHCO 3 (1a, R = ethyl) by polymerization of VEtImHCO 3 .

In a typical experiment, a Schlenk tube was flame-dried and charged with 1 g (5.43 mmol) of 4a, 24.3 mg (0.09 mmol) of KPS and 10 mL of DMSO. The Schlenk tube was subjected to five freeze-thaw cycles before adding 10.1 mL (0.09 mmol) of DMAPN under argon flow.

The reaction mixture was stirred for 24h at room temperature. The obtained polymer was precipitated in acetone to remove residual monomer, filtrated and dried under vacuum. 1a was recovered as a yellowish powder (Yield: 85%). M n = 29000 g.mol -1 (D = 2.3) by SEC in H 2 O/formic acid (0.3 M) (see also Figure 5). 

Synthesis of PVBuImHCO 3 (1b, R = butyl) by polymerization of VBuImHCO 3 .

1b was prepared following a similar procedure to that used for 1a (Yield: 98%). M n = 26200 g.mol -1 (D = 1.78) by SEC in H 2 O/formic acid (0.3 M) (see also Figure 5). 1 H NMR (CD 3 OD, see Figure 3 Catalytic tests using PVRImHCO 3 salt precursors. All catalytic tests were carried out under a dry and inert atmosphere, at RT and at 80 °C, using Schlenk equipment.

) : 0.8-1 (br, CH 3 -CH 2 -CH 2 -CH 2 -, 3H), 1.2-1.4 (br, CH 3 -CH 2 -CH 2 -CH 2 -, 2H), 1.6-1.9 (br, CH 3 -CH 2 -CH 2 -CH 2 -, 2H), 2.1-2.

Transesterification (see Scheme 6).

In a typical experiment, precursor 1 (0.5 mmol) was introduced in a Schlenk tube. The solid compound was allowed to stir for 1h under vacuum and the flask was then subjected to three Ar/vacuum cycles. A 5 mL portion of THF, 0.5 mL (5 mmol) of benzyl alcohol and 0.55 mL (6 mmol) of vinyl acetate were added. The reaction mixture was stirred for 2h at 80 °C. Note that a suspension was obtained under these conditions owing to the nonsolubility of precursor 1a-c. After the reaction mixture was allowed cooling to RT, 1 atm of CO 2 was added, to favor the formation of poly(N-vinyl-3-alkylimidazolium carboxylate) 3 from the corresponding poly(NHC) 2 (see Scheme 1). After stirring for 30 min, the mixture was filtered under vacuum, and the filtrate was analyzed by 1 H NMR in CDCl 3 . Conversion in benzyl acetate was calculated by 1 H NMR in CDCl 3 (Figure S8) by comparing the integral value of the -CH 2 -benzyl alcohol signal (δ 4.5 ppm) to that of the -CH 2 -benzyl acetate signal (δ 5 ppm). The recovered polymer was suspended in THF and reused for a next run of catalysis.

Cyanosilylation (see Scheme 7).

In a typical experiment, a Schlenk tube was charged with 1 (0.25 mmol), and the solid compound was allowed to stir for 1h under vacuum and the flask was then subjected to three Ar/vacuum cycles. A 5 mL portion of THF followed by 0.5 mL (5 mmol) of benzaldehyde and 0.75 mL of TMSCN (6 mmol) were added. The rest of the procedure was identical to that described above for the transesterification reaction. Conversion in α-trimethylsilyloxyphenylacetonitrile was determined by 1 H NMR in CDCl 3 (Figure S9) by comparing the integral value of the aldehyde signal of benzaldehyde (δ 10 ppm) to that of the -CH-cyanide product (δ 5.5 ppm).

Benzoin condensation reaction (see Scheme 8).

In a typical experiment, 1 (0.5 mmol) and molecular sieves were introduced into a Schlenk tube. The solid mixture was allowed to stir for 1h under vacuum and the flask was then subjected to three Ar/vacuum cycles. A 5 mL portion of THF and then 0.5 mL (5 mmol) of benzaldehyde were added. The reaction mixture was stirred for 24h at 80 °C. The rest of the procedure was identical to that described above for the transesterification reaction. Benzoin conversion was determined by 1 H NMR in CDCl 3 (Figure S10) by comparing the integral value of the aldehyde signal of benzaldehyde (δ 10 ppm) with that of the -CH-benzoin signal (δ 6 ppm).

Synthesis of poly(N-vinyl-3-butylimidazolium carboxylate-co-N-vinyl-3butylimidazolium carboxylate)s by anion metathesis

Poly(N-vinyl-3-butylimidazolium bromide) 6 were dissolved in dry methanol, and the resulting solution was added to a stirred solution of RCOOK (2.5 eq.), in methanol. The resulting suspension was stirred at RT. After 48h, the solution was dialyzed in methanol for 1 day.

Poly(N-vinyl-3-butylimidazolium carboxylate-co-N-vinyl-3-butylimidazolium carboxylate)s 7 was obtained as a yellowish powder after evaporation of methanol and dried under dynamic vacuum (Yield 60%). 

Synthesis of polystyrene-co-poly(4-vinylbenzyl chloride) (PS-co-PVBnCl) by free radical copolymerization.

A 10 mL Schlenk tube was flame dried and charged with 1 g (9.6 mmol) of styrene, 4.4 g (28.8 mmol) of 4-vinylbenzyl chloride and 12 mL of chlorobenzene. 50 mg (0.32 mmol, 0.8 mol %) of AIBN was added to the stirred solution. The Schlenk tube was subjected to five freeze-thaw cycles and placed in a thermostated oil bath previously maintained at 80 °C. The reaction was quenched after 16h by sudden cooling with liquid nitrogen. The resulting PS-co-PCMS was isolated by precipitation in cold methanol. The white precipitate was filtered, washed with methanol and dried under vacuum. (Yield 75%). = 30 kg.mol -1 (D = 1.65) by SEC in THF (see Figure 10). The composition of the copolymer was calculated by 1 H NMR in CDCl 3 (see Figure 11). 

Synthesis of polystyrene-co-poly(4-vinylbenzylbutylimidazolium chloride) (PS-co-

PVBnBuImCl) 9 by quaternization.

g (14 mmol

VBnCl units) Polystyrene-co-poly(4-vinylbenzyl chloride) and 4.34 g (2.5 equiv., 35 mmol) of N-butylimidazole were dissolved in dimethylformamide (DMF) (12 mL) and heated to 90 °C for 48h, during which time the solution became cloudy and yellow in color. The resulting PS-co-PVBnBuImCl was isolated by precipitation in cold diethyl ether.

The white precipitate was filtered and stored in air. (Yield 95%). 1 H NMR (DMSO-d 6, see numbering of Figure 13): δ = 9.8-10.5 (br, 1H; N-CH-N), 7.5-8. 

Synthesis of polystyrene-co-poly(4-vinylbenzylbutylimidazolium hydrogen carbonate) (PS-co-PVBnBuImHCO 3 ) 10 via anion exchange.

This metathesis reaction was performed following the procedure described in the literature. 2 g (6.6 mmol VBnBuImCl units) were dissolved in 5 mL of dry methanol and the resulting solution was added to a stirred solution of KHCO 3 (1.05 eq.), in dry methanol. The resulting suspension was stirred for 24h at RT. After filtration, methanol was evaporated under vacuum. After trituration of the solid with acetone and filtration, PS-co-PVBnBuImHCO 3 was obtained as a yellowish powder, dried under dynamic vacuum at 40°C overnight and stored at air. (Yield 90%). CH 3 ), 0.8-0.9 (br, 3H; CH 2 -CH 2 -CH 3 ). 13 C NMR (CD 3 OD, see numbering of Figure 14): 

Synthesis of propylene carbonate a using PS-co-PVBnBuImCl 9 as catalyst.

In a typical reaction, 76 mg (0.22 mmol VBnBuImCl units) of PS-co-PVBnBuImCl, 0.5 mL (7.2 mmol) of propylene oxide and 3 mL of dry THF were introduced into a stainless steel autoclave reactor. The autoclave was then transferred into a 140 °C preset oil bath. After 15 min, the autoclave was placed under 2.5 MPa of CO 2 and refilled 3 times during the 24h of reaction. Then, the autoclave was cooled to room temperature, depressurized and the resulting mixture was dissolved in acetone before filtration to remove the catalyst. For recycling studies, the solid catalyst was washed, filtered off with acetone and dried under vacuum.

Conversion was calculated by gravimetry and by 1 H NMR in CDCl 3 (see Figure S11), comparing the integral value of the -CH 3 signal of propylene oxide (δ = 1.31 ppm) with that of the -CH 3 signal of propylene carbonate (δ = 1.49 ppm).

Benzoin condensation using PS-co-PVBnBuImHCO 3 10 or poly([NHC(H)][Br]-co-[NHC(H)][R'COO]) 7 as catalyst.

165 mg (0.5 mmol VBnBuImHCO 3 units) of PS-co-PVBnBuImHCO 3 (stored in a capped vial under air) and molecular sieves were introduced into a Schlenk tube. The powder was submitted to 30 min under vacuum and finally three Ar/vacuum cycles. THF (5 mL), previously distilled from Na/benzophenone, and then benzaldehyde (0.5 mL, 5 mmol) were added under inert atmosphere. The Schlenk tube was then transferred into a 80 °C preset oil bath. Conversion was calculated by 1 H NMR in CDCl 3 (Figure S10), comparing the integral value of the CHO signal of benzaldehyde (δ = 10 ppm) with the integral value of the αhydroxy CH signal of benzoin (δ = 6 ppm); after 24 h, 94% conversion was obtained. The procedure were exactly similar using poly

([NHC(H)][Br]-co-[NHC(H)][R'COO]) 7 as
catalyst except the use of DMF as solvent and a lower amount of catalyst.

Copolymerization of IL monomers EVIBr and BVIPF 6 in presence of DVB

Targeted copolymers were designed as PDVB-yEVIBr and PDVB-yBVIPF 6 where y stands for the molar ratio of ionic liquid 1-ethyl-3-vinylimidazolium bromide (EVIBr) or ionic liquid 1-butyl-3-vinylimidazolium hexafluorophosphate (BVIPF 6 ) to DVB. In a typical synthesis of mesoporous copolymers of divinylbenzene (DVB) and EVIBr, 2.0 g of DVB was added into a solution containing 0.05 g of AIBN and 20 mL of DMF, followed by addition of 0.31 g of IL-

EVIBr. After stirring at room temperature for 3h, the mixture was transferred into a Teflon autoclave and then solvothermally treated at 180 °C for 24h. After evaporation of the solvents at room temperature, the PDVB-0.1EVIBr sample with monolithic morphology was obtained.

Similarly, the mesoporous copolymer of divinylbenzene (DVB) and BVIPF 6 was synthesized as follows. 2.0 g of DVB was added into a solution containing 0.05 g of AIBN and 20 mL of THF, followed by addition of 0.46 g of BVIPF 6 . After stirring at room temperature for 3h, the mixture was transferred into a Teflon autoclave and then solvothermally treated at 100 °C for 24h. After evaporation of the solvents at room temperature, the PDVB-0.1BVIPF 6 sample in a monolithic morphology was obtained.

For comparison purpose, DVB and N-vinylimidazole (VI) were polymerized in DMF and THF according to an already reported procedure.

Synthesis of the cross-linked copoly(N-heterocyclic carbene) PDVB-0.1EV(NHC)

In a typical experiment, 1 g of PDVB-0.1EVIBr (0.50 mmol EVIBr units) (S BET = 640 m²/g) was placed in a Schlenk tube that was previously flamed and dried under vacuum for 2h and subjected to three Ar/vacuum cycles before adding 15 mL of dry THF. The Schlenk tube was cooled at -80 °C, and 110 mg (0.55 mmol) of KHMDS previously dissolved in 55 mL of dry THF were introduced into the polymer solution. The reaction mixture was allowed to warm to room temperature and was stirred overnight. The resulting solid compound was filtered off under inert atmosphere and washed with dry THF to remove traces of residual reagents. The white solid obtained was stored under vacuum. (Yield 100%).

Catalysis experiments

Synthesis of propylene carbonate using PDVB-0.1EVIBr as crosslinked polymersupported catalyst

In a typical reaction, 160 mg of PDVB-0.1EVIBr (0.081 mmol of EVIBr units) (S BET = 640 m²/g), 0.2 mL (2.86 mmol) of propylene oxide and 3 mL of THF were introduced into a stainless steel autoclave reactor. The autoclave was transferred into a 140 °C preset oil bath.

After 15 min, the autoclave was placed under 2.5 MPa of CO 2 and refilled 3 times during the reaction. After 24h of reaction and cooling down at room temperature, the mixture was filtered and the polymer-supported catalyst was washed with acetone, while the solution was concentrated under vacuum. Conversion was calculated by gravimetric analysis and by 1 H NMR in CDCl 3 by comparing the integral value of the -CH 3 signal of propylene oxide (δ = 1.31 ppm) with the integral of the -CH 3 signal of propylene carbonate (δ = 1.49 ppm) from an aliquot withdrawn before the filtration (see Figure S11).

Benzoin condensation using PDVB-0.1EV(NHC) as catalyst

In a typical reaction, 100 mg of cross-linked PDVB-0.1EV(NHC) (0.05 mmol NHC units) (stored under inert atmosphere) was introduced into a Schlenk tube. The powder was submitted to 30 min under vacuum and finally three Ar/vacuum cycles. THF (5 mL), previously distilled from Na/benzophenone, and then benzaldehyde (0.5 mL, 5 mmol) were added under inert atmosphere. The Schlenk tube was then transferred into a 60 °C preset oil bath. After stirring for 24h, the suspension, due to the non-solubility of the cross-linked catalyst, was filtered off under vacuum, and the filtrate was analyzed by 1 H NMR in CDCl 3 to obtain the conversion. Conversion was calculated (Figure S10), comparing the integral value of the aldehyde signal of benzaldehyde (δ = 10 ppm) with the integral value of the α-hydroxy CH signal of benzoin (δ = 6 ppm). The recovered cross-linked copoly(NHC)s was washed with dry THF and suspended in THF and reused for a next run of catalysis.

Cyanosilylation using PDVB-0.1EV(NHC) as catalyst

In a typical reaction, 50 mg (0.025 mmol NHC units) of cross-linked PDVB-0.1EV(NHC) (stored under inert atmosphere) was introduced into a Schlenk tube. The powder was submitted to 30 min under vacuum and finally three Ar/vacuum cycles. THF (5 mL), previously distilled from Na/benzophenone, and then benzaldehyde (0.5 mL, 5 mmol) and TMSCN (0.75 mL, 6 mmol) were added under inert atmosphere. The Schlenk tube was then transferred into a 60 °C preset oil bath. After stirring for 1h, the suspension, due to the nonsolubility of the cross-linked catalyst, was filtered off under vacuum, and the filtrate was analyzed by 1 H NMR in CDCl 3 to obtain the conversion. Conversion was calculated (Figure S9), comparing the integral value of the aldehyde signal of benzaldehyde (δ = 10 ppm) with the integral value of the -CHsignal of cyanide (δ = 5.5 ppm). The recovered cross-linked copoly(NHC)s was washed with dry THF and suspended in THF and reused for a next run of catalysis. The solution was filtered to remove residuals Ag 2 O and AgCl. These salts were further extracted with hot methylene chloride and volatiles were removed under vacuum. The resulting brown powder was dried and stored under vacuum (Yield 80%). 

Synthesis of PS-co-poly(NHC-Ag

Synthesis of PS-co-Poly(NHC-CS 2 ) adduct 14

50 mg (0.15 mmol VBnBuImHCO 3 units) of PS-co-PVBnBuImHCO 3 (stored in a capped vial under air) and molecular sieves were introduced into a Schlenk tube. Dry methanol (5 mL) and 137 mg (12 equiv., 1.8 mmol) of carbon disulfide (CS 2 ) were added under inert atmosphere. The Schlenk tube was then transferred into a 50 °C preset oil bath. The solution was stirred for 24h. After removal the volatile under vacuum, the resulting yellowish solid was washed. After being dried at 40 °C for 24h, 14 was obtained as a yellowish powder.

(yield 92%). The ability of these compounds to generate ordered self-assembled mesostructures at the solid state is also evidenced in this chapter. In particular PIL(Br or TFSI) and PVAc blocks show a high degree of incompatibility, giving rise to a strong microphase separation by forming well-ordered lamellae and hexagonally packed cylinders in the composition range investigated. Ionic conductivity measurements lead to different values in the range of 10 -10 to 10 -4 S/cm, depending on sample preparation, equipment, and the overall measurement conditions. Importantly, these values are significantly higher than that of the homoPIL homologue, confirming that phase segregation into ordered mesophases from PIL BCP strongly enhance the ionic transport properties.

Synthesis of PS-co-poly(NHC-RNCS

Synthesis of PS-co-poly(NHC-AuCl

Self-assembling properties in solution of these novel PIL BCPs can also be manipulated, in particular through both anion exchange and post-chemical modification of the PVAc block into poly(vinyl alcohol) (PVA). For instance, the amphiphilic PVAc-b-PIL(Br) self-assembles into micelle-like structures in a selective solvent (water or THF), as does the poly(vinyl alcohol)-b-poly(N-vinyl-3-butylimidazolium carboxylate-co-bis(trifluorosulfonyl) imide) (PVA-b-PIL(RCOO-co-TFSI)). The latter compound can finally serve both as stabilizer and reducing agent, via the introduction of cyanoborohydride (BH 3 CN -) counter-anions, to achieve gold nanoparticles in aqueous solution in the form of gold nanoplates such as nanocubes and hexagonal or octahedral nanoplates, depending on the molar ratio between the BH 3 CN -counter-anion and the gold complex (i.e. HAuCl 4 ).

