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INTRODUCTION

Nature heavily relies on cooperativity to build the highly complex components of organisms from small units to bigger assemblies able to perform many complex biological functions as in the case of microtubules (Figure I). This bottom-up approach has been used to construct artificial supramolecular structures which exhibit amazing properties. But there are not that many systems enabling the formation of well-defined monodisperse objects, where the monomeric structure regularly assembles in a controlled fashion at the molecular scale (within the range of 1 to 10 nm). In this work, we wish to develop such a system using precisely bifunctional cyclodextrins (CDs) to build two-dimensional (2D) supramolecular nanosheets by cooperative self-assembly (Host-guest interactions and metal coordination interactions) in a fully controllable manner. After a brief introduction setting the basis of the project, we will introduce the supramolecular polymers (SPs) in Chapter I. In the first part of this chapter, we will present some examples of supramolecular polymers in nature and non-covalent interactions. In the second part of this chapter, we will focus on the mechanisms of assembly, the common interactions used to build these SPs, and some of their attractive applications. In the third part of this chapter, we will first introduce CDs, including their structural properties and their selective chemical modification. Then, we will present CDbased SPs in the literature and discuss some typical examples of 1D and 2D constructions using different strategies.

In Chapter II, we will introduce our strategy based on a bifunctional modified β-CD [START_REF] Mendes | Self-assembly in nature: using the principles of nature to create complex nanobiomaterials: Self-assembling in nature[END_REF] bearing an adamantly group and positive charge previously synthesized in our lab (Figure II-A). Based on this molecule, we will describe the design and synthesis of a new bifunctional β-CD monomer [START_REF] Rong | Self-assembly of viral particles[END_REF][START_REF] Varki | Biological roles of oligosaccharides: all of the theories are correct[END_REF][START_REF] Han | Donor-acceptor-type supramolecular polymers on the basis of preorganized molecular tweezers/guest complexation[END_REF] bearing an adamantly group and a bipyridine unit. We will further describe the first attempts to build 2D nanosheets with cooperative host-guest and coordination interactions (Figure II-B). In chapter III, we will present a new bifunctional monomer based on a β-CD bearing an adamantly group and a dynamic iminopyridine unit connected through a dynamic covalent bond. Using this dynamic monomer (Figure III), we will describe the synthesis and the dynamic bonding behavior. Then we will further study the assembly and coordination properties and their cooperative interplay to build 2D nanosheets separately. Then, a series of NMR experiments ( 1 H NMR, ROESY, DOSY) and UV-Vis experiments were used to study host guest interactions and metal coordination interactions separately. The morphological topology of the 2D nanosheets was characterized under several microscopy techniques (Optical microscopy, SEM, AFM, Cryo-TEM). The organization of the 2D nanosheets was explored by EDX, electron diffraction and SAXS experiments. In the end, we will show how does pH can be used as a switch to control the self-assembly and dissociation of the 2D nanosheets.
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Abstract

Self-assembly is a powerful tool to elaborate architectures from small units to bigger assemblies in a controllable approach. Nature uses this strategy to build complex architectures that ultimately participate in the functioning of the cell machinery. However, building controllable self-assemblies using synthetic building blocks is still a challenging task. In this work, we target such a system based on the use of precisely bifunctionalized β-cyclodextrins (β-CDs). We then show that the introduction of a hydrophobic group and a coordinating ligand allows to build of supramolecular assemblies based on cooperative host-guest interaction and metal coordination.

The design of the bifunctionalized CD monomer includes: [START_REF] Philp | Self-Assembly in Natural and Unnatural Systems[END_REF] The introduction of an adamantyl group to ensure the iterative self-assembly of the monomeric units through host-guest interactions; (2) the introduction of a diamino-bridge on the primary rim of the CD to prevent competing self-inclusion of adamantyl group and offer protonation sites to favor its solubilization in water; [START_REF] Rottner | Actin assembly mechanisms at a glance[END_REF] The introduction of a ligand that coordinates copper to form metal complex. The first building block using bipyridine as a coordinating ligand proved to be poorly soluble in water. We thus designed a second type of building block introducing an iminopyridyl ligand through the dynamic covalent bond allowing to overcome the solubility. Then the corresponding building block which combines the two desired interactions induces self-assembly into 2D nanosheets.