Introduction

Engineering of block copolymers (BCPs) is a multidisciplinary field spanning macromolecular chemistry, theoretical calculations and physics of polymer materials. [1][2][3] Some BCPs are practically used in our daily life, e.g. as compatibilizers, viscosity modifiers, dispersants, etc. Their potential in other areas, including drug delivery, nanoscale lithography in microelectronics is also being extensively investigated. [4][5][6][7][8][9][10][11][12] The success of BCPs is due to their self-assembling properties, either in the solid state or in a selective solvent of one block, which provides a wide range of morphologies in the submicron size range. [13][14][15][16] Precision polymer chemistry, 17,18 involving controlled/living polymerization techniques, has reached such maturity that a great variety of BCP architectures and compositions can now be achieved.

As emphasized in the bibliographic chapter of this manuscript, most of poly(ionic liquid) block copolymers (PIL BCPs) reported so far, are based on imidazolium-type PIL. Only a handful of studies have focused on their self-assembly in solution, [19][20][21][22][23] giving rise to micellelike nanostructures, which can be triggered by a simple ion exchange (this relates to the ionic sensitivity of PILs). [24][25][26][27] Other physicochemical studies include the synthesis of magnetic materials, 28,29 carbon dioxide capture and, [30][31][32] more recently, formation of nanostructured films by self-assembly at the solid state in correlation with ionic conductivity measurements. [33][34][35][36][37][38][39][40][41][42] In 2011, in collaboration with the group of Dr. C. Detrembleur in CERM (Liège, Belgium), we have introduced a new family of PIL BCPs based on poly(N-vinyl-3ethylimidazolium bromide) (PVEtImBr) and poly(vinyl acetate) (PVAc) (see section 2.1.4., chapter 1). 43 Synthesis of these compounds was achieved by sequential cobalt-mediated radical polymerization (CMRP) in solution (Scheme 1, Route A). 44 In addition to PVAc-b-PVEtImBr diblock copolymers, symmetric PVAc-b-PVEtImBr-b-PVAc triblock copolymers issued from the irreversible and selective radical coupling of parent diblocks, in the presence of isoprene as coupling agent, were obtained. 45 Though straightforward, the aforementioned method however required the prior synthesis of an alkyl-cobalt(III) adduct as a mediating agent (a, Scheme 1). Use of a commercially available controlling agent, namely, bis(acetylacetonato)cobalt(II) (Co(acac) 2 ; b, Scheme 1) in conjunction with 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V-70; c, Scheme 1) to grow PVAc chains in a controlled fashion by CMRP is yet possible. 46 Chapter 3
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In the present chapter, we describe that crossing over from a CMRP-derived PVAc to a PIL based on N-vinyl-3-butylimidazolium allows for an easy access to PVAc-b-PIL BCPs (Scheme 1, Route B), as an alternative to CMRP utilizing the alkyl-cobalt(III) adduct (a).

Both synthetic routes will be discussed in the first part. 

PVAc-b-PIL(Br) synthesis using the alkyl-cobalt as initiator

Controlled cobalt-mediated radical polymerization (CMRP) utilizing the alkyl-cobalt (a) (Scheme 1) can be applied to non-conjugated vinyl monomers, as vinyl acetate (VAc) and Nvinylpyrrolidone (NVP). 44 A proper selection of the polymerization conditions, in particular the temperature and the use of coordinating solvents, allows fine-tuning CMRP from the same controlling agent. Extension of CMRP to conjugated vinyl monomers, such as acrylonitrile 47 and alkyl acrylates, 48 and to the preparation of unprecedented related copolymers has been reported. 43,45,49,50 Synthesis of the novel series of PVAc-b-PIL(Br) block copolymers was achieved by sequential CMRP of VAc and VEtImBr or VBuImBr in the presence of alkyl-cobalt (a) (Scheme 1). First, a poly(vinyl acetate) end-capped by Co(acac) Block copolymerization proved effective, as attested by SEC traces of copolymer samples showing a shift towards the higher molar masses, compared to the SEC trace of the PVAc macroinitiator (Figure 1). No peak due to unreacted PVAc chain precursor is visible. Though, a slight shoulder in the high molar mass can be noted. This side peak was attributed to coupling reactions that occurred during workup, or upon quenching the reaction as already observed for other CMRP-derived polymers previously reported. 44,50,53 The dispersity of copolymers remained low (D ~ 1.08-1.20), attesting to an effective crossover reaction.

These observations are thus consistent with a controlled process and the formation of well-defined PVAc-b-PIL BCPs. One can also note that the dispersity of PIL BCPs carrying the butyl substituent on the imidazolium ring is slightly higher than that of PIL BCPs with the ethyl group. This could be due to some differences in the kinetics of the CMRP between the two monomers (e.g. different equilibrium constant between active and dormant species). ppm), or protons characteristic of the imidazolium ring (8.0 ppm) (Figure 2). Representative results are provided in Table 1. 2). The residual monomer was thoroughly removed under vacuum, before adding VBuImBr in a mixture of MeOH/DMF at 0 °C. After a few hours, the reaction was quenched with TEMPO (Scheme 4), to avoid any further radical coupling between the copolymer chains. As a general trend, it can be stated that samples grown by CMRP using commercially available Co(acac) 2 and V-70 as bi-component system showed a less well-defined structure than BCPs obtained from the pre-synthesized alkyl-cobalt (a). This might be explained by the excess of radical initiators (V-70) that is needed and that causes a change of the polymerization mechanism, from a reversible deactivation radical polymerization (RDRP) to a degenerative transfer (DT) process, as highlighted in Scheme 3. 44,46,54 In the latter case, growing polymer radicals are temporarily deactivated by reacting with dormant polymer chains terminated by a C-Co group. Control over this DT process is not as optimal as that prevailing in CMRP by a RDRP process. 44,46,54 However, DT allows maintaining a reasonable level of control. 44 Note also that our PIL BCPs were synthesized before the procedure by Matyjaszewski et al. for SEC characterization was established. 51 In order to validate our synthetic strategies and, in particular, the efficiency of the crossing-over reaction, characterization of our samples by diffusion ordered spectroscopy (DOSY) 2D NMR was attempted. This technique is based on the Pulsed Gradient Spin Echo NMR experiment, and has already proven useful to evidence BCP formation (Figure 4). 31,[55][56][57][58][59][60] The NMR analysis by DOSY of a block copolymer of general structure In conclusion, synthesis of rather well-defined poly(vinyl acetate)-b-poly(N-vinyl-3alkylimidazolium bromide) diblock copolymers could thus be achieved by sequential cobaltmediated radical polymerization, using either a mono-component controlling agent (Route A;

Scheme 1) or a bi-component system based on bis(acetylacetonato)cobalt(II) and a radical source (Route B, Scheme 1). Route A provides a better control over molar masses, dispersities and crossover efficiencies between the PVAc and the PIL block than Route B. However, Route A requires the prior synthesis of the alkyl-cobalt initiator, while Route B employs simple commercially available reagents.

Morphological behavior and conductivity of PVAc-b-PIL at the solid state

As emphasized in chapter 1 of this manuscript, imidazolium-based PIL BCPs can lead to phase-separated ordered nanostructures by self-assembly at the solid state. The selfassembling properties of our block copolymers were thus investigated, by combining different techniques, such as TGA, DSC, TEM as well as SAXS. The ionic conductivity of some of these ionic compounds with TFSI counter-anions was also evaluated.

The solid-state morphology of the two PIL BCPs copolymers 11(Br) and 11(TFSI) was then investigated by temperature-dependent synchrotron small-angle X-ray scattering (SAXS) at the ESRF Grenoble (collaboration with Dr. G. Fleury and Dr. K. Aïssou from the LCPO) and transmission electron microscopy (TEM).

These combined techniques revealed the formation of well-structured nanodomains in the form of lamellar phases, in both cases, as illustrated in Figure 8. Note that these observations were made from thin solid sample cut from raw materials of the two BCPs without any thermal annealing.

Self-assembly in bulk of other families of PIL BCPs discussed in chapter 1 have demonstrated the importance of sample preparation on morphologies. 31,39,42 Attempts to obtain thin films by spin-coating following by thermal or solvent annealing were not successful in our case. Indeed, optical microscopy evidenced partial dewetting hampering viable measurements (see Figure S1).

SAXS patterns of PVAc 179 -b-PVBuImBr 43 11(Br) obtained in a 30-260 °C range temperatures showed the presence of four-order peaks located at q/q* ratios of 1, 2,

(where q* is the position of the primary scattering wave vector, q 100 ). This series of reflections is consistent with a layered periodic symmetry of a highly ordered lamellar organization, consisting here of alternating PVAc and PVBuImBr layers. A characteristic interdomain spacing of 2π/q* ≈ 39 nm was determined. 62,63 The observation of both several higher-order reflections in the SAXS pattern and relatively high interdomain spacing (in comparison with more traditional uncharged BCPs) indicated a significant degree of long-range order, due to a strong microphase separation between the two blocks. Similar observations were recently described for other charged and uncharged PIL BCP architectures, where PIL chains exhibit a high degree of chain-stretching leading to rather large domain spacings. 39,42 Hence, PVAc and PVBuImBr might be strongly incompatible (large Flory-Huggins χ 12 parameter, that is the degree of incompatibility of the two blocks). [62][63][64] Temperature-dependent X-ray scattering indicated no change in morphology for the temperature range of 30-200 °C. Therefore, no order-order or order-disorder transitions were observed and only minor deviations in domain spacing in this temperature range was noted.

However, a peak appeared at a position √7q when increasing temperature up to 260 °C. This could be attributed to a morphological change of the mesostructure, from a lamellar phase to another non identified microphase-separated structure, owing to a decrease of the χ 12 with the temperature.

In the 30-200 °C temperature range, TEM images of 11(Br) clearly indicated a microphase-separated bulk morphology with a characteristic lamellar organization. Two different contrast levels were observable in TEM images, with the darkest regions corresponding to PVBuImBr microdomains, while PVAc lamellae appeared white due to the lower density of this polymer. The measured interdomain spacing was around 35 nm, which was roughly in accordance with the SAXS data (ca. 39 nm).

TEM also attested to some morphological differences when annealing a film above 200 °C for only 10 min (Figure 9). Visualization of a distinct morphology could not be clearly established, however, TEM pictures seemingly indicating the presence of a blend composed of both layered structure and a hexagonally packed structure that could be tentatively attributed to hexagonal perforated lamellae. A few papers from the PIL BCP literature have after anion exchange also showed a lamellar mesostructure, which was corroborated by SAXS data. Both a broad and a minor peak at low temperature, at q/q* ratios of 1 and 3 only, was indeed observed. The major peak at q/q* = 1 sharpened as the temperature was increased.

Interestingly, suppression of the second order reflection in this sample, over a large temperature range, strongly suggested a symmetric volume fraction (f v ≈ 0.5) for this particular block copolymer. 39,42,62,63,69,70 Since the density of both PVBuImBr and PVBuIm(TFSI) homopolymers is not known, we could not directly correlate the weight fraction values of our PIL BCPs (here X = 38.8% and 52.9%, before and after anion exchange, as determined by 1 H NMR from the sample with Br -anions) to volume fractions (f v ). However, assuming that f v = 0.5 for this particular PVAc 179 -b-PVBuIm(TFSI) 43 , a rough estimate of the density of PVBuIm(TFSI) 43 gave a value of 1.38 g.cm -3 . Knowing this value of density of this PIL is particularly interesting for the determination of the volumic fraction (see Table 3) and for the design of other BCPs by CMRP. Unfortunately, such a calculation was not possible for PIL BCP samples consisting of the bromide anions.

In this case, the characteristic period determined from SAXS data, 2π/q ≈ 32 nm, was smaller than that obtained for the parent PVAc 179 -b-PVBuImBr 43 (39 nm). This might be explained by a conformational change of the PIL block after anion exchange. Note that the latter result contrasts with previous observations made from other PIL BCP compounds, where larger anions gave a higher domain spacing. 29 Analysis of the other PIL BCPs (6, 7, 8, 9, 10 and 11) featuring either a Br -or a TFSI counter-anion, showed either a lamellae (Lam) or a hexagonally packed cylindrical (Hex) morphology, as summarized in Figure 10. In other words, neither spheres on a body-centeredcubic lattice nor the bicontinuous gyroid mesophase were observed with the range of composition of our samples (see Table 3). Identification of a well-identified mesophase was also difficult in some cases using the SAXS experiments from Nanostar-U instrument (Bruker AXS) (Centre de Recherche Paul Pascal, Pessac, France), despite a χ 12 parameter that is probably high for the PIL BCPs. were very similar ~ 39 nm. This result was not expected, considering the PIL weight fraction that differed significantly from one sample to another (82 and 39 wt%, respectively).

However, an intermediate weight fraction of 45 wt% of PIL for sample 9(Br) exhibited a characteristic period of 27 nm. The characteristic lamellar period, as determined from SAXS data, of both samples 6(Br) (72 wt% of PIL) and 8(Br) (53 wt% of PIL) was found equal to 14 nm. However, it was not possible to draw conclusions about the influence of the PIL weight fraction on the lamellar domain sizes.

Compound 10(Br) with a composition of 21 wt% in PIL revealed diffraction reflections that were consistent with hexagonally packed cylinders, at q/q* ratios of 1, √3, 2. The intercylinder distance (2d 100 /√3) was found to be 22 nm. The presence of this BCP morphology was consistent with our previous findings regarding compound 11(Br) whose change in morphology with temperature, from lamellae to hexagonally packed cylinders, was noted.

It is highly likely that there is a range of composition, i.e. between 21 and 33 wt% in PIL, where lamellae and hexagonally packed cylinders may coexist. 71 From a theoretically point of view, however, and considering that PIL BCPs would behave as nonionic coil-coil regular BCPs, the composition region located between lamellae and hexagonally packed cylinders should be occupied, at equilibrium, by the bicontinuous gyroid phase. 14,69 Coexistence of Lam and Hex phases, 42,[65][66][67][68] or the presence of metastable hexagonally perforated lamellae phase has already been reported for other PIL BCPs (see chapter 1). 69,72,73 Hence, absence of the gyroid phase could be explained by a high segregation regime, 74 owing to the conformational asymmetry between PVAc and PIL blocks. However, another possible explanation is the fact that our samples would exhibit a rather broad molar mass distribution, as discussed previously. 75 Spheres on a body-centered-cubic lattice were not observed because this morphology would have required a higher asymmetric composition (PIL weight fraction < 20 wt% of PIL). Finally, SAXS experiments were also performed with both the di-and symmetric triblock copolymers, PVAc-b-PVEtImBr 1(Br) and PVAc-b-PVEtImBr-b-PVAc, which were previously reported. 43 The symmetric PVAc-b-PVEtImBr-b-PVAc triblock copolymers were synthesized radical coupling of parent PVAc-b-PVEtImBr diblocks, in the presence of isoprene as coupling agent (Scheme 1, Route A). The weight fraction in PIL of these triblocks is 50%. The presence of well-defined peaks at q/q* ratios of 1, 2, 3, 4 in a temperature range of 30-220 °C again unambiguously indicated that both architectures self-organized in bulk into lamellae, with a very similar phase behavior (Figure 13). 76,77 However, a small difference in interdomain spacings (11.1 vs. 10.4 nm, for the triblock and its parent diblock sample, respectively) was determined, which is consistent with predictions by Matsen et al., as illustrated Figure 12. 76 Indeed, the presence of end segments in diblock copolymers slightly decreases the degree of segregation. "Consequently, triblock melts remain ordered to higher temperatures than their diblock counterparts." 76 This was verified in our systems, where the triblock sample exhibited more detectable reflections at high temperature. In addition, triblock copolymers are expected to provide better mechanical at the solid state, due to possible physical network connecting the nanodomains. 77 

Conductivity measurements

The potential of PVAc-b-PIL as single-ion conductors at the solid state was then explored.

Here we provide our preliminary results regarding their ionic conductivity, without a thorough optimization. As previously discussed in chapter 1, external parameters have a strong influence on the ionic conductivity, which includes the relative humidity, the temperature or the use of exogenous ILs. Use of self-assembled BCPs for transport properties allows developing mechanically robust nanostructured materials, providing PIL domains as connecting paths for ion conduction. Whether microphase segregation can favor ionic conductivity properties or not, is still an open debate in the current literature. In addition, comparison is hard to be made because some values from the literature were likely obtained in presence of residual monomer, and/or under relative humidity. [33][34][35][37][38][39][40][41][42]67,78,79 The ionic conductivity of our PIL BCPs was evaluated both at LCPO, in collaboration Direct current conductivity (σ DC ) values were obtained from the plateau in the domains considered for PVAc-b-PVBuIm(TFSI) are reported as a function of inverse temperature (Figure 16).

Under such conditions, ionic conductivity of sample 6 ( DC = 3.10 -8 S/cm at 30 °C) was found significantly higher, by 1-2 orders of magnitude than that of the other copolymers.

However, no significant difference could be noted between copolymers 6 and 7, for instance, which are yet of different composition.

Since samples were also analyzed by GISAXS at the synchrotron in Grenoble, this could have degraded the film homogeneity. In addition, dewetting of some samples was noted after measurements, which could explain the rather low ionic conductivity.

Values of σ DC for all of the prepared PIL BCPs range from 10 -10 to 10 -4 S cm -1 , but it was rather difficult to draw a clear relationship between these values and the composition of the samples. However, our results are in the same range of the ionic conductivity for other PIL BCPs reported in the literature ( DC between 10 -9 -10 -4 S/cm; see chapter1). Ionic conductivity of copolymer 6(TFSI) followed a Vogel-Fulcher-Tammann (VFT) dependence, evidencing correlation between the charge transport of the ionic species and the molecular mobility of the polymer matrix. Temperature-dependent ionic conductivities reported in Figure 16 were thus fitted with the VFT equation 2, where σ ∞ is the ionic conductivity in the limit of high temperatures, B is the fitting parameter related to the activation energy of ionic conduction, and T 0 is the Vogel temperature which ranges from 30 to 70K below the Tg. Surprisingly, the temperature-dependent ionic conductivity of many of our PIL BCPs followed an Arrhenius behavior, instead of a VFT dependence, similar to that reported for hydrated homoPILs. 80 The Arrhenius activation energies determined for PIL BCPs was continuously monitored during this second thermal annealing to ensure that PIL BCP 12 was stable within the annealing conditions and that a constant value of DC was attained before starting the measurements. This annealing procedure ensured the removal of all volatiles and the preparation of well-equilibrated samples, which led to stable and reproducible experimental results.

The complex conductivity function was then measured in a very rigorous manner, i.e., in a broad frequency range (10 MHz -0.1 Hz), under isothermal conditions and at different temperatures. The measurements were carried out under a flow of pure nitrogen, and the temperature stability was controlled within an absolute error of ± 0.1 K. The applied voltage was low (0.1 V) in order to exclude any possible non-linear effects that could take place at the interface with the measurement electrodes. After completing the measurements in the temperature range between 110 °C and -20 °C in steps of 10 °C, several temperature points were re-measured to ensure that the experimental results were stable and reproducible. To our surprise, the ionic conductivity of sample 12(TFSI), DC at 30 °C ~ 8.10 -5 S/cm was ca. 4 order of magnitudes higher than the value that was determined at LCPO ( DC at 30 °C ~ 2.10 -9 S/cm). This certainly reflected the influence of the sample preparation of the measurement. Results obtained by this second procedure are thus extremely promising and compare well with the highest values of DC reported in the literature for other PIL BCPs. 33,39,42,79 It is interesting to note that this ion-conductive PVAc 161 -b-PVBuIm(TFSI) 74 12(TFSI), which was not described in the previous section due to its close composition with the PVAc 163 -b-PVBuIm(TFSI) 51 9(TFSI), also exhibited a lamellar morphology with a nanodomain period around 26 nm (Figure 18). Taking into account these results, we can hypothesize that nanodomain formation by selfassembly allows for enhanced ionic conductivity, compared to homopolymer homologues. A value of ~ 2.5 x 10 -11 S/cm at 25 °C was reported by Vygodkii. for the homopolymer PVEtIm(TFSI). 81 In addition, ionic conductivity of copolymer 12(TFSI) followed a Vogel-Fulcher-Tammann (VFT) with values reported in Table 5. Both sample preparation and nanostructuration thus play an important role in the ionconductive performances, as already emphasized in chapter 1. 42,80 The rather low ionic conductivity, as determined at the LCPO, might be due to the difficulty encountered for solvent casting the sample on a glass substrate with ITO. Indeed attempts to analyze the morphological behavior of these PIL BCPs, requiring thin film formation by spin coating, failed. GISAXS, AFM, TEM did not give reliable results compared to SAXS obtained on raw materials, or TEM after cryo-cut. At the IMP in Lyon, the sample was simply deposed on aluminium electrode, followed by thermal annealing to remove the solvent and humidity. This sample preparation procedure thus seemed to provide a more homogeneous sample at the solid state. 

Self-assembling properties of PIL BCPs in solution

The self-assembling properties in solution of several PIL BCPs described above were also examined. Anion metathesis between the bromine and the bis(trifluorosulfonyl) imide (TFSI) counter-anion on the PIL allowed us to manipulate these solution properties, by switching from hydrophilic ones to hydrophobic polymers. 52 Various counter-anions were introduced, including bromides, carboxylates, bis(trifluorosulfonyl) imides and cyanoborohydrides, while post-chemical modification of the PVAc block into a poly(vinyl alcohol) (PVA) block by methanolysis allowed us to derive PVA/PIL BCPs. 25,26

Self-assembly in solution of PVAc-b-PIL(Br)

The PVAc-b-PVBuImBr 11(Br) (Table 2) copolymer that was prepared by CMRP using the bi-component based Co(acac) 2 and V-70 was studied. Formation of micelle-like structures could be evidenced by NMR in THF-d 8 and D 2 O, that were, selective solvents of PVAc and PVBuImBr, respectively (Figure 19). For instance, the 1 H NMR spectrum in THF-d 8 showed intense peaks corresponding to the protons of PVAc, while peaks due to the protons of the PIL block were weakly intense. The reverse situation was noted in D 2 O, where protons of PVAc could not be detected, whereas peaks of PVBuImBr clearly appeared. other examples), the exchange between Br -and R'COO -was carried out in pure water.

However, and as already discussed in chapter 2, the anion metathesis was not quantitative with such bulky carboxylate counter-anions (~ 27%). The targeted PIL BCP did not precipitate but remained water-soluble, presumably owing to the presence of stabilizing PVA blocks forming the shell of a micelle-like structure.

The self-assembled aggregates were further investigated by DLS and TEM (Figure 23 and 6). As shown in Figure 23b, the hydrodynamic radius of aggregates formed in water was found to be around 27 nm by DLS, after addition of 0.3 eq. of LiTFSI (entry B), which was twice higher compared to that of the parent PIL BCP 13(Br). Further addition of 0.7 and 1 equivalent of LiTFSI to the micellar solution did not increase the size further, which might be explained by the saturation of the micelle-like structures in the hydrophobic core. 6); b) Entry B (Table 6); c) Entry C (Table 6); d) Entry D (Table 6); e) Entry C (Table 6); f) Entry D (Table 6).

TEM images obtained from aqueous solutions of this PIL BCP revealed the formation of aggregated micelles, a rather good correlation in the size between DLS and TEM techniques being found (Figure 24). For instance, the hydrophilic weight fraction of PVA-b-PVBuIm(R'COO-co-TFSI) 14 were in a range of 26-30% and observations of micelle-like structures are consistent with the prediction of Discher and Eisenberg. 82 Interestingly, bigger objects, with a R H in a range of 75-120 nm (TEM images (e) and (f), Figure 24) that could not be detected by DLS measurements were observed by TEM, for samples resulting from the addition of 0.7 and 1 eq. of LiTFSI. Analysis by static light scattering (SLS) in water did not give reliable results, likely because of the formation of big micellar aggregates. One can also hypothesize that TFSI counter-anions partially replaced the carboxylate counter-anions, forming bigger objects.

As illustrated in Figure 22, the hydrophobic content in amphiphilic PVA-b-PIL BCPs can be adjusted by varying the extent of the anion exchange, from partial to complete modification. The size and shape of the corresponding aggregates can thus be manipulated.

Furthermore, both the anion exchange and the self-assembly into micelle-like structures occurred simultaneously.

Perspectives of this work would be to achieve core-shell structures for organocatalysis within PIL-based hydrophobic cores of the micelles dispersed that could further generate poly(NHC)s in aqueous media. [84][85][86][87] Indeed the micellar system could be composed of a similar block copolymer with a hydrophilic ionic or neutral block as a shell to stabilize the nanostructure in water, while the core would be a statistical PIL block composed of a mixture of carboxylate counter-anions and TFSI to facilitate the self-assembly and protect the active catalytic entities.

PVA-b-PIL block copolymers as stabilizers and reducing agents for the elaboration of gold nanoparticles

Recently, a few studies have reported the use of ILs acting simultaneously as solvent, stabilizer and reducing agent for the synthesis of metal colloid nanoparticles. [88][89][90] On this basis, it was tempting to use our PIL BCPs as polymeric surfactants for colloidal dispersion.

Some examples have already shown the use of homoPILs for the dispersion-stabilization of silica nanoparticles, carbon nanotubes or graphenes and poly(3,4-ethylenedioxythiophene) (PEDOT). [91][92][93][94][95][96] The counter-anion can also be used as a true active species, for instance, for the purpose of catalysis (see chapter 1 and also one example in chapter 2, for the use of some of our PILs for carbonatation). 97,98 In addition, a few reports have evidenced excellent affinity between the PVA and gold nanoparticles. [99][100][101] Poly(vinyl alcohol) was reported as a good stabilizer of Au nanoparticles, and can meantime be used as reducing agent after few days at room temperature. 99,101,102 In Polymat (San-Sebastian, Spain), Mecerreyes et al. have established that cationic imidazolium-based PILs, bearing specific counter-anions, can be used as oxidizing or reducing agents. 103 Thus cyanoborohydride anion (BH 3 CN -)-containing PILs have been used

to achieve gold nanoparticles in aqueous dispersions. Reduction of Au + ions to metallic Au(0) occurs thanks to the reducing BH 3 CN -anion, while the cationic PIL backbone allows avoiding the macroprecipitation. It is interesting to note that no specific shape of the nanoparticles has been noted.

We thus looked at PVA-b-PIL BCP as both polymeric stabilizer and reducing agent for the preparation of gold nanoparticle synthesis, via a combination BH 3 CN -and TFSI as counter-anions (Figure 25). (colourless solution on the left, Figure 26).

Analyses by DLS and TEM of the resulting aqueous solution confirmed that the sample 15 self-assembled into stable and well-defined nanoparticles in water (Figure 20). The hydrodynamic radius (R H ) of aggregates thus formed was around 26 nm. TEM images of a water solution evidenced large compound micelles. However, nano-objects did not proved stable during the drying process on the TEM grid, which could explain their bigger size.

Nevertheless, the micelle-like structure formation confirmed the ionic responsiveness of the parent PIL BCP, after dialysis. However, TEM images showed the formation of anisotropic gold nanoparticles that depended as of the ratio between gold and reducing agent (Figure 29). With a default of gold (0.9 eq. of BH 3 CN), we observed the formation of gold nanocubes, while bigger shapes, such as hexagonal or octahedral nanoplates with an excess of HAuCl 4 were identified (Figure 29).

The fact that core-shell micelles were not observed was probably due to the PVA block playing the role of polymeric stabilizer, 102 that also impacted on the growth of the gold nanoparticles (Figure 29e). These preliminary results thus suggested that the molar ratio PIL BCP to gold is a key factor to produce shaped gold nanoparticles. Further experiments should be investigated at POLYMAT, to better understand the role played by the PVA-b-PIL in comparison to the homoPIL homologues. 103 process, which allowed maintaining a relatively good control over molar masses, dispersities and chain-end fidelity.

The ability of these PIL BCPs to generate ordered self-assembled mesostructures at the solid state was also established in this chapter. Compounds constituted of bromine (Br -) or bistrifluorosulfnonyl) imide (TFSI) anions and PVAc seemingly exhibited a high degree of incompatibility, giving rise to strong microphase separation, owing to both their charged and their uncharged character. Lamellar and hexagonally packed cylinder morphologies were clearly identified according to the weight ratio between the two blocks. Preliminary investigation into the ionic conductivity of some of these PIL BCPs yielded rather DC values (~ 10 -5 S/cm) that compare well with the highest values reported for other PIL BCP systems.

However, ionic conductivity measurements were demonstrated to dramatically depend on the sample preparation. Measurements determined in the LCPO were 3-4 orders of magnitude lower than at the IMP, likely owing to a partial dewetting of the thin film (2.10 -9 vs 8.10 -5

S/cm at 30 °C, respectively). In both cases, values prove much higher than the conductivity measured from a homoPIL homologue ( DC at 30 °C ~ 8.10 -5 S/cm vs 1.10 -11 S/cm). More investigations would be needed, however so as to evidence the influence of the nanostructuration on the ionic conductivity properties.

More generally speaking, the possibility for fine-tuning the length of both blocks, as well as the nature of the counter-anion, makes PIL BCPs a versatile platform for manipulating the ionic conductivity by varying the size and the shape of nanodomains.

Self-assembling properties in solution of these PIL BCPs were also manipulated thanks to both the anion exchange reaction and to the post-chemical modification of the PVAc block.

catalysis in self-assembled structures in aqueous solution.

v.

Concerning the self-assembling properties at the solid state, PIL triblock copolymers could be better exploited to provide better mechanical properties at the solid state than diblock homologues while exhibiting a similar ionic conductivity. 

Instrumentation.

All DOSY (Diffusion Ordered Spectroscopy) measurements were performed at 298 K on a Bruker Avance III 400 spectrometer operating at 400.33 MHz and equipped with a 5 mm Bruker multinuclear z-gradient direct cryoprobe-head capable of producing gradients in the z direction with strength 53.5 G.cm -1 . For each sample, 3 mg was dissolved in 0.4 ml of DMSO-d 6 for internal lock and spinning was used to minimize convection effects. The DOSY spectra were acquired with the ledbpgp2s pulse program from Bruker topspin software. The duration of the pulse gradients and the diffusion time were adjusted in order to obtain full attenuation of the signals at 95% of maximum gradient strength. The values were 2.5 ms for the duration of the gradient pulses and 300 ms for the diffusion time. The gradients strength was linearly incremented in 32 steps from 5% to 95% of the maximum gradient strength. A delay of 10 s between echoes was used. The data were processed using 8192 points in the F2 dimension and 64 points in the F1 dimension using the Bruker topspin software. Field gradient calibration was accomplished at 25 °C using the self-diffusion coefficient of H 2 O+D 2 O at 19.0 x 10 -10 m 2 .s -1 . Molar masses were determined by size exclusion chromatography (SEC) in THF as the eluent (1 mL/min) and with trichlorobenzene as a flow marker at 40 °C, using both refractometric (RI) and UV detectors (Varian). Analyses were performed using a three-column set of TSK gel TOSOH (G4000, G3000, G2000 with pore sizes of 20, 75, and 200 Ǻ respectively, connected in series) calibrated with polystyrene standards. Thermogravimetric analyses (TGA) were performed using a TA instruments Q50 under a nitrogen atmosphere, from room temperature (10 °C/min) to 600 °C. The weight loss was recorded as a function of temperature. Differential scanning calorimetry (DSC) measurements were carried out with a Q1000 apparatus from TA Instruments. DSC experiments were performed with aluminum sealed pans. A constant heating/cooling rate of 10 °C/min and gas purging (N 2 ) at a flow rate of 100 mL/min was used for all experiments.

Transmission Electron Microscopy (TEM) images were recorded on a Hitachi H7650 microscope working at 80 kV equipped with a GATAN Orius 11 Megapixel camera. Thin solid samples were prepared by cryomicrotomy at -150 °C to observe the self-assembly in bulk. The usual thickness was around 50 nm. Block copolymers samples were stained with ruthenium tetroxide (RuO 4 ) vapor, and the PIL block was preferencially stained. Samples for the self-assembly in solution were prepared by spraying a 27.5 mg/mL solution of the block copolymer onto a copper grid (200 mesh coated with carbon) using a homemade spray tool.

SAXS experiments were performed on the Dutch-Belgian Beamline (DUBBLE) at the European Synchrotron Radiation Facility (ESRF) station BM26B in Grenoble, France. A Pilatus 1M detector was used for recording the two-dimensional scattering images and a 2500 mm sample-to-detector distance was chosen. The energy of the x-ray beam was 11 keV, which corresponds to a wavelength of 1.127Å, and the scattering vector range covered was 0.2 < q < 3 nm -1 , where the magnitude of the scattering vector is q = (4p/l)sinq, 2q being the scattering angle. The two-dimensional images were radially averaged around the center of the primary beam in order to obtain the isotropic SAXS intensity profiles. The scattering pattern from a specimen of silver behenate was used for the calibration of the wavevector scale of the scattering curves. Finally, the data were normalized to the intensity of the incident beam in order to correct for primary beam intensity fluctuations. The second SAXS profiles were acquired in transmission on a Nanostar-U instrument (Bruker AXS) with a copper anode source. The resulting 2-D images are found to be isotropic, and the data are azimuthally averaged to yield curves of the scattering intensity versus q = (4π/λ) sin θ, where λ = 1.54 Å is the wavelength of the Cu Kα radiation and θ is half the scattering angle. UV-visible measurements were achieved on a SHIMADZU UV-2550.

Dynamic light scattering (DLS) was used to obtain the average size of the particles right after by using a Malvern ZetaSizer NanoZS instrument with 90° backscattering measurements at 25°C. 5.5 mg of PVAc-b-PVBuImBr were dissolved in 0. 

Synthesis of PVAc-b-PVBuIm(Tf 2 N) diblock copolymer by anion exchange

This metathesis reaction was performed following the procedure described in the Resumen: El objetivo de esta tesis fue el desarrollo de polímeros de ingeniería iónicos líquidos (pils) y tipo imidazolio una nueva familia de copolímeros de bloques relacionados.