We then studied first the host-guest interactions and metal coordination interactions of the monomers separately. A series of NMR experiments ( 1 H NMR, ROESY, DOSY) were used to study host guest interactions between the cavity of CD and the adamantyl group. UV-Vis experiments were used to characterize the MLCT absorption band belonging to the copper complex. Then, the self-assembly of the monomers into 2D nanosheets was studied in detail. Morphological topology of the 2D nanosheets was characterized using several microscopy techniques (Optical microscopy, SEM, AFM, Cryo-TEM). The organization of the 2D nanosheets was explored by EDX, electron diffraction and SAXS experiments affording some information concerning the molecular scale. Finally, we took advantage of the dynamic nature of these objects to study their ability to switch the selfassembly and dissociation of the 2D nanosheets using pH variation monitoring the process through 1 H NMR.

The development of such a dynamic system would offer potential applications in various fields such as biomaterials, biosensors or drug release.

Résumé

L'auto-assemblage est un outil puissant pour élaborer des architectures à partir de petites unités jusqu'à des assemblages plus grands dans une approche contrôlable. La nature utilise cette stratégie pour construire des architectures complexes qui participent au fonctionnement de la machinerie cellulaire. Cependant, la construction d'autoassemblages contrôlables à l'aide de blocs de construction synthétiques reste une tâche difficile. Dans ce travail, nous ciblons un tel système basé sur l'utilisation de β-CDs précisément bifonctionnalisées. Nous montrons ensuite que l'introduction d'un groupe hydrophobe et d'un ligand coordinant permet de construire des assemblages supramoléculaires basés sur des interactions hôte-invité et des coordinations métalliques coopératives.

La conception du monomère CD bifonctionnalisé comprend : (1) l'introduction d'un groupe adamantyle pour assurer l'auto-assemblage itératif des unités monomères par des interactions hôte-invité ; (2) l'introduction d'un pont diamino sur le col primaire de la CD pour empêcher toute auto-inclusion concurrente du groupe adamantyle et offrir des sites de protonation pour favoriser sa solubilisation dans l'eau ; (3) l'introduction d'un ligand qui coordonne le cuivre pour former un complexe métallique. Le premier bloc de construction utilisant la bipyridine comme ligand coordinant s'est avéré peu soluble dans l'eau. Nous avons donc conçu un deuxième type de bloc de construction introduisant un ligand imino-pyridyle par chimie covalente dynamique permettant de surmonter la solubilité. Ce bloc de construction correspondant qui combine les deux interactions souhaitées induit l'auto-assemblage en nano-feuillets 2D.

Nous avons ensuite étudié l'interaction hôte-invité et l'interaction de coordination métallique des monomères séparément. Une série d'expériences de RMN ( 1 H RMN, ROESY, DOSY) a été utilisée pour étudier les interactions hôte-invité entre la cavité des CD et le groupe adamantyle. Des expériences UV-Vis ont été utilisées pour caractériser la bande d'absorption MLCT appartenant au complexe de cuivre. Ensuite, l'auto-assemblage des monomères en nano-feuillets 2D a été étudié en détail. La topologie morphologique des nano-feuillets 2D a été caractérisée en utilisant plusieurs techniques de microscopie (microscopie optique, SEM, AFM, Cryo-TEM). L'organisation des nano-feuillets 2D a été explorée par des expériences de diffraction d'électrons et de SAXS, fournissant des informations à l'échelle moléculaire. Enfin, nous avons profité de la nature dynamique de ces objets pour étudier leur capacité à commuter l'auto-assemblage et la dissociation des nano-feuillets 2D en utilisant la variation du pH et en suivant le processus par 1 H RMN et microscopie optique.

Le développement d'un tel système dynamique est prometteur pour des applications potentielles dans divers domaines tels que les biomatériaux, la détection ou la libération de médicaments.

Mots-clés:

CDs, auto-assemblage, polymère supramoléculaire, 2D nano-feuillets.

CHAPTER 1

Construction of supramolecular polymers based on cyclodextrins as building blocks

1. The supramolecular polymers in nature 1.1. Nature-built supramolecular polymers Nature heavily relies on self-assembly to build highly complex components to perform many complicated biological functions. [START_REF] Philp | Self-Assembly in Natural and Unnatural Systems[END_REF] Examples include the self-assembly and disassembly of actin and microtubule filaments and the formation of cell membranes from the self-assembly of phospholipids (Figure 1-1). 