Lager tipo imidazolio fueron utilizados como reactivos para la catálisis orgánica y modificación química de polímeros después de la polimerización. Varios compuestos (homopolímeros, copolímeros aleatorios de tipo estireno, polímeros reticulados) estable en el aire, contra de la realización diversos aniones (bromuros, bicarbonatos, carboxilatos), han sido especialmente diseñadas utilizando estrategias de síntesis relativamente simple. Se utilizó la generación de carbenos N-heterocíclicos soportado sobre polímeros (poli (NHC) s) para comparar el rendimiento catalítico de estos precursores de referencia a través de reacciones de catálisis orgánica. Específicamente, los copolímeros de tipo estireno también se pueden funcionalizar sustratos por polimerización posterior estequiométricamente con diferentes electrófilos (por ejemplo, metales CS2, isotiocianato, de transición).

Una nueva familia de copolímero de bloque que contiene un poli (acetato de vinilo) y un bloque de poli (bromuro de N-vinil-3-alquilimidazolio) se sintetizó en CMRP. La capacidad de estos compuestos a auto-ensamblan en varias mesoestructuras como entonces se demostró solución en masa. Mediciones de conductividad iónica han demostrado la influencia de las condiciones de preparación y medición de la muestra en los valores obtenidos. El comportamiento en solución por el bloque PIL reactividad de iones, y la modificación química del bloque hidrófobo de poli (acetato de vinilo) hidrófilo poli (alcohol vinílico) permitió la formación de nanoestructuras diferentes micelares.

Palabras clave: polímeros líquidos iónicos, copolímeros de bloque, imidazolio, catálisis orgánica, Cambiar post-polimerización, auto-ensamblaje, conductividad iónica, las nanopartículas de oro. Résumé : L'objectif de ce travail de thèse a été de développer l'ingénierie des polymères liquides ioniques (PILs) de type imidazolium ainsi qu'une nouvelle famille de copolymères à blocs apparentés.

Laboratoire de

Des PILs type imidazolium ont été utilisés en tant que polymères réactifs pour la catalyse organique et la modification chimique par post-polymérisation. Divers composés (homopolymères, copolymères statistiques de type styrénique, polymères réticulés) stables à l'air, portant divers contre-anions (bromures, hydrogénocarbonates, carboxylates), ont été spécialement conçus via des stratégies de synthèse relativement simples. La génération de carbènes N-hétérocycliques supportés sur polymères (poly(NHC)s) a permis de comparer les performances catalytiques de tous ces précurseurs à travers des réactions de référence de la catalyse organique. Spécifiquement, les copolymères statistiques type styrénique peuvent également être fonctionnalisés de manière stoechiométrique par post-polymérisation avec différents substrats électrophiles (e.g. CS 2 , isothiocyanate, métaux de transition).

Une nouvelle famille de copolymère à blocs contenant un bloc poly(acétate de vinyle) et un bloc de type poly(bromure de N-vinyl-3-alkylimidazolium), a été synthétisé par CMRP. La capacité de ces composés à s'auto-assembler en diverses mésostructures en masse comme en solution a ensuite été démontrée. Des mesures de conductivité ionique ont montré l'influence de la préparation des échantillons et des conditions de mesures sur les valeurs obtenues. Le comportement en solution par la réactivité ionique du bloc PIL et la modification chimique du bloc hydrophobe poly(acétate de vinyle) en hydrophile poly(alcool vinylique) ont permis la formation de différentes nanostructures micellaires. The use of the imidazolium-based PILs as true reactive polymers for organocatalysis and post-chemical modification is first described. Miscellaneous air-stable PIL derivatives featuring various counter-anions (e.g. bromides, hydrogen carbonates, carboxylates), including homopolymers, statistical copolymers of styrenic-type and crosslinked copolymer networks have been specifically designed by relatively simple synthetic strategies. The generation of related polymer-supported N-heterocyclic carbenes, poly(NHC)s, enables comparing the catalytic performances in selected organocatalyzed reactions. Specific polystyrenebased coPILs can be also stoichiometrically derivatized by post-chemical modification using various electrophilic substrates (e.g. CS 2 , isothiocyanate, transition metals).

A novel family of imidazolium-based PIL BCPs, namely poly(vinyl acetate)-b-poly(N-vinyl-3alkylimidazolium bromide)s synthesized by CMRP, is then described. The ability of these compounds to self-assemble into various types of mesostructures in bulk or in solution has been demonstrated. Ionic conductivity measurements evidenced the influence of sample preparation and measurement conditions. The behavior in solution evidenced via the ionic responsiveness of the PIL block but also by post-chemical modification of the hydrophobic poly(vinyl acetate) block into hydrophilic poly(vinyl alcohol) the formation of various micelle-like nanostructures.

Keywords: Poly(ionic liquid)s, Block copolymers, Imidazolium, Organocatalysis, Post-polymerization modification, Self-assembly, Ionic conductivity, Gold nanoparticles

  assembler en diverses mésostructures en masse comme en solution a ensuite été démontrée. Des mesures de conductivité ionique ont montré l'influence de la préparation des échantillons et des conditions de mesures sur les valeurs obtenues. Le comportement en solution par la réactivité ionique du bloc PIL et la modification chimique du bloc hydrophobe poly(acétate de vinyle) en hydrophile poly(alcool vinylique) ont permis la formation de différentes nanostructures micellaires pour la synthèse de nanoparticules d'or via l'utilisation d'un contre-anion jouant le rôle de réducteur.
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Figure 2 .

 2 Figure 2. Classic PIL chemical structures and their counterions.

(

  CTA's) used in the RAFT process to achieve imidazolium-based PILs and related BCPs are shown in Figure 4. A typical synthesis of PIL by RAFT is illustrated in Scheme 3.

Figure 4 .

 4 Figure 4. Chain transfer agents (CTA's) used for PIL and related BCP synthesis by RAFT polymerization.52,[78][79][80][81][82][83][84][85] 

  Scheme 3. First example of imidazolium-based PIL synthesis by RAFT polymerization.52 

Figure 6 .

 6 Figure 6. Imidazolium-based PILs as precursors of poly(N-heterocyclic carbene)s for further organocatalysis adapted from reference 137.

Figure 7 .

 7 Figure 7. Poly(ionic liquid) block copolymers (PIL BCPs) and their self-assembly potential for a use in various applications.

  mentioned above, only a very few examples of PILs and PIL BCPs were prepared by ATRP. In 2012, Texter et al. reported the synthesis of ABA-type symmetric triblock copolymers with a central poly(propylene oxide) block and poly(1-[11-acryloylundecyl]-3methyl-imidazolium: ~ 9600 g.mol -1 , D ~ 1.5), after chemical modification of a telechelic PPO precursor (Entry 11, Table 1

Scheme 8 .

 8 Scheme 8. Route A. Synthesis of PVAc-b-PVEtImBr and PVAc-b-PVEtImBr-b-PVAc by sequential CMRP using alkyl-cobalt(III) adduct as a mediating agent. 90 Route B. Synthesis of PVAc-b-PVBuImBr by sequential CMRP using Co(acac)2 and V-70. 196

For instance,

  Elabd et al. described a series of poly(styrene-b-4-vinylbenzyl-alkylimidazolium bis(trifluorosulfonyl) imide) (PS-b-PVBn-(alkyl)-ImTFSI) of various compositions ( ranging from 20000-25000 g.mol -1 with 2.7-17.0 mol% PIL, D < 1.26), and carrying different alkyl groups (CH

Elabd

  et al. quaternized poly(styrene-b-1-((2-acryloyloxy)ethyl)-3-butyl bromide) (PS-b-PBrEA) made by RAFT polymerization, into poly(styrene-b-1-((2-acryloyloxy)ethyl)-3butylimidazolium bis(trifluorosulfonyl) imide) (poly(S-b-AEBIm-TFSI) with nbutylimidazole (Entry 21, Table1), which was followed by anion exchange.103 values of the resulting PIL BCPs ranged from 9950-18800 g.mol -1 with 6.6-23.6 mol% PIL, D < 1.31).Combination of RAFT polymerization and post-chemical modification also allowed Lodge et al. to derive ABA triblock copolymers. PS-b-PBrEA-b-PS copolymers, with BrEA corresponding to 2-bromoethyl acrylate, were first synthesized using a difunctional CTA. 104

  final PS-b-PIL-b-PS triblock copolymers were characterized by an overall molar mass of 260 kg.mol -1 and a dispersity index of 1.21. Segalman et al. modified an ATRP-derived poly(styrene-b-histamine methacrylamide) (PS-b-PHMA; in the range 24000-53000 g.mol -1 , D < 1.3) with trifuoroacetic acid, so as to generate a protic PIL (PS-b-PIL) featuring trifluoroacetate counter-anions, for a use as ionconducting materials (Entry 23, Table 1

Figure 8 .

 8 Figure 8. Nanoassemblies obtained from PIL BCP (Entry 16, Table 1; PIL in red, PS in blue): (a) PS-PIL elongated micelles with (b) circular, (c) ellipsoidal, or (d) tablet-shaped cross sections; adapted from reference 98. Gnanou, Taton et al. investigated in details the self-assembly in solution of PIL BCPs

Figure 9 .

 9 Figure 9. Chemical manipulation either by anion exchange or by chemical modification of the PMAA block of PIL BCPs (Entries 1-2,Table 1); adapted from reference 78.

Figure 10 .

 10 Figure 10. Multi-stimuli responsive micelle-like structures obtained from poly(ILBr-b-PO-b-ILBr) triblock copolymer; adapted from reference 194.

  ), were investigated by Balsara et al.. 101 These compounds were also compared with PS-b-poly(1-(4-vinylbenzyl)-3-trimethylammonium chloride) compounds. All samples exhibited a lamellar organization, regardless of the volume fraction (φ), which ranged from 0.35 to 0.60. The authors observed that the scaling of domain size with chain length was weakly dependent on the nature of the bound cation (trimethylammonium vs. butylimidazolium). Slightly higher conductivity values were determined compared to PIL BCPs studied by Elabd et al. 100 For a given sample ( , PS = 27 kg.mol -1 and , PIL = 21 kg.mol -1

Figure 11 .

 11 Figure 11. Proposed morphology of the self-assembled poly(Sty-b-[EVBIm 25% -co-nBA 75% ]b-Sty) triblock copolymer; adapted from reference 102.

( 6 . 6 -

 66 23.6 PIL mol%). The measured interdomain distances of the lamellar morphology were in the range of 25-30 nm. These morphologies were also found sensitive to casting conditions.Increasing the PIL content increased the ionic conductivity, owing to a morphological transition, from hexagonally packed cylinders with 1-D conducting pathways to lamellae with 2-D conducting pathways. In addition, the transition from 2-D lamellar morphology to coexisting 2-D lamellae and 3-D continuous conducting network structures further increased ionic conductivity (88 x 10 -5 S.cm -1 at 150 °C in the latter case, corresponding to 23.6 PIL mol%). Overall, these acrylate-based PIL BCPs exhibited better conducting performances than PS-based PIL BCPs, highlighting the importance of the chemical nature of PIL. Gin, Bailey et al. investigated in details the self-assembling properties in bulk of 16

Figure 12 .

 12 Figure 12. Modification of lamellar domain sizes in pyridinium-based PIL BCP via anion exchange; adapted from reference 201.

Figure 13 .

 13 Figure 13. Schematic representation of the thermoset magnetic material based on PIL BCP; adapted from reference 202.

[

  EO]/[Li] = 30) at 60 °C, and the mechanical properties was significantly improved compared to a neutral PS-b-PEO-b-PS triblock copolymer electrolyte (10 MPa vs. 1 MPa at 40 °C, respectively). This work opens avenue for the development of energy device-based on PIL BCPs discussed in this section.

  Synthesis of poly(N-vinyl-3-butylimidazolium bromide-co-N-vinyl-3-butylimidazolium carboxylate), denoted as poly([NHC(H)][Br]-co-[NHC(H)][R'COO]); R' = 1-adamantyl, 10undecyl, is also described. IL monomers with halide counter-anions are first polymerized by free radical polymerization using AIBN as initiator, which is followed by anion metathesis substituting the R'COO -for the Br -anion. Nevertheless, these R'COO -counter-anioncontaining PILs can serve as pre-catalysts. Catalytic efficiencies prove better in this case than with the poly([NHC(H)][HCO 3 ])s.In addition, statistical copoly(ionic liquid)s, denoted as coPILs, based on poly(styrene)-copoly(4-vinylbenzylbutylimidazolium) are used for the same organocatalyzed molecular reactions. In comparison with the N-vinylimidazolium-based PILs mentioned above, imidazolium units are statistically distributed along the polymer backbone decreasing the catalytic density. Poly(styrene)-co-poly(4-vinylbenzylbutylimidazolium chloride or hydrogen carbonate) precursors, denoted as PS-co-PVBnBuIm(Cl or HCO 3 ), are thus synthesized by statistical free radical copolymerization of styrene and 4-vinylbenzyl chloride, followed by quaternization with butylimidazole, and anion exchange using KHCO 3 . The two polymers (with Cl -and HCO 3 -anions) exhibit excellent catalytic activities for the carbonatation reaction between CO 2 and propylene oxide, and the benzoin condensation via the generation of the corresponding NHC units, respectively.
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Scheme 1 .

 1 Scheme 1. Reversible generation of poly(NHC)s from poly([NHC(H)][HCO 3 ]) salts and poly(NHC-CO 2 ) adducts.

  Scheme 2. Generation of poly(NHC)s from poly[NHC(H)][R'COO].

  Scheme 3. Post-polymerization modification of imidazolium-based PILs.

Scheme 4 .

 4 Scheme 4. Route A. Generation of poly(NHC)s from poly([NHC(H)][halide]) salts by deprotonation with a strong base and reversible generation of poly(NHC)s from poly(NHC-CO 2 ) adducts. 46 Route B. Reversible generation of poly(NHC)s from poly([NHC(H)][HCO 3 ]) salts and poly(NHC-CO 2 ) adducts.

Figure 1 and 12 Scheme 5 .

 1125 Figure1and Figure2show, for instance, the NMR spectra of the VBuImHCO 3 2b compound. Analysis by1 H NMR in CD 3 OD did not allow stating on the quantitative anion exchange, from bromide to hydrogen carbonate (Figure1); chemical shifts of protons of the imidazolium backbone were indeed similar to those of the starting material 4b. In contrast, the characteristic signals of both the N 2 CH carbon and the HCO 3 -quaternary carbon atoms were observed by13 C NMR at 136.0 and 161.1 ppm, respectively (Figure2). All other signals observed both on the 1 H and13 C NMR spectra were consistent with data reported on molecular imidazolium hydrogen carbonate homologues.12 

Figure 1 .

 1 Figure 1. 1 H NMR spectrum of N-vinyl-3-butylimidazolium hydrogen carbonate 5b in CD 3 OD.

Figure 2 .

 2 Figure 2. 13 C NMR spectrum of N-vinyl-3-butylimidazolium hydrogen carbonate 5b in CD 3 OD.

Figure 3 .

 3 Figure 3. 1 H NMR spectrum of poly(N-vinyl-3-butylimidazolium hydrogen carbonate) salt 1b in DMSO-d 6 .

Figure 4 . 3 -Figure 5 .

 435 Figure 4. 13 C NMR spectrum of poly(N-vinyl-3-butylimidazolium hydrogen carbonate) salt 1b in DMSO-d 6 .

Scheme 6 .

 6 Scheme 6. Use of poly([NHC(H)][HCO 3 ]) 1 as polymer-supported pre-catalysts of transesterification between vinyl acetate and benzyl alcohol (see also Scheme 1).

Figure 6 .

 6 Figure 6. Results of the transesterification of benzyl alcohol (1 eq.) and vinyl acetate (1.2 eq.) in THF at 80 °C for 2h in the presence of poly([NHC(H)][HCO 3 ]) 1.

Scheme 7 .

 7 Scheme 7. Use of poly([NHC(H)][HCO 3 ]) 1 as polymer-supported pre-catalysts of the cyanosilylation of benzaldehyde with trimethylsilyl cyanide (see also Scheme 1).

Figure 7 .

 7 Figure 7. Results of the cyanosilylation of benzaldehyde and trimethylsilyl cyanide performed in THF at 80 °C for 1h in the presence of poly([NHC(H)][HCO 3 ]) 1.
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 12388 Scheme 8. Use of poly([NHC(H)][HCO 3 ]) 1 as polymer-supported pre-catalysts of the benzoin condensation of benzaldehyde (see also Scheme 1).

  -supported pre-catalysts, presumably owing to premature deactivation of poly(NHC)s under forcing conditions.

84 Scheme 9 .

 849 Scheme 9. (A) Deprotonation of a weak acid by NHC, adapted from reference 51. (B) Formation of NHC from imidazolium-based IL with acetate counter-anion, adapted for reference 52. (C) Proposed reaction of carbon dioxide and imidazolium-based ILs with acetate counter-anions, adapted from reference 84.

Scheme 10 .

 10 Scheme 10. Synthesis of poly([NHC(H)][Br]-co-[NHC(H)][R'COO]) 7 by FRP of VBuImBr 4b followed by anion exchange exchange of PVBuImBr 6b.

Figure 9 .

 9 Figure 9. 1 H NMR spectrum of the poly([NHC(H)][Br]-co-[NHC(H)][AdamCOO]) 7a in MeOD.

1 . 1 . 3 . Polystyrene-based coPILs for a use in organocatalysis 1 . 3 . 1 . 63 Scheme 11 . 64 Scheme 12 .

 11313163116412 Scheme 11. Deprotonation of a statistical copoly(ionic liquid) with a strong base followed by the trapping of carbon dioxide, adapted from reference 63.In the present work, the statistical coPIL 9 was synthesized by quaternization of a previously synthesized polystyrene-co-poly(4-vinylbenzyl chloride) 8 (PS-co-PVBnCl) statistical copolymer using n-butyl imidazole (see Scheme 12).[1][2][3]5,6,63,64 

Figure 10 .

 10 Figure 10. SEC trace in THF of PS-co-PVBnCl 8 obtained by FRP in chlorobenzene at 90 °C.

Figure 11 .

 11 Figure 11. 1 H NMR spectrum of PS-co-PVBnCl 8 and equation to determine the mole fraction of VBnCl (a(VBnCl)) in the copolymer.

Figure 12 .

 12 Figure 12. 13 C NMR spectrum of PS-co-PVBnBuImCl 9 in DMSO-d 6 .

Figure 13 . 1 H

 131 Figure 13. 1 H NMR spectrum of PS-co-PVBnBuImCl 9 in DMSO-d 6 .

Figure 14 .

 14 Figure 14. 13 C (a) and DEPT 135 (b) NMR spectra of the PS-co-PVBnBuImHCO 3 10 in MeOD.

Figure 15 .

 15 Figure 15. TGA curve of PS-co-PVBnBuImHCO 3 10 under N 2 atmospher.

Figure 16 .

 16 Figure 16. Comparison between conversions and turn-over frequency (TOF) of benzoin condensation reaction using our different pre-catalysts.

Scheme 16 .

 16 Scheme 16. Synthetic details of P(DVB-yEVIBr) 11 via copolymerization of DVB and Nethyl-3-vinylimidazolium bromide (IL-EVIBr) under solvothermal reaction.

Figure 17 .

 17 Figure 17. Illustration of the synthesis of mesoporous PIL copolymer networks and their application in catalysis and microporous carbon production.

  , X: Br or R: butyl, X: PF 6

Figure 18 .

 18 Figure 18. (A) photograph of a P(DVB-0.1EVIBr) 11 monolith. (B&C) SEM image and the enlarged view of a P(DVB-0.1EVIBr) monolith.

(Scheme 17 .

 17 Scheme 17. Synthesis of propylene carbonate triggered by P(DVB-0.1EVIBr) 11 as polymersupported catalyst (see also Scheme S4 for the reaction mechanism).

Figure 19 .

 19 Figure 19. Results of the carbonatation of propylene oxide with carbon dioxide performed in THF at 140 °C for 24h under 2.5 MPa of pressure in the presence of P(DVB-0.1EVIBr) 11, (a), compared with the use of 9 (b) (see Section 1.3.3.1).

Scheme 18 .

 18 Scheme 18. Synthesis of the cross-linked copoly(N-heterocyclic carbene) P(DVB-0.1EV(NHC)) 12 by deprotonation of the P(DVB-0.1EVIBr) 11.

Scheme 19 .

 19 Scheme 19. Benzoin condensation using PDVB-0.1EV(NHC) 12 as supported catalyst.

Figure 20 .

 20 Figure 20. Results of the benzoin of condensation from benzaldehyde performed in THF at 60 °C for 24h in the presence of 1 mol% of EV(NHC) catalytic units in P(DVB-0.1EV(NHC)) 12.

Figure 21 .

 21 Figure 21. Comparison between conversions and TOF of benzoin condensation reaction using our different pre-catalysts.

Figure 22 .

 22 Figure 22. Results of the cyanosylilation reaction performed in THF at 60 °C for 1h in the presence of 0.5 mol% of EV(NHC) catalytic units in P(DVB-0.1EV(NHC)) 12.

Scheme 21 .

 21 Scheme 21. Synthesis of PS-co-poly(NHC-Ag) complex 13 by metalation of PS-co-PVBnBuImCl 9 with Ag 2 O.

Figure 25 .Scheme 23 .

 2523 Figure 25. TGA curves of PS-co-PVBnBuImHCO 3 10 (red) versus PS-co-Poly(NHC-CS 2 ) adduct 14 (orange).

Figure 26 .

 26 Figure 26. 13 C and 19 F NMR spectra of the PS-co-poly(NHC-RNCS) 15 in DMSO-d 6 .

coPIL 10 Scheme 24 .

 1024 Scheme 24. Stoichiometric post-functionalization of PS-co-PVBnBuImHCO 3 10 with [Pd(allyl)Cl] 2 upon release of "H 2 CO 3 " .

Figure 27 .Scheme 25 .

 2725 Figure 27. 13 C NMR spectrum of the PS-co-poly(NHC-Pd(allyl)Cl) 16 in CD 2 Cl 2 .

Figure 28 .

 28 Figure 28. 13 C NMR spectrum of the PS-co-poly(NHC-AuCl) 17 in DMSO-d 6 .

Figure 29 .

 29 Figure 29. Copoly(ionic liquid)s, PS-co-PVBnBuImCl 9 and PS-co-PVBnBuImHCO 3 10 for various post-polymerization modifications and for organocatalysis.

1 H

 1 NMR (CD 3 OD): δ 1.56 (d, CH 3 -CH 2 -, 3H), 4.39 (q, CH 3 -CH 2 -, 2H), 5.43 (dd, HCH=CH-N, 1H), 5.92 (dd, HCH=CH-N, 1H), 7.26 (dd, CH 2 =CH-N, 1H), 7.78 (s, N-CH=CH-N, 1H), 8.00 (s, N-CH=CH-N, 1H). 13 C NMR (CD 3 OD): δ 15.41 (CH 3 -CH 2 -), 52.8 (CH 2 -CH 3 ), 109.9 (CH 2 =CH-N), 120.8 (N-CH=CH-N), 124.1 (N-CH=CH-N), 129.9 (CH 2 =CH-N), 136.1 (N-CH-N), 161.4 (HCO 3 ).

Figure 2 )

 2 Figure 2): δ 13.57 (CH 3 -CH 2 -CH 2 -CH 2 -), 20.28 (CH 3 -CH 2 -CH 2 -CH 2 -), 37.72 (CH 3 -CH 2 -CH 2 -CH 2 -), 50.73 (CH 3 -CH 2 -CH 2 -CH 2 -), 109.9 (CH 2 =CH-N), 120.8 (N-CH=CH-N), 124.1 (N-CH=CH-N), 129.9 (CH 2 =CH-N), 135.1 (N-CH-N), 161.0 (HCO 3 ).

  H NMR (CD 3 OD): δ 1.89 (d, CH 3 -CH-, 3H), 5.42 (dd, HCH=CH-N, 1H), 5.83 (m, CH-(CH 3 )(C 5 H 5 ), 1H), 6.00 (dd, HCH=CH-N, 1H), 7.29 (dd, CH 2 =CH-N, 1H), 7.43 (m, CH-C 5 H 5 , 5H), 8.00 (s, N-CH=CH-N, 1H), 8.25 (s, N-CH=CH-N, 1H), 9.84 (s, N-CH-N, 1H). 13 C NMR (DMSO-d 6 ): δ 19.36 (CH 3 -CH-), 58.9 (CH-(CH 3 )(C 5 H 5 )), 107.7 (CH 2 =CH-N), 118.8 (N-CH=CH-N), 120.8 (N-CH=CH-N), 126.0 and 128.0 (CH-C 5 H 5 ), 133.5 (CH 2 =CH-N), 138.1 (N-CH-N), 158.3 (HCO 3 ).

  H NMR (CD 3 OD): δ 0.7 (t, CH 3 (-CH 2 -) 10 CH 2 -, 3H), 1.2-1.3 (m, CH 3 (-CH 2 -) 9 CH 2 -CH 2 , 18H), 1.7 (q, CH 3 (-CH 2 -) 9 CH 2 -CH 2 , 2H), 4.1 (t, CH 3 (-CH 2 -) 9 CH 2 -CH 2 , 2H), 5.4 (dd, HCH=CH-N, 1H), 5.92 (dd, HCH=CH-N, 1H), 7.26 (dd, CH 2 =CH-N, 1H), 7.78 (s, N-CH=CH-N, 1H), 8.00 (s, N-CH=CH-N, 1H). 13 C NMR (CD 3 OD): δ 15.1 (CH 3 -CH 2 -CH 2 (-CH 2 -) 7 CH 2 -CH 2 -), 24.9

110. 5 (

 5 CH 2 =CH-N), 122.8 (N-CH=CH-N), 124.1 (N-CH=CH-N), 130.9 (CH 2 =CH-N), 137.3 (N-CH-N), 161.4 (HCO 3 ).

  3 (br, N-CH-N,1H), 7.3-7.8 (br, CH=CH, 2H), 3.9-4.5 (br,N-CH 2 -CH 2 -CH 2 -CH 3 , 2H), 4.4-4.8 (br, N-CH-CH 2 , 1H), 2.4-3.0 (br, N-CH-CH 2 , 2H), 1.7-2.1 (br, CH 3 -CH 2 -CH 2 -CH 2 -, 2H), 1.3-1.6 (br, CH 3 -CH 2 -CH 2 -CH 2 -, 2H), 0.9-1.2 (br, CH 3 -CH 2 -CH 2 -CH 2 -, 3H).

7 ( 9 (

 79 1 H NMR (CD 3 OD, see FigureS2) :1.4-1.CH 3 -CH 2 , 3H), 2.4-2.7 (H 2 C-CH-N, 2H), 4.1-4.4(CH 2 -CH 3 , 2H), 4.4-4.7 (H 2 C-CH-N, 1H), 7.4-8.0 (N-CH=CH-N, 2H). 13 C NMR (CD 3 OD, see Figure S1) : δ 14.7 (CH 3 -CH 2 -), 40.9 (H 2 C-CH-N), 58.3 (CH 2 -CH 3 ),120.3 et 122.0 (N-CH=CH-N), 136.8 (N-CH-N), 160.HCO 3 ).

2 (

 2 4 (br, CH 2 -CH-N, 1H), 3.7-4.1 (br, CH 2 -CH-N, 1H), 4.2-4.7 (br,N-CH 2 -CH 2 -CH 2 -CH 3 , 2H), 7.5-8.0 (br, CH=CH, 2H), 9.5-10 (br, N-CH-N, 1H). 13 C NMR (CD 3 OD, see Figure 4): δ 13.5 (CH 3 -CH 2 -CH 2 -CH 2 -), 20.28 (CH 3 -CH 2 -CH 2 -CH 2 -), 32.0 (CH 3 -CH 2 -CH 2 -CH 2 -), 42.2 (CH 2 -CH-N), 50.7 (CH 3 -CH 2 -CH 2 -CH 2 -), 54.CH 2 -CH-N), 120.8-122.3 (N-CH=CH-N), 137.1 (N-CH-N), 159.0 (HCO 3 ).

161. 3 (

 3 C t ), 144.9-147.2 (C l ), 138.1 (C s ), 133.0 (C i ), 128.2-131.1 (C d,e,j,k,c ), 127.0 (C f ), 123.6-124.0 (C n ), 53.7 (C m ), 50.7 (C o ), 48-49 (C a,g ), 41-43 (C b,h ), 33.1 (C p ), 20.5 (C q ), 13.8 (C r ).

) complex 13 100

 13 mg (0.33 mmol VBnBuImCl units) of PS-co-PVBnBuImCl and 76.5 mg (0.33 mmol) of Ag 2 O were introduced in a dried and flamed Schlenk tube. Powders were submitted to 30 min under vacuum and finally three Ar/vacuum cycles. Dry methylene chloride (5 mL) was added under Argon and the Schlenk tube transferred into an oil bath at 40°C for 24h under stirring.

) 15 70

 15 mg (0.21 mmol VBnBuImHCO 3 units) of PS-co-PVBnBuImHCO 3 (stored in a capped vial under air) and molecular sieves were introduced into a Schlenk tube. Compounds were submitted to 30 min under vacuum and finally three Ar/vacuum cycles. Dry MeOH (5 mL) was added under inert atmosphere. Then, 143 mg (2.5 equiv., 0.53 mmol) of 3,5-(bistrifluoromethyl)phenyl isothiocyanate (R-NCS) was added and the Schlenk tube was transferred into a 60 °C preset oil bath. The solution was stirred for 24h and then poured in toluene and washed twice before filtration. A yellow-white powder was removed and dried under vacuum. (Yield 72%).

) complex 17 100

 17 mg (0.30 mmol VBnBuImHCO 3 units) of PS-co-PVBnBuImHCO 3 (stored in a capped vial under air), 175 mg (2 equiv, 0.60 mmol) of chloro(dimethylsulfide)gold(I) Au(SMe 2 )Cl and molecular sieves were introduced into a Schlenk tube. Compounds were submitted to 30 min under vacuum and finally three Ar/vacuum cycles. Dry DMF (5 mL) was added under inert atmosphere and the Schlenk tube was then transferred into a 50 °C preset oil bath. The solution was stirred for 24h and then filtered. A yellow powder was obtained and dried under vacuum for 24h at 40 °C. (Yield 87%) 1 H NMR (DMSO-d 6 ): δ = 7.5-7.8 (br, 2H; CH=CH), 6-7.7 (br, 9H; -C 6 H 5 ;-C 6 H 4 ), 5.2-5.8 (br, 2H; -CH 2 -), 4.0-4.3 (br, 2H; N-CH 2 -CH 2 ), 1.0-2.0 (br, 10H; CH 2 -CH-C 6 H 5 ; CH 2 -CH-C 6 H 5 ; CH 2 -CH-C 6 H 4 ; CH 2 -CH-C 6 H 4 ; CH 2 -CH 2 -CH 2 ; CH 2 -CH 2 -CH 3 ), 0.8-1.0 (br, 3H; CH 2 -CH 2 -CH 3 ). 13 C NMR (DMSO-d 6 , see numbering of Figure 28): 178.0 (C s ), 143.9 (C l ), 133.4 (C i ), 126-130 (C d,e,j,k,c ), 124.7 (C f ), 121-123 (C n ), 53.0 (C m ), 49.8 (C o ), 49.0 (C a,g ), 37-39 (C b,h ), 32.2 (C p ), 18.3 (C q ), 13.0 (C r ).

Figure S1. 13 C

 13 Figure S1. 13 C NMR spectrum of poly(N-vinyl-3-ethylimidazolium hydrogen carbonate) 1a in CD 3 OD.

Figure S2. 1 H

 1 Figure S2. 1 H NMR spectrum of poly(N-vinyl-3-ethylimidazolium hydrogen carbonate) 1a in CD 3 OD.

Figure S3. 13 C

 13 Figure S3. 13 C NMR spectrum of poly(N-vinyl-3-ethylphenylimidazolium hydrogen carbonate) salt 1c in CD 3 OD.

Figure S4. 1 H

 1 Figure S4. 1 H NMR spectrum of poly(N-vinyl-3-ethylphenylimidazolium hydrogen carbonate) salt 1c in CD 3 OD.

Figure S5. 13 C

 13 Figure S5. 13 C NMR spectrum of poly(N-vinyl-3-dodecylimidazolium hydrogen carbonate) salt 1d in CD 3 OD.

Figure S6. 1 H

 1 Figure S6. 1 H NMR spectrum of poly(N-vinyl-3-dodecylimidazolium hydrogen carbonate) salt 1d in CD 3 OD.

Figure S7. 1 H

 1 Figure S7. 1 H NMR spectrum of poly(N-vinyl-3-butylimidazolium bromide) 6b in CD 3 OD.

Figure S8. 1 H

 1 Figure S8. 1 H NMR spectrum in CDCl 3 to determine the conversion during the transesterification reaction between benzyl alcohol and vinyl acetate in THF.

Figure S10. 1 H

 1 Figure S10. 1 H NMR spectrum in CDCl 3 to determine the conversion during the benzoin condensation reaction in THF.

Figure S11. 1 H

 1 Figure S11. 1 H NMR spectrum in CDCl 3 and equation used to determine the conversion during the carbonatation reaction in THF.

Figure S12 .

 S12 Figure S12. IR spectra of a) PS-co-PVBnBuImCl 9, b) PS-co-PVBnBuImHCO 3 10, c) PS-copoly(NHC-Ag(I)) complex 13, d) PS-co-poly(NHC-CS 2 ) 14, e) PS-co-poly(NHC-RNCS) 15, f) PS-co-poly(NHC-Pd(allyl)Cl) 16 and g) PS-co-poly(NHC-AuCl) 17.

Figure S13 .

 S13 Figure S13. TGA curves of the thermal degradation of PS-co-PVBnBuImCl 9 (black), PS-co-PVBnBuImHCO 3 10 (red), PS-co-poly(NHC-Ag(I)) complex 13 (grey), PS-co-poly(NHC-CS 2 ) 14 (orange), PS-co-poly(NHC-RNCS) 15 (green), PS-co-poly(NHC-Pd(allyl)Cl) 16 (violet) and g) PS-co-poly(NHC-AuCl) 17 (dark yellow).