Cytoskeleton

Actin filaments and microtubules are important components of the cytoskeleton and are involved in building the basic shape of the cell, as well as acting as the mechanical forces that drive and guide movement and cell division. Both actin filaments (F-actin) and microtubules are hierarchical self-assembled from individual subunits, namely globular actin monomers (G-actin) or tubulin dimers. [2][3] Figure 1-2. Progress of actin and microtubule assembly. [START_REF] Pimm | New twists in actin-microtubule interactions[END_REF] The hierarchical self-assembly process of actin filaments is shown in the diagram below (Figure 1-2A). Actin filaments (F-actin) are assembled from spherical monomers (G-actin). The monomers assemble into Formin or Arp2/3 complexes when they undergo kinetically unfavorable spontaneous nucleation or with the help of nucleation promoters (NPFs). Hierarchical self-assembly of microtubules requires a stable template or an NPF like ɣ-TuRC to assist it in completion. Dimers of microtubule proteins first form several protofilaments by self-assembly (Figure 1-2B). These protofilaments are then arranged on the ɣ-TuRC template and stabilized by lateral contacts to form microtubules.

Cell membrane

The cell membrane is a highly selective permeability barrier consisting of a lipid bilayer with membrane proteins (Figure 123). Its function is to create an enclosed space isolated from the external environment of the cell, which is essential for cell survival and function. [START_REF] Johnson | Molecular Biology of The Cell[END_REF] The phospholipid bilayer is organized in such a way that the polar units of the molecule (the hydrated phosphate and glycerol fractions of phospholipids) form the outermost and innermost surfaces of the cell membrane, while the non-polar unit (the water-insoluble fatty acid fraction of phospholipids) is clustered in the non-polar regions of the cell membrane. This results in an internal hydrophobic and external hydrophilic structure with a thickness of approximately 2 -4 nm. This membrane is stable enough to act as a barrier for water-soluble ions (Na + , K + , and Ca 2+ ) and molecular transport, and is fluid enough to allow particles to enter the cell by endocytosis. [START_REF] Kučerka | Fluid phase lipid areas and bilayer thicknesses of commonly used phosphatidylcholines as a function of temperature[END_REF] Figure 123. structure of a lipid bilayer membrane and phospholipids. [START_REF] Mendes | Self-assembly in nature: using the principles of nature to create complex nanobiomaterials: Self-assembling in nature[END_REF] 

Tobacco mosaic virus

Tobacco mosaic virus (TMV) has been the focus of scientific research, and typically viruses adopt an icosahedral or helical structure, forming spherical or rod-shaped particles. TMV can hierarchical self-assemble into rod-like structures (Figure 1234). [8][9] First, the TMV protein self-assembles into a two-layered disc with 17 proteins in each ring. A special initiation sequence in the RNA then binds to the pore in the center. This causes the disc to dislocate, forming a latch-shaped ring with 16 1/3 subunits perring. The remaining subunits are then stacked and elongated in this structure until the RNA is covered. Thousands of coat proteins (2130 identical protein units) self-assemble into cylinders (protein shell-capsids) around a single RNA molecule (comprising 6400 nucleotides) that acts as a template. The length of the assembly is determined by the length of the enclosed RNA template. In the absence of the RNA template, the TMV capsid protein assembles into a cylinder with the same diameter (18 nm) as the capsid of the template, but with a variable length. The construction of TMV represents an excellent example of a biological hierarchical self-assembly system. Another interesting feature is that if the virus is broken down into its subunits when remixed under physiological conditions, the virus can fully self-assemble into the previous structure, constituting a complete replica. 

Non-covalent interactions

All these types of supramolecular structures that exist in nature rely on one or more noncovalent interactions. These interactions include electrostatic interaction, hydrophobic effects, π-π interaction, and hydrogen bonding (Figure 12345). These forces are weaker interactions (0-250 KJ/mol) compared to covalent bonds (100-400 KJ/mol). [10][11] Therefore, the construction of these complex biological structures requires a sufficient number of one interaction or multiple interactions acting together.

Electrostatic interaction

There are two main types of electrostatic interaction forces: attractive forces and repulsive forces. The attractive force is the interaction between two opposite charges. Two opposite charges are pulled together by the attractive force. Ionic bonds are formed by the electrostatic attraction between ions. The electrostatic attraction also occurs between molecules or atoms. However, it does not form bonds. Instead, they interact through partial charges or dipoles. Electrostatic interactions can be divided into three categories (Figure 12345). (1) ion-ion interactions, (2) ion-dipole interactions, and (3) dipole-dipole interactions, which are all based on the Coulombic attraction between opposite charges. Electrostatic interactions provide stable and robust interactions in the formation of various enzymes, peptides, and protein structures. 