Figure S14. 1 H

 1 Figure S14. 1 H NMR spectrum of the PS-co-PVBnBuImHCO 3 10 in MeOD.

Figure S15. 1 H

 1 Figure S15. 1 H NMR spectrum of the poly([NHC(H)][Br]-co-[NHC(H)][decylCOO]) 7b in MeOD.

Figure S16 .

 S16 Figure S16. Nitrogen adsorption/desorption isotherms of PDVB-0.1EVIBr (red circle).

Scheme 1 . 1 .

 11 Scheme 1. Route A. Synthesis of PVAc-b-PVEtImBr and PVAc-b-PVEtImBr-b-PVAc by sequential CMRP using alkyl-cobalt(III) adduct (a) as a mediating agent as previously reported. 43 Route B. Synthesis of PVAc-b-PVBuImBr by sequential CMRP using Co(acac) 2 (b) and V-70 (c).

Figure 1 .

 1 Figure 1. SEC traces of PVAc-b-PIL PIL BCPs: a) SEC traces of PVAC-Co(acac) 2 and PVAc-b-PVEtImBr 1(Br). Experiments achieved in 2011 in Liège. 43 b) SEC traces of PVAC-Co(acac) 2 and PVAc-b-PVEtIm(TFSI) 2(TFSI). c) SEC traces of PVAC-Co(acac) 2 and PVAc-b-PVBuIm(TFSI) 3(TFSI). d) SEC traces of PVAC-Co(acac) 2 and PVAc-b-PVBuIm(TFSI) 4(TFSI). Characterization by 1 H NMR of compounds obtained after purification by dialysis against MeOH revealed the presence of characteristic signals of both blocks. The composition of the

Figure 2 . 1 HScheme 3 . 1 . 2 .

 21312 Figure 2. 1 H NMR spectrum of PVAc-b-PVEtImBr 1(Br) (Table1) in DMSO-d 6 .

Figure 3 .

 3 Figure 3. SEC traces of polymers 5-11 eluted in a mixture THF/LiTFSI (10 mM).

  X-b-Y can indeed reveal the presence of residual X and/or Y homopolymers. The pure X-b-Y block copolymer is expected to give rise to a single diffusion coefficient (technically speaking, this is reflected by a unique horizontal straight line). Any deviation would reveal the presence of residual (A or B) homopolymers. In our case, DOSY NMR experiments were performed on a few PIL BCPs. A representative DOSY NMR spectrum of PVAc-b-PVBuImBr 11(Br) is shown in Figure 4. This DOSY map of 11(Br) is a two-dimensional correlation showing chemical shifts and diffusion coefficients on the horizontal and vertical axes, respectively.

Figure 4 .

 4 Figure 4. 400MHz 2D DOSY NMR spectrum obtained at 298K in DMSO-d 6 solution of the copolymer 11(Br). NMR signals due to compounds of different sizes can be clearly distinguished. The 1 H NMR spectrum exhibits signals corresponding to both the PVAc block (δ= 4.79; 1.96-1.76 ppm) and the PVBuImBr block (δ=9.72; 7.87; 4.15; 1.37; 0.97 ppm). 1 H NMR signals of PVAc and PVBuImBr give rise to the same diffusion coefficient, i.e. 1.94 x 10 -11 m 2 .s -1 , attesting to the effective covalent linkage of the PVBuImBr and the PVAc blocks. To make sure that these was no residual PVBuImBr or PVAc, dilute DMSO solutions of a PVAc (M n = 10000 g.mol -1 ) and a PVBuImBr (M n = 10000 g.mol -1 ) were also analyzed by DOSY NMR and were compared to the block copolymer sample (Figure 5-6).

Figure 5 .

 5 Figure 5. 400 MHz 2D DOSY NMR spectra obtained at 298K in DMSO-d 6 solution of block PVAc.

Figure 6 .

 6 Figure 6. 400 MHz 2D DOSY NMR spectra obtained at 298K in DMSO-d 6 solution of block PVBuImBr. The diffusion coefficients of PVAc and PVBuImBr were found to be 4.89 x 10 -11 m 2 .s -1 and 2.63 x 10 -11 m 2 .s -1 , respectively. One can thus conclude that no residual PVAc or PVBuImBr homopolymer was present on the DOSY map of the block copolymer, while the decrease in the diffusion coefficient indicated an increase in the average aggregation size due to the formation of the PVAc-b-PVBuImBr PIL BCP. Hence, PVAc-b-PVBuImBr BCP 11(br) formed with a minimum amount -if any-of homopolymer contaminant.

Figure 8 .

 8 Figure 8. SAXS (b) and TEM micrograph (c) of PVAc 179 -b-PVBuImBr 43 11(Br) (a). SAXS (e) and TEM micrograph (f) of and PVAc 179 -b-PVBuIm(TFSI) 43 11(TFSI) (d).

O 68 Figure 9 .

 689 Figure 9. SAXS measurements of 11(Br). (b and c) TEM micrograph after thermal annealing at 200 °C for 10 min of 11(Br). TEM characterization of the PVAc 179 -b-PVBuIm(TFSI) 43 PIL BCP 11(TFSI) obtained

Figure 10 .

 10 Figure 10. SAXS measurements of PVAC-b-PIL(Br): a) 6(Br); b) 7(Br); c) 8(Br); d) 9(Br); e) 10(Br) achieved in CRPP, Bordeaux. The series of reflections in Figure 10 are consistent with a layered periodic symmetry of a highly ordered lamellar organization. Domain spacings (d 100 ) for samples 7 (Br) and 11(Br)

Figure 11 .

 11 Figure 11. (a) SAXS measurements of PVAc 163 -b-PVBuIm(TFSI) 51 9(TFSI). (b) TEM micrograph of PVAc 163 -b-PVBuIm(TFSI) 51 9(TFSI).

Figure 12 .

 12 Figure 12. Schematic illustration of lamellar morpholgy induced by the phase segregation of di-and triblock copolymers, adapted from reference 76.

Figure 13 .

 13 Figure 13. SAXS of PVAc 46 -b-PVEtImBr 20 1(Br) (solid) and PVAc 46 -b-PVEtImBr 52 -b-PVAc 46 (dash).

withPolymers 7 , 8 , 9 ,

 789 Dr. G. Fleury and Dr. K. Aïssou, and with Dr. A. Serghei and Pr. E. Drockenmuller at IMP, Lyon. In LCPO, we measured the temperature dependence of the anhydrous ionic conductivity σ* (w, T) of PVAc-b-PVBuIm(TFSI) by electrical impedance spectroscopy (EIS). 10 and 11 with TFSI counter-anions (Table2) were first solvent casted onto an indium tin oxide (ITO) glass substrate, and annealed 10 min at 65 °C. Copolymer 6 was only solvent-casted but not annealed. Then, an aluminium electrode thick was placed on top of the polymer film, as illustrated in Figure14. In this case, σ* (w, T) was measured in the 100 -10 6 Hz frequency range, under isothermal conditions, with temperatures ranging from 90 °C to RT and increments of 10 °C under an inert nitrogen atmosphere.

Figure 14 .

 14 Figure 14. Illustration of the cell stacking for the PIL BCP ionic conductivity measurements.The PIL BCP resistance R film was extracted from the impedance spectra fitted by means of an equivalent electrical randle circuit that is displayed in Figure16. The equivalent circuit is composed of the electrode resistance R contact in series with a high-frequency capacitance which is in parallel with PIL BCP resistance, R film , in series with the blocking electrode/electrolyte interfaces noted W. Finally, the conductivity was calculated following equation 1. Film thicknesses were measured after ionic conductivity measurements by AFM, as illustrated in Figure15.

Figure 15 .

 15 Figure 15. AFM images enabling the film thickness measurement of sample 9, L = 110 nm.

Figure 16 .

 16 Figure 16. a) Imaginary impedance vs real impedance at 90 °C for PVAc 65 -b-PVBuIm(TFSI) 62 6(TFSI); b) Conductivity vs inverse temperature for PIL BCPs with TFSI counter-anions.

  the temperature-dependent ionic conductivity of hydrophobic PILs obeying a VFT behavior, the ionic conductivity of hydrophilic PILs dramatically depends on the level of hydration.To gain a further insight into the ionic transport porperties of our compounds, we sent the PVAc 174 -b-PVBuIm(TFSI) 74 12(TFSI) sample to Pr. E. Drockenmuller and Dr. A. Serghei at IMP (Lyon). The sample was solvent casted onto a platinum electrode and annealed at 110 °C in vacuum for ca. 24 hours, in order to eliminate solvent residues and adsorbed moisture. The second platinum electrode was placed on top using 20 μm thick Teflon spacers to build-up a measurement cell in a parallel plate configuration with a well-defined separation distance. The sample was annealed again at 110 °C in the cryostat of the dielectric spectrometer under a flow of pure nitrogen. The complex conductivity function *(w,T) = '(w,T) + i ''(w,T)

Figure 17 .

 17 Figure 17. Comparison of Conductivities vs inverse temperature for PVAc-b-PVBuIm(TFSI) 12 measured in LCPO and IMP by EIS.

Figure 18 .

 18 Figure 18. TEM image of the PVAc 161 -b-PVBuIm(TFSI) 74 12(TFSI).

Figure 19 . 1 H

 191 Figure 19. 1 H NMR spectrum of PVAc-b-PVBuImBr 11(Br) self-assembly in CD 2 Cl 2 (pink), D 2 O (purple) and THF-d 8 (green). Further analyses by dynamic light scattering (DLS) and transmission electron microscopy (TEM) confirmed that this PVAc-b-PVBuImBr compound self-assembled into stable and well-defined nanoparticles of different morphologies, depending on the solvent (Figure 20).

Figure 20 .

 20 Figure 20. Self-assembly in solution of PVAc-b-PVBuImBr 11(Br). (a) DLS measurements in THF (green) and H 2 O (purple). (b) TEM micrographs of PVAc-b-PVBuImBr 11(Br) in THF (green) and H 2 O (purple).

3. 2 . 3 . 2 . 1 .Scheme 5 .

 23215 Scheme 5. Synthesis of PVA-b-PIL(Br) 13(Br) by methanolysis of PVAc-b-PIL(Br) 9(Br).

Figure 21 . 1 H 3 . 2 . 2 .

 211322 Figure 21. 1 H NMR spectrum of PVA-b-PVBuImBr 13(Br) in DMSO-d 6 .

Figure

  Figure 24a). Formation of polymeric vesicles (polymersomes) by self-assembly in solution was expected, considering the hydrophilic weight fraction of this amphiphilic BCP, and on

Figure 22 .

 22 Figure 22. Illustration of size and shape variation induced by the ionic responsiveness of the PVA-b-PIL(Br) and their chemical structure.Thus, after dialysis, the ionic responsiveness of the PIL BCP was investigated by adding LiTFSI (0.3, 0.7 or 1 eq. of IL units) in order to exchange with bromide counter-anions. It is believed that partial anion exchange eventually led to an IL-based copolymer exhibiting a random distribution of Br -, R'COO -in the PIL block.

Figure 23 .

 23 Figure 23. DLS measurements in H 2 O of PIL BCP 14 (See Table6).

Figure 24 .

 24 Figure 24. TEM images and schematic illustration of PVA-b-PIL BCPs: a) Entry A (Table6); b) Entry B (Table6); c) Entry C (Table6); d) Entry D (Table6); e) Entry C (Table6); f) Entry D (Table6).

Figure 25 .

 25 Figure 25. Illustration of the anion exchange between bromide, cyanoborohydride and bis(trifluorosulfonyl) imide counter-anions, and resulting chemical structures.The PVA 163 -b-PVBuImBr 51 BCP 13 was again used for this purpose. The anion exchange reaction was carried out in a 2-step sequence. First, anion metathesis was achieved in water, from bromide to cyanoborohydride, using a default of BH 3 CNNa (0.5 eq.), in contrast to the use of an excess of carboxylate ions described previously. After dialysis, addition of LiTFSI (0.5 eq.) on the PVA-b-PVBuIm(Br-co-BH 3 CN) copolymer was applied, which quickly formed a micellar solution containing the as-obtained PVA-b-PVBuIm(BH 3 CN-co-TFSI)(15) 

Figure 26 .

 26 Figure 26. Photograph gold nanoparticles dispersions stabilized by the PIL BCP with various HAuCl 4 content. (Respectively a = 0.9, b = 1.5, c =3 and d > 3 eq. of reducing agent units).Following the procedure established in a previous work at Polymat, 103 an aqueous solution of HAuCl 4 salt (a = 0.9, b = 1.5 and c =3 eq. of reducing agent units) was added under stirring to the colloidal solution of the PIL BCP. The solution turned pink instantaneously as commonly observed for gold nanoparticle dispersions.103,104 The coloration is due to the nanoparticle plasmonic resonance. UV-visible spectrum of the dispersion 15c confirmed the presence of the plasmon band at 523 nm corresponding to the presence of gold nanoparticles smaller than 20 nm (Figure28). Surprisingly, DLS measurements of the solution after addition of the gold complex did not evidence significant change in the micelle-like structure size.

Figure 27 .

 27 Figure 27. DLS measurements of PVA-b-PVBuIm(BH 3 CN-co-TFSI) 15.Originally, we expected a growth of the nanoparticle inside the core-shell structure induced by the PVA-b-PVBuIm(BH 3 CN-co-TFSI) 15 that could increase the nanostructure size. We observed by UV-visible spectroscopy suggested the formation of small gold nanoparticles, similar to those observed in POLYMAT using a PVEtIm(BH 3 CN) homoPIL.103 

Figure 28 .

 28 Figure 28. UV-visible spectrum of the gold nanoparticles dispersions 15c prepared with the PIL BCP 15 as reactant and stabilizer.

Figure 29 .

 29 Figure 29. TEM images of gold nanoparticle dispersions.

Figure 30 .

 30 Figure 30. Schematic representation of perspectives offered by these imidazolium-based PIL BCPs.

  literature. 300 mg (3.85 x 10 -4 mol VBuImBr units) of PVAc-b-PVBuImBr were dissolved in 5 mL of MeOH. The resulting solution was added to a stirred solution of lithium bis(trifluorosulfonyl) imide (CF 3 SO 2 ) 2 NLi (442 mg, 1.54 x 10 -3 mol), previously dissolved in 5 mL of MeOH. 3.5 mL of water was added to force the precipitation after 30 min. The mixture was poured in 100 mL of water and the corresponding PVAc-b-PVBuIm(Tf 2 N) was removed by filtration and dried under vacuum at 40 °C overnight. (80% yield).Synthesis of PVA-b-PVBuImBr diblock copolymer by methanolysisIn a typical experiment, 1g (6.35 x 10 -3 mol VAc units) of PVAc-b-PVBuImBr 18(Br) were dissolved in 5 mL of MeOH. The resulting solution was added to a stirred solution of hydrochloric acid HCl 37% (3 mL, 13 x 10 -3 mol). The reaction mixture was stirred for 24h at room temperature and then the solvent was removed under dynamic vacuum. The yellowish powder was dried under vacuum at 35 °C overnight. (90% yield). ) .1 H NMR (400 MHz, DMSO-d 6 , δ): 10.2 (br, 1H; N-CH-N), 8.45 (br, 2H; CH=CH), 4.2 (br, 1H; CH 2 -CH-N; br, 2H; N-CH 2 -CH 2 ), 3.8 (br, 1H; CH 2 -CH-OH), 1.5-2 (br, 2H; CH 2 -CH 2 -CH 2 ; br, 2H; CH 2 -CH-O; br, 2H; CH 2 -CH-N), 1.3 (br, 2H; CH 2 -CH 2 -CH 3 ), 0.8 (br, 3H; CH 2 -CH 2 -CH 3 ).Preparation of PVA-b-PVBuIm(RCOO-co-TFSI) diblock copolymer by anion exchangeIn a typical experiment, 30mg (44 x 10 -6 mol VBuImBr units) of PVA-b-PVBuImBr 13(Br) were dissolved in 3 mL of water. 2 eq. of potassium carboxylate were dissolved in water and added to the PIL BCP solution. The solution was stirred for 2h and the dialyzed for one day. Then, a solution containing x eq. of LiTFSI was added on the micellar solution and stirred for few hours before filtration (0.45 µm). These different imidazolium-based polymer precursors offer novel perspectives for various organocatalyzed reactions or organometallic catalysis (Heck reaction, Suzuki coupling, etc.) owing to the post-chemical modifications forming poly(NHC)-adducts, according to the chemical structure. Furthermore, addition of electrophilic substrates which react with NHCs at stoichiometry such as fullerenes, or azides, or multifunctional electrophiles (e.g. bis-azides, bis-isothiocyanates, etc.) for network synthesis, could be expanded using coPILs to develop new organic compounds.Regarding on PIL BCPs, synthesis of poly(vinyl acetate)-b-poly(N-vinyl-3alkylimidazolium bromide), (PVAc-b-PIL(Br)) by sequential cobalt-mediated radical polymerization (CMRP) via two synthetic strategies using the alkyl-cobalt initiator or directly the bis(acetylacetonato)cobalt(II) and the V-70 as radical source was described. Comparison between the two synthetic strategies and their influence on the polymerization control evidenced that the use of the alkyl-cobalt initiator induced a reversible deactivation radical polymerization (RDRP) process which exhibited an excellent control although this initiator requires complex synthesis and purification. In contrast, the degenerative transfer (DT) process using the Co(acac) 2 and V-70 exhibited lower control but maintained a relative good control.Then, we discussed the morphological behavior of the PIL BCPs with bromine or bis(trifluorosulfonyl)imide (TFSI) counter-anions. The high degree of incompatibility enabled a strong microphase separation between the blocks. Lamellar and hexagonally packed cylinder morphologies were observed according to the weight ratio between the two blocks.Evaluation of ionic conductivity properties exhibited relatively good values compared to the imidazolium-based PIL BCPs from the literature. Comparison between the two techniques of measurement between the LCPO and the IMP (thin film vs raw materials in bulk) evidenced the important role of the sample preparation and the measurement conditions. It was concluded that morphological observations and ionic conductivity measurements required raw materials in bulk.Self-assembly properties were manipulated thanks to the anion exchange reaction with various counter-anions and by post-chemical modification. A Proper choice in selective solvent and the ionic responsiveness of the PIL BCPs were exploited to form micelle-like structure. The amphiphilic PVAc-b-PIL(Br) evidenced the formation of micelle-like structure in selective solvent (water or THF). A poly(vinyl alcohol)-b-[poly(N-vinyl-3butylimidazolium carboxylate)-co-poly(N-vinyl-3-butylimidazolium bis(trifluorosulfonyl) imide)) (PVA-b-PIL(R'COO-co-TFSI)) was synthesized by methanolysis of the PVAc block followed by sequential anion exchange forming a core-shell structure. PIL BCPs were also used as stabilizers and reducing agents utilizing the borocyanohydride (BH 3 CN -) counteranions to synthesize gold nanoparticles in aqueous solution. The core-shell structure of a PVA-b-PIL(BH 3 CN-co-TFSI) evidenced the role of stabilizer of the two blocks. The PIL BCPs as micelle-like structures enabled the growth of gold nanoplates such as nanocubes and hexagonal or octahedral nanoplates according to the molar ratio between the reducing agent counter-anion BH 3 CN -and the gold complex. This PhD work offers promising perspectives for these imidazolium-based PIL BCPs exploiting the modularity provided by the different parameters of the PIL BCP structure.CMRP could be used to develop novel PIL BCPs by changing the nonionic block (NVP, NVIm, AN) in a controlled fashion to tune mechanical properties. Synthesis of triblock copolymers while exhibiting similar ionic conductivity with their diblock homologues could be also better exploited. In addition, the reactivity of the imidazolium ring, the alkyl substituent (hydrophilic or hydrophobic) and the various counter-anions open promising perspectives for further organic or organometallic catalysis in self-assembled structures in solution, or nanostructured magnetic materials.POLYMATBasque Country University (UPV/EHU) Joxe Mari Korta Center -Avda. Tolosa, 7220018, Donostia-San Sebastian, SPAIN Título: Polímeros Líquidos Iónicos (PILs) Reactivos y Nanoestructuras a Partir de Copolímeros de Bloque Compuesto de un Bloque de PIL

  Liquides Ioniques (PIL) Réactifs et Nanostructures à Partir de Copolymères à Blocs Composés d'un Bloc PIL

Mots clés :

 clés Polymères liquides ioniques, Copolymères à blocs, Imidazolium, catalyse organique, Modification post-polymérisation, Auto-assemblage, Conductivité ionique, nanoparticules d'or.Title: Reactive Poly(ionic liquid)s (PILs) and Nanostructures from PILbased Block CopolymersAbstract: The aim of this PhD work is to expand the scope of engineered imidazolium-based poly(ionic liquid)s (PILs) and their related PIL-block copolymers (PIL BCPs).
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  Elabd et al. described the synthesis of a series of well-defined PIL BCPs based on poly(methyl methacrylate) (PMMA), with various PIL compositions ( values from 16100-25700 g.mol -1 with 4.3-15.7 mol% PIL, D < 1.6; Entry 9, Table

). 194 2.1.3. Nitroxide-mediated polymerization (NMP) Recently, Armand, Gigmes et al. elaborated PIL BCPs consisting of a polyanionic

  

	backbone with lithium as counter-cation (Entry 12, Table 1). 193 A series of BAB triblock,
	poly(4-styrenesulphonyl(trifluoromethylsulphonyl) imide lithium)-b-poly(ethylene oxide)-b-
	poly(4-styrenesulphonyl(trifluoromethylsulphonyl) imide lithium), denoted as P(STFSILi)-b-
	PEO-b-P(STFSILi), with 10 to 40 wt% P(STFSILi) were designed by NMP.

2.1.4. Cobalt-mediated radical polymerization (CMRP)

  

	methanol solution, using a pre-formed alkyl-cobalt(III) adduct as both the polymerization
	initiator and controlling agent upon dissociation. Excellent control over molar masses and
	dispersities (D ~ 1.05-1.06) were achieved in MeOH. Substituting methanol for DMF induced
	In 2011, Detrembleur, Taton et al. introduced a new family of PIL BCPs based on poly(N-
	vinyl-3-ethylimidazolium bromide) (PVEtImBr) and poly(vinyl acetate) (PVAc), the
	synthesis of which was achieved by sequential CMRP (see Scheme 8, Route A; Entry 13,
	Table 1). 74,90 Polymerizations were typically carried out either in dimethylformamide or in

2.1.6. Chemical modification of preformed block copolymers

  Triblock copolymers of similar composition (mass fraction: 26.4 wt% for the hydrophobic block A, 46.1 wt% for the PIL block B and 27.5 wt% for the hydrophilic block C), and total chain length ( values from 20.8-22.8 kg.mol -1 ), but with different block sequences (ABC, CAB, ACB) were designed in this way. The ABC-and CAB-type sequenced compounds were used as membranes in gas permeation application.

	As mentioned above, first PILs arranged in a BCP architecture were synthesized in this
	way, as reported in 2003 by Waymouth, Gast et al. (Entry 16, Table

Table 1

 1 3 , n-C 4 H 9 , n-C 6 H 13 ) (Entry 17,

Table 1

 1 ). 100 Balsara et al. synthesized PS-b-

	PVBnBuImCl BCPs, with molar masses varying from 4 to 60 kg.mol -1 (D ~ 1.09-1.45), and
	that were further quaternized with n-butylimidazole (Entry 18,

Table 1 .

 1 = 68600 g.mol -1 with a dispersity of 1.09; Entry 24, Table1) by partial quaternization of the P2VP block with ethyl bromide.201 Note that in this case, the resulting Representative PIL BCP structures, related synthetic and characterization methods, morphologies observed at the solid state, and ionic conductivity. Note that Entries 11 and 23-24 correspond to nonimidazolium PIL BCPs.

	PIL BCP is a nonimidazolum-type compound. The same was true for the post-chemical
	modification of poly(2-vinylpyridine)-b-poly(methyl methacrylate) P2VP-b-PMMA (Entry
	25, Table 1), grown by anionic polymerization and whose degree of substitution was
	varied. 202 The extent of quaternization of resulting compounds, denoted as [(P2VP-r-poly(1-
	ethyl-2-vinylpyridinium bromide)]-b-PMMA, were in the range 7.5-37%. Adding a
	methanolic solution of FeBr 3 onto the latter PIL BCPs led to paramagnetic materials, [(P2VP-
	r-poly(1-ethyl-2-vinylpyridinium Fe 3 Br 10	-)]-b-PMMA.

). 200 As for Garcia et al., they chemically modified poly(styrene-b-2-vinylpyridine) (PS-b-P2VP; D b n.i. b

  2, Table 1); adapted from reference 78.

	The first example of a doubly responsive PIL/PNIPAM BCP was reported by Endo, Mori
	et al. (Entry 4, Table 1). 81 As expected, introduction of poly(1-(2-ethoxyethyl)-3-
	vinylimidazolium bromide) (PEtOEVI-Br) hydrophilic segment increased the LCST of the
	compound. In contrast, BCP containing hydrophobic blocks, such as poly(1-(3-phenylpropyl)-
	3-vinylimidazolium	bromide)	(PPVI-Br)	or	poly(1-(6-ethoxycarbonylhexyl)-3-
	vinylimidazolium bromide) (PEHVI-Br), were insoluble in water at room temperature. The
	amphiphilic PNIPAM 91 -b-PPVI-Br 9 BCP was found to self-organize into micelles consisting
	of a hydrophobic PIL core and hydrophilic shell of PNIPAM. In contrast, no detectable
	micelle was observed from the double hydrophilic PNIPAM-b-PEtOEVI-Br sample.

Table

  

  ).79 These compounds were not water soluble due to the

	counterions showed a partial structural inversion in aqueous NaBF 4 , upon the thermal collapse
	of PNIPAM.	
	Investigations by DLS and turbidity measurements into the self-assembling properties of
	PNIPAM 50 -b-PBVImBr 17 (Entry 7, Table 1) was reported by Wu et al.. 83 Furthermore, FTIR
	in combination with two-dimensional correlation spectroscopy (2Dcos) and the perturbation
	correlation moving window (PCMW) technique allowed studying the micro-dynamics of
	micelle-like structures. Micelle formation consisting of a core of PBVImBr and a shell of
	PNIPAM was again evidenced. The increase of the phase transition temperature was
	attributed to the dehydration of alkyl chains of the PIL. A greater hysteresis was also observed
	during the heating-cooling cycle. This was explained by the existence of hydrogen bonds
	among the micelles (inter-micellar interactions) formed upon heating and that could be hardly
	disrupted. Hence, the recovery hydration process involving C-H groups upon cooling was
	prevented, due to the compact micellar structure. Intra-micellar hydrogen bonding developing
	at room temperature was also suggested.
	Another example of self-assembly from doubly responsive PIL/PNIPAM BCP was
	reported by Yuan, Antonietti et al. (Entry 6, Table
	bulky hydrophobic counter-anion. Core-shell micelles formed in pure water from amphiphilic
	samples featuring BF 4	-counterions, while double-hydrophilic compounds with Br -

  2 nm, CAB: 28.6 nm, ACB: 24.7 nm). PIL BCPs reported by Segalman et al. were prepared by deprotonation of histidine moieties of nonPIL precursors based on PS and poly(histaminemethacrylamide) (PHMAm) with trifluoroacetic acid. 200 SAXS and TEM analyses evidenced that, after thermal annealing above T g (210 °C) under vacuum, hexagonally packed PHMAm cylinders formed from the precursor materials containing between 8 to 20 wt% PHMAm, while lamellar morphologies were observed for BCPs between 32 and 54 wt% PHMAm. A change of domain sizes was noted after chemical modification with TFA, resulting in PIL BCPs shown in Entry 23 (Table

  Lodge et al. evaluated the separation performance of their triblock copolymer ion gel, PS-b-PBrEA-b-PS (Entry 22, Table1) on a microporous PVDF membrane (0.45 µm pore sire, 75 % porosity), at room temperature.

104 

The pores of the PVDF membranes were filled with ion gels containing 15 wt% of the triblock to form a dense, dry membrane. The BCP ion gel showed a permselectivity of 19 for CO 2 /CH 4 and 39 for CO 2 /N 2 gas pairs. The permeability of each gas (CO 2 , N 2 , CH 4 ) was roughly the same in presence or in absence of another gas (Example: CO 2 = 985 ± 29 vs. CO 2 in presence of N 2 = 1030 ± 24 vs. CO 2 in presence of CH 4 = 1040 ± 23).

Gas transport through phase-separated ROMP-derived PIL BCPs (71, 42, 31 and 18 wt% IL units respectively; entry 15, Table

  2 / N 2 ) α(CO 2 / CH 4 ) α(CO 2 / H 2 )

	ABC	2340	230	820	740	10.2	2.9	3.2
	CAB	410	30	100	140	13.7	4.1	2.9

Chapter 2 Poly(ionic liquid)s (PILs): Reactive Platforms for a Use in Organocatalysis and Post- polymerization Modification

  In this chapter, the intrinsic reactivity of the imidazolium units of PILs has been exploited for the purpose of catalysis and for post-chemical modification as well.

	Synthesis of novel poly(ionic liquid)s, namely,	poly(N-vinyl-3-alkylimidazolium
	hydrogen carbonate)s, denoted as poly([NHC(H)][HCO 3 ])s or PVRImHCO 3 , where R is an
	alkyl group (R = ethyl, butyl, phenylethyl, dodecyl), is first described. All
	poly([NHC(H)][HCO 3 ])s salts prove air stable and can be manipulated without any particular
	precautions. They can subsequently serve as polymer-supported pre-catalysts to generate
	polymer-supported N-heterocyclic carbenes, referred to as poly(NHC)s, formally by a loss of
	"H 2 CO 3 " (H 2 O +CO 2 ) in solution. This is demonstrated through selected organocatalyzed
	reactions of molecular chemistry, namely benzoin condensation, transesterification and
	cyanosilylation. Organocatalyzed reactions can be performed with excellent yields, even after
	five catalytic cycles.	

Keywords: Poly(ionic liquid)s, Statistical copolymers, Mesoporous copolymer networks, Imidazolium, Organocatalysis, Post-polymerization modification, N-heterocyclic carbenes, Reactivity.
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Table 1 .

 1 Free-radical polymerization of VRImHCO 3 monomers 5.

	Entry Monomer	Initiator a	T (°C)	Solvent	Time (h)	Conv. (%) b	(g.mol -1 ) c D c
			AIBN		DMSO				
	1	5b (R=Bu)	or	80	or	144	0	-	-
			V-501		MeOH				
	2	5b (R=Bu)	V-70	40	DMSO	72	30	-	-
	3	5a (R=Et) KPS/DMAPN R.T. DMSO	18	85	29000	2.30
	4	5b (R=Bu) KPS/DMAPN R.T. DMSO	18	98	26200	1.78
	5	5b (R=Bu) KPS/DMAPN R.T. MeOH	18	40	-	-
	6	5c (R=EtPh)	KPS/DMAPN R.T. DMSO	18	95	-d	-d
	7	5d (R=Dod)	KPS/DMAPN R.T. DMSO	18	68	-d	-d

a A [Monomer]/[Initiator] ratio equal to 60 : 1 was used. b Conversion was calculated by

1 

H NMR from the disappearance of the signal at 7.2 ppm and appearance of signal at 0.8 ppm corresponding to the polymer. c Molecular weight and dispersity were determined by SEC in water/formic acid (0.3 M) calibrated with poly(2-vinyl pyridine). d Molecular weight and dispersity were not determined due to the insolubility of the polymer in aqueous solvent used for SEC.

Characterization of PILs by size exclusion chromatography (SEC) is challenging owing to interactions of these polylectrolytes with SEC columns.

70 

Recently, however, Matyjaszewski et al. reported a "universal" method to analyze well-defined PILs based on imidazoliumbased with bis(trifluoromethanesulfonyl)imide (TFSI) counter-anions.

70 

THF was employed as the eluent in presence of the same TFSI anion. In the present work, analysis of some polymers (PVBuImBr 6b, PVEtImHCO 3 1a and PVBuImHCO 3 1b) by aqueous SEC (that was realized before aforementioned paper by Matyjaszewski et al. came out) showed a

  [51][52][53][54][55][80][81][82][83][84] "Classic" counter-anions (PF 6

	-, BF 4	-, CF 3 SO 3	-,
	TFSI) are unable to deprotonate the imidazolium ring to form the NHC. 85,86 In sharp contrast,
	anions derived from weak acids exhibits a sufficient basicity, which allows generating
	corresponding NHCs (Scheme 2). 52,53,84		

In 2006, Clyburne et al. have shown that free NHC as basic neutral compound (pKa values ranging from 22 to 24 in DMSO) can deprotonate weak acids such as phenol to produce a [cation … anion] pair that exhibited one of the shortest [C-H … O] hydrogen bonds (A, Scheme 9

Table 2 .

 2 Comparison of imidazolium-based PILs used for the benzoin condensation reaction

	Catalytic				
	amount	10	3	10	1
	(mol%)				
	Benzoin				
	condensation conversion	62	77	94	94
	(%)				
	TOF (h -1 )	0,26	1,07	0,39	3,95
	Advantages	-Synthesis in 2 steps -Recycling	-Synthesis in steps -Homogeneous catalysis	-Excellent conversion -Low catalytic density along the polymer -Parent polymer easily characterized	-Excellent conversion -Low amount of catalyst -Low catalytic density -Synthesis in 2 steps -Recycling
					-NHC
	Drawbacks	-Lower conversion	-No recycling	-Synthesis in 3 steps	generation by deprotonation with a strong
					base
	Then, the polystyrene-based coPILs were post-functionalized by a variety of simple
	organic and organometallic substrates. This synthetic strategy opens avenues to the synthesis
	of novel polymers, such as polybetaines and poly(NHC-Met) complexes. Combined
	characterization methods, including NMR and IR spectroscopy as well as TGA allowed
	attesting to the expected structure of the polymer derivatives, after transfer of the NHC units

either to organic substrates (e.g., CS 2 , RNCS) or to catalytically relevant transition metals (e.g., Ag, Pd, Au).