Hydrophobic effects

Hydrophobic interactions occur through the mutual repulsion of hydrophobic groups (non-polar groups) of hydrophobic substances and water. This interaction brings the hydrophobic groups closer to each other and structures them to a greater extent. This situation is energetically favorable because water molecules interact with each other or with other polar molecules energetically. Hydrophobic interactions are the main driving force behind protein folding.

π-π interaction

π-π stacking is a special spatial arrangement of aromatic compounds and refers to a weak interaction that often occurs between aromatic rings. It usually exists between two molecules that are relatively electron-rich and electron-deficient. There are two common types of stacking: face-to-face and face-to-edge, and face-to-face stacking can be divided into complete face-to-face stacking and partial face-to-face stacking. Facing-edge interactions can be thought of as weak hydrogen bonds between a slightly electrondeficient hydrogen atom on one aromatic ring and an electron-rich π-electron cloud on another aromatic ring. The π-π stacking interactions between the aromatic rings of a double-stranded DNA base pair help stabilize the DNA double helix.

Hydrogen bonding

A hydrogen atom is covalently bonded to a large electronegativity atom X. If it is near Chapter 1 Construction of SPs based on cyclodextrins as building blocks -25 -a large electronegativity and small radius atom Y (O F N, etc.), a special intermolecular or intramolecular interaction in the form of X-H…Y is generated between X and Y using hydrogen as a mediator, called hydrogen bonding. Hydrogen bonding is formed between the donor and the acceptor as an electrostatic interaction. The atoms attached to hydrogen are called hydrogen bond acceptors and hydrogen is called a hydrogen bond donor (Figure 12345). Hydrogen bonds can exist between atoms of different molecules or between some of the atoms of the same molecule. Hydrogen bonding interactions are highly directional interactions between DNA base pairs are hydrogen bonds.

Inspiration from nature

Inspired by the properties and functions of these biological systems, scientists used nature's assembly principles to create artificial supramolecular polymers. Dynamic functional materials were constructed by hierarchical self-assembly based on customizable structural units combined with one or more non-covalent interactions. Therefore, supramolecular polymers have rapidly developed in recent years. In the following, we will introduce the concepts, mechanisms, building blocks, driving forces, and properties of artificial supramolecular polymers.

Artificially constructed supramolecular polymers

Definition of supramolecular polymers

Jean-Marie Lehn first proposed the concept of supramolecular polymers based on polymer science and supramolecular chemistry to describe supramolecular polymers related to two complementary heterotopic components. [START_REF] Lehn | Supramolecular chemistry -Molecular information and the design of supramolecular materials[END_REF] Subsequently, in 2001, E. W. Meijer proposed a definition according to which "supramolecular polymers are collections of monomeric units held together by reversible and highly directional interactions that exhibit polymeric properties in solution". Unlike traditional polymers, the bonds between monomers were non-covalent. [START_REF] Brunsveld | Supramolecular Polymers[END_REF] The reversible and tunable nature of these non-covalent interactions endowed SPs with degradability, selfhealing/adaptation, and stimuli responsiveness under specific pH, temperature, light, stress, and redox agents.

Mechanisms of association of supramolecular polymers

Supramolecular polymers can be formed by different mechanisms, and the pathway taken can have a dramatic effect on the final polymer structure. In general, there are two main mechanisms by which supramolecular polymerization occurs: isodesmic and cooperative models.

Isodesmic model

The isodesmic model (Figure 1-6 A, B) of polymerization is similar to step growth polymerization in conventional polymers, the strength of growing polymer chains was unaffected by the length of the chain and there was no critical polymerization concentration or critical assembly temperature. The energy of assembly was equivalent at each step, thus each step of decrease of the corresponding free enthalpy was the same. [START_REF] Hartlieb | A guide to supramolecular polymerizations[END_REF] Figure 1 

Cooperative model

The intermolecular cooperation model (Figure 1-6 C, D) was dominated by additional interactions for the formation of well-ordered supramolecular polymer growth. [START_REF] Greef | Supramolecular polymers[END_REF] From a thermodynamic point of view, there were two stages of self-assembly: the nucleation stage and the extension stage. The start of the first step followed the isometric model, with an association constant (Kn) for the nucleation phase for each monomer addition. The growth of the polymer was accelerated by the addition of new monomers before a nucleus of a certain size was formed, and this polymerization process continued with the association constant (Ke) of the elongation phase. At the same time, the association constant for the nucleation phase (Kn) was lower than that for the elongation phase (Ke). As a result, a transition can be observed from a state comprising only monomers to one in which long polymers were formed. [16][17] The main difference between isodesmic and cooperative polymerization processes was with isodesmic supramolecular polymerization produces successively smaller polydispersed polymers as the concentration increases or the temperature decreases, while cooperative polymerization produces larger and less polydispersed polymers just above the threshold concentration and below the critical temperature. [START_REF] Coste | Hierarchical Self-Assembly of Aromatic Peptide Conjugates into Supramolecular Polymers: It Takes Two to Tango[END_REF] 