  CH-C 6 H 5 ; CH 2 -CH-C 6 H 5 ; CH 2 -CH-C 6 H 4 ; CH 2 -CH-C 6 H 4 ; CH 2 -CH 2 -CH 2 ; CH 2 -CH 2 -CH 3 ), 0.8-0.9 (br, 3H; CH 2 -CH 2 -CH 3 ). 13 C NMR (DMSO-d 6 , see numbering of Figure 12): 144.0-147.1 (C l ), 136.8 (C s ), 132.8 (C i ), 127.2-130.1 (C d,e,j,k,c ), 126.2 (C f ), 122.9 (C n ), 51.8 (C m ), 49.0 (C o ), 47.1-48.2 (C a,g ), 39-41 (C b,h ), 31.8 (C p ), 19.2 (C q ), 13.7 (C r ).

	3 (br, 2H; CH=CH), 6.2-7.3
	(br, 9H; -C 6 H 5 , 5H; -C 6 H 4 ), 5.1-5.5 (br, 2H; -CH 2 -), 4.0-4.3 (br, 2H; N-CH 2 -CH 2 ), 1-2.3 (br,
	10H; CH 2 -

  CH 2 -CH-C 6 H 5 ; CH 2 -CH-C 6 H 5 ; CH 2 -CH-C 6 H 4 ; CH 2 -CH-C 6 H 4 ; CH 2 -CH 2 -CH 2 ; CH 2 -CH 2 -

1 

H NMR (CD 3 OD, see Figure

S14

): δ = 7.2-7.6 (br, 2H; CH=CH), 6.20-7.3 (br, 9H; -C 6 H 5 ; -C 6 H 4 ), 5.1-5.4 (br, 2H; -CH 2 -), 4-4 (br, 2H; N-CH 2 -CH 2 ), 1-2.3 (br, 10H;

  CH 2 -CH-C 6 H 5 ; CH 2 -CH-C 6 H 4 ; CH 2 -CH-C 6 H 4 ; CH 2 -CH 2 -CH 2 ; CH 2 -CH 2 -CH 3 ), 0.8-1.0 (br, 3H; CH 2 -CH 2 -CH 3 ). 13 C NMR (DMSO-d 6 , see numbering of Figure 24): 231.0 (C t ), 145.2 (C l ), 137.9 (C s ), 132.6 (C i ), 126.8-131.5 (C d,e,j,k,c ), 126.2 (C f ), 122.7-123.2 (C n ), 49.1 (C m ), 47.2 (C a,g ), 42.6 (C o ), 37-39 (C b,h ), 30.1 (C p ), 20.2 (C r ), 13.7 (C r ).

	1 H NMR (DMSO-d 6 ): δ = 7.5-7.8 (br, 2H; CH=CH), 6.0-7.7 (br, 9H; -C 6 H 5 ; -
	C 6 H 4 ), 5.2-5.8 (br, 2H; -CH 2 -), 4.0-4.3 (br, 2H; N-CH 2 -CH 2 ), 1.0-2.0 (br, 10H; CH 2 -CH-
	C 6 H 5 ;

  Allyl)Cl] 2 and molecular sieves were introduced into a Schlenk tube. Compounds were submitted to 30 min under vacuum and finally three Ar/vacuum cycles. Dry CH 2 Cl 2 (5 mL) was added under inert atmosphere and the Schlenk tube was then transferred into a 40 °C preset oil bath. The solution was stirred for 24h and then poured in diethyl ether to precipitate

	16 as a grey powder. (Yield 81%) 1 H NMR (CD 2 Cl 2 ): δ = 7.5-7.8 (br, 2H; CH=CH), 6.0-7.7
	(br, 9H; -C 6 H 5 ;-C 6 H 4 -), 5.2-5.8 (br, 3H; -CH 2 -; CH allyl ), 4.0-4.2 (br, 2H; N-CH 2 -CH 2 ), 2.9-3.2
	(br, 4H, CH 2, allyl ), 1.0-2.0 (br, 10H; CH 2 -CH-C 6 H 5 ; CH 2 -CH-C 6 H 5 ; CH 2 -CH-C 6 H 4 ; CH 2 -CH-
	C 6 H 4 ; CH 2 -CH 2 -CH 2 ; CH 2 -CH 2 -CH 3 ), 0.8-1.0 (br, 3H; CH 2 -CH 2 -CH 3 ). 13 C NMR (CD 2 Cl 2 ,
	see numbering of Figure 27): 178.0 (C s ), 143.9 (C l ), 133.4 (C i ), 125.9-130.2 (C d,r,j,k,c ), 124.7
	(C f ), 121.5-123.3 (C n ), 114.8 (C t ), 71.6 (C t ), 53.0 (C m ), 49.8 (C o ), 49.0 (C a,g ), 48.5 (C t ), 37-39
	(C b,h ), 32.2 (C p ), 18.3 (C p ), 13.0 (C r ).
	1 H NMR (DMSO-d 6 ): δ = 7.5-7.8 (br, 3H; CH=CH;
	C 2 (CF 3 )CH), 6.0-7.7 (br, 11H; -C 6 H 5 ; -C 6 H 4 -; -C 6 H 3 -), 5.2-5.8 (br, 2H; -CH 2 -), 4.0-4.3 (br,
	2H; N-CH 2 -CH 2 ), 1.0-2.0 (br, 10H; CH 2 -CH-C 6 H 5 ; CH 2 -CH-C 6 H 5 ; CH 2 -CH-C 6 H 4 ; CH 2 -CH-
	C 6 H 4 ; CH 2 -CH 2 -CH 2 ; CH 2 -CH 2 -CH 3 ), 0.8-1.0 (br, 3H; CH 2 -CH 2 -CH 3 ). 13 C NMR (DMSO-d 6 ,
	see numbering of Figure 26): 181.8 (C t ), 156.1 (C s ), 145.0 (C u ), 138.1 (C i ), 116.1-130.0
	(C c,d,e,f,j,k,n,v,w,x,y ), 53.8 (C m ), 52.0 (C a,g ), 49.1 (C o ), 37.0-39.3 (C b,h ), 32.6 (C p ), 19.3 (C q ), 13.7
	(C r ).

Synthesis of PS-co-poly(NHC-Pd(II)) complex 16

160 mg (0.48 mmol VBnBuImHCO 3 units) of PS-co-PVBnBuImHCO 3 (stored in a capped vial under air), 105 mg (0.6 equiv., 0.29 mmol) of palladium allyl chloride dimer [Pd(

Table 1 . Synthesis of PVAc and PIL BCPs using the alkyl-cobalt initiator.

 1 2 , PVAc-Co(acac) 2 was prepared by CMRP of VAc at 30 °C in bulk, following established experimental conditions.43 

	Conv.	(%) b
	t	(h)
	T	(°C)
	DMF/	MeOH
	[PVAc]/	[IL(Br)]
	[I] a /	[VAc]
	Polymer
	Entry Sample

Table 4 .

 4 VFT 

equation values of the PIL BCP 6(TFSI) (results from Bordeaux).

Table 5 .

 5 VFT 

equation values of the PIL BCP 12(TFSI) (Results from Lyon).

Table 6 .

 6 DLS measurements of PIL BCP 14.

	Reagent	A: 2 eq.
	added	

R'COOK B: A + 0.3 eq. LiTFSI C: A + 0.7 eq. LiTFSI D: A + 1 eq.

  2 mL of MeOH and added(15 calculating the conversion by1 H NMR in CD 2 Cl 2 . The sample was quenched by adding an excess of TEMPO after 15 h (53% conversion). The final product was precipitated in diethyl ether. After re-dissolution in methanol, the product was dialyzed against methanol for 48 h and finally dried at 40 °C in vacuum for 24h. The composition of the copolymer was calculated by 1 H NMR in CD 2 Cl 2 : PVAc (15600) -b-PVBuImBr (9900) .1 H NMR (400 MHz, CD 2 Cl 2 , δ): 10.2 (br, 1H; N-CH-N), 8.45 (br, 2H; CH=CH), 4.8 (br, 1H; CH 2 -CH-O), 4.2 (br, 1H; CH 2 -CH-N; br, 2H; N-CH 2 -CH 2 ), 1.5-2 (br, 2H; CH 2 -CH 2 -CH 2 ; br, 2H; CH 2 -CH-O; br, 2H; CH 2 -CH-N), 1.3 (br, 2H; CH 2 -CH 2 -CH 3 ), 0.8 (br, 3H; CH 2 -CH 2 -CH 3 ).

138 ppm compared to that of C 2 H in coPIL 9, demonstrated the metallation of C 2 by Ag, and the formation of the targeted poly(NHC-Ag) complex 13 (Figure 23). Figure 23. 13 C NMR spectrum of the PS-co-poly(NHC-Ag) complex 13 in DMSO-d 6 .

Stoichiometric addition (CS 2 , isothiocyanate)

Besides being powerful ligands for transition metals and organocatalysts for a variety of transformations, molecular NHCs were recently shown to react with small electrophilic organic molecules, including CO 2 , 38 CS 2 , 38,39 N 2 O, 133 aldehydes, [134][135][136][137] esters, 137 ketenes [138][139][140][141] and isothiocyanate under true stoichiometric conditions. 39,142,143 Here, two model organic substrates, CS 2 and isothiocyanate, were investigated to highlight the stoichiometric reactivity of our coPIL 10 (Scheme 22). 1c was prepared following a similar procedure to that used for 1a (Yield 95%). 1 H NMR (CD 3 OD, see Figure S4) : 1.7-2.1 (br, CH 3 -CH-, D3H), 2.3-3.3 (br, H 2 C-CH-N, 2H), 4.6-5.1 (br, CH 2 -CH-N, 1H), 5.3-5.6 (br, CH-(CH 3 )(C 5 H 5 ), 1H), 7.2-7.7 (br, CH-C 5 H 5 , N-CH=CH-N, N-CH=CH-N, 7H). 13 C NMR (CD 3 OD, see Figure S3): 1d was prepared following a similar procedure to that used for 1a (Yield: 68%). 1 H NMR (CD 3 OD, see Figure S6) δ 0.7-0.8 (br, CH 3 13 C NMR (CD 3 OD, see Figure S5): 

Synthesis of PVRImHCO 3 via anion exchange of PVRImBr.

4 mmol of poly(N-vinyl-3-alkylimidazolium bromide) 6 were dissolved in dry methanol, and the resulting solution was added to a stirred solution of KHCO 3 (1.05 eq.), in methanol. The resulting suspension was stirred for 24h at RT. After filtration over Celite, methanol was evaporated under vacuum to yield a sticky solid. After trituration of the solid with acetone and filtration, poly(N-vinyl-3-alkylimidazolium hydrogen carbonate) 1 was obtained as a yellowish powder and dried under dynamic vacuum (Yield 95%). NMR data were in accordance with 1b' (see Figure 3 and Figure 4). After a few hours of reaction, about 50% of VAc conversion were reached (Table 1).

After removal of residual monomer under vacuum, the resulting PVAc-Co(acac) 2 was employed as a macroinitiator for CMRP of IL monomers in methanol at 30 °C.

Characterization of our PIL compounds by SEC proved very challenging. In our previous works, poly(N-vinyl-3-ethylimidazolium bromide) and corresponding PVAc-b-PIL(Br) BCPs could be analyzed by SEC in DMF. A typical SEC trace is shown in Figure 1a. As mentioned earlier in this document, Matyjaszewski et al. recently established a general method for measuring molar masses of PILs, by adding 10 mM of LiTFSI in the THF as eluent, and analyzed PILs with TFSI counter-anions. 51 By this technique, interactions between PIL blocks and the columns could seemingly be avoided. The composition of the PVAc-b-PVBuImBr BCP was again determined by 1 H NMR, as described previously (Table 2). Characterization by 1 H NMR of the compound purified by dialysis against MeOH revealed the presence of characteristic signals of both blocks, using DMSO-d 6 or CD 2 Cl 2 , two good solvents for both the PVAc and the PVBuImBr block.

Results of SEC characterization obtained after anion exchange, from bromide to TFSI, of PIL BCPs 5-11 are also summarized in Table 2 (see also Figure 3).

The first PVAc block was generally well-defined (D < 1.2). However, shapes of molar masses distribution obtained after crossing-over from PVAc to the PIL block by CMRP showed a certain loss of control. In particular, dispersities slightly increased when using a longer PVAc (PIL BCPs 8, 9, 10 and 11, see also Entry 7-14, Table 2). Samples 5 and 6 arising from entries 1-4, that were, using a PVAc precursor of ~5000 g.mol -1 also gave relatively poor defined BCPs. In contrast, compounds 7 showed a shift towards the higher molar masses with no unreacted PVAc chains left. The shoulder in the high molar masses region observed in some cases, likely resulted from radical irreversible coupling reactions, as already explained previously (Figure 3, PIL BCPs 6, 8, 10).

Table 2. Synthesis of PIL BCPs using the Co(acac)

2 and the V-70. 

Entry

Morphological behavior

As emphasized in the bibliographic chapter (chapter 1), formation of nanostructured morphologies at the solid state dramatically influences the transport properties of PIL BCPs.

A preliminary study of the PVAc 179 -b-PVBuImBr 43 11(Br), that was synthesized according to route B Scheme 1, was carried out, before investigations of a more complete series of PIL BCPs, spanning the composition range of 21-82 wt% PIL(Br) (Table 2).

The a Br -and a TFSI counter-anion, respectively. These results are consistent with other reported data where ILs and PILs had a lower T g, as well as a higher thermal stability than their counterparts with bromine anions. 52,61 Typical analysis by DSC of PVAc-b-PVBuImBr 11(Br) is shown in Figure 7, where Unfortunately, the lack of contrast between the PIL(TFSI) block and PVAc block did not allow us to conclude about the morphological behavior, except for PIL BCPs 9(TFSI) and 11(TFSI). The composition ratio of these two samples is very similar, with a PIL weight fraction of 61%. SAXS data and TEM images showed the existence of a lamellar mesostructure, but no second order reflection (Figure 11), again suggesting a symmetric volume fraction close to f v ≈ 0.5. Note again that this SAXS equipment is not as powerful as the synchrotron used in ESRF, Grenoble. Here, the characteristic period determined from SAXS data is also smaller than their parent PVAc-b-PIL(Br) (22 vs 27 nm respectively), in agreement with our previous results from sample 11(TFSI).

Thus, the amphiphilic PVAc-b-PIL(Br) compound showed the formation of micelle-like structures in a selective solvent (water or THF). The PVAc block was subsequently methanolyzed into poly(vinyl alcohol) (PVA), forming a double hydrophilic block copolymer, PVA-b-PIL(Br), which proved ionic responsive in aqueous solution. A poly(vinyl alcohol)-b-[poly(N-vinyl-3-butylimidazolium carboxylate)-co-poly(N-vinyl-3-butylimidazolium bis(trifluorosulfonyl) imide)], denoted as PVA-b-PIL(RCOO-co-TFSI), was thus synthesized by anion exchange and was shown to generate a core-shell structure in aqueous media.

Advantage of PIL BCPs was finally taken to both stabilizers and reducing agents, via the borocyanohydride (BH 3 CN) counter-anions, to access gold nanoparticles in aqueous solution.

The core-shell structure of the PVA-b-PIL(BH 3 CN-co-TFSI) attested to stabilizing effect of the two blocks. These PIL BCPs enabled the growth of gold nanoplates, such as nanocubes and hexagonal or octahedral nanoplates, depending on the molar ratio between the reducing agent BH 3 CN -and the gold complex.

As summarized in Figure 30 ii. Imidazolium-based PILs could be easily modified by varying the alkyl substituent on the imidazolium ring, e.g. with hydrophilic or hydrophobic alkyl groups.

Various counter-anions could also be introduced, from hydrophilic ones to hydrophobic ones to tune the solubility/viscosity of PIL BCPs.

iii.

Investigations into redox counter-anions such as perrhenate (ReO ) could be implemented to achieve conducting PEDOT dispersions. Magnetic properties could also be provided by Fe 3 Br 10 -counter-anions, so as to develop nanostructured magnetic materials.

iv.

Obviously, the ability of the imidazolium-based PIL, precursors for generating poly(N-heterocyclic carbene)s (poly(NHC)s) or poly(NHC-metal adduct)s as highlighted in chapter 2 could be applied for further organic or organometallic mL.h -1 ) to 5 mL of water or THF under stirring. Three measurements were conducted and averaged for all the samples. 1 The synthesis of these copolymers was described in our previous report.

Synthesis of 1-vinyl-3-butylimidazolium bromide VBuImBr

1-Vinyl-3-butylimidazolium bromide (VBuImBr) was synthesized following the procedure described in the literature. [54,55] The monomer was recovered as a white solid (100% yield). NMR data were in accordance with those reported in the literature.

Synthesis of the poly(vinyl acetate) macroinitiator end-capped with Co(acac) 2

A Schlenk tube was flame-dried and charged with 49. 

General Conclusion and Perspectives

This thesis work aimed at expanding the scope of imidazolium-based poly(ionic liquid)s (PILs) and their related PIL block copolymers (BCPs). The first objective was to develop novel air-stable and reactive imidazolium-based PILs of various polymer structures for the purpose of organocatalysis and for post-chemical modification as well. Taking benefit of the intrinsic reactivity of the imidazolium moiety of PILs had been so far under exploited before this work. Another objective was to design a novel family of well-defined PIL BCPs based on poly(vinyl acetate) and poly(N-vinyl-3-alkylimidazolium bromide) and, for this purpose, we resorted to the sequential cobalt-mediated radical polymerization (CMRP). The selfassembling properties both in solution and at the solid state of these PIL BCPs were investigated, which evidenced a high degree of incompatibility between the PVAc and the PIL blocks.