Building blocks of supramolecular polymers

Building blocks can be divided into two main types: synthetic and natural. To build supramolecular polymers closer to those found in nature, we focused on biological building blocks. A variety of different biomolecular building blocks (Table 1) can form supramolecular nanostructures under different assembly conditions. All of these building blocks could form non-covalent interactions in solvents.

Table 1. Biological building blocks used to obtain various complex structures in supramolecular self-assembly. [START_REF] Mendes | Self-assembly in nature: using the principles of nature to create complex nanobiomaterials: Self-assembling in nature[END_REF] Viruses had different shapes (rods or spheres) and size uniformity and have different chemical and physical properties. The surface properties of viruses can be genetically or chemically modified without disrupting their integrity and morphology. Moreover, viral particles had good thermal stability and pH, as well as great resistance to denaturation at high ionic concentrations. These characteristics made viral particles ideal modules for self-assembly studies and the development of novel biomaterials. [START_REF] Rong | Self-assembly of viral particles[END_REF] Nucleic acids (DNA and RNA) are the basic molecules of life as carriers of genetic information. The bases in DNA and RNA molecules can form hydrogen bonds and π-π stacking interactions, and these interactions can be considered in the fabrication of various nanostructures by the bottom-up approach. [START_REF] Ko | Synergistic self-assembly Doctoral thesis of Sorbonne University of RNA and DNA molecules[END_REF] As biopolymers, the assembly between different base sequences based on them allowed nucleic acids to exhibit excellent recognition capabilities and interesting chemical properties.

Lipids are the structural units that build the phospholipid bilayer in cell membranes. The structure of most lipids contains three main fragments, a polar group (hydrophilic part), one or more hydrophobic tail regions, and a backbone that connects the first two fragments. [START_REF] Collier | Phospholipid Strategies in Biomineralization and Biomaterials Research[END_REF] These three fragments are combined in different ways to produce all naturally occurring amphiphilic lipids. The hydrophobic and rigid structure of the lipids allowed these molecules to self-assemble in water into common lamellar and nonlamellar structures in which the molecules are organized in terms of their position and orientation. Based on their structural and self-assembly properties, lipids had attracted increasing interest in the synthesis of new biomimetic biomaterials.

High molecular weight sugars (polysaccharides) can be extracted from a wide variety of plants and microorganisms and had remarkable structural diversity. Polysaccharides contain OH groups at multiple positions, and OHs at different positions can form hydrogen bonds with each other and can also be selectively chemically modified. Carbohydrates play a key role in many molecular recognition processes (e.g., bacterial and viral infections, cancer metastasis, and inflammatory responses). [START_REF] Varki | Biological roles of oligosaccharides: all of the theories are correct[END_REF] In addition, the biodegradable nature of polysaccharides makes them potential candidates for "Biomaterials". [START_REF] Shimizu | Self-Assembled Nanomaterials II[END_REF] 

Driving forces for supramolecular polymers

Supramolecular polymers exhibited properties different from those of conventional polymers precisely because they were composed of repeating units held together by various non-covalent interactions, including multiple hydrogen bonds, donor-acceptor interactions, host-guest interactions, and metal coordination bonds (Figure 1234567). [START_REF] Yang | Supramolecular Polymers: Historical Development, Preparation, Characterization, and Functions[END_REF] These driving forces would be discussed in detail in this section. 

Multiple hydrogen bonds

The hydrogen bond is a type of dipole-dipole attraction between an electronegative atom and a hydrogen atom bonded to another electronegative atom, such as nitrogen, oxygen, or fluorine. It was first suggested by Moore and Winmill in 1912. [START_REF] Moore | The state of amines in aqueous solution[END_REF] Hydrogen bonds are weaker than covalent and ionic bonds and their energy is usually between 5--30 kJ/mol. An individual hydrogen bond is not strong enough to build supramolecular polymers. However, when multiple hydrogen bonds are arranged together to form an array of hydrogen bonds, both strength and directionality can be increased. Multiple hydrogen bonds, the first type of non-covalent bonds, were adopted to assemble supramolecular polymers. Supramolecular polymer based on hydrogen bonds was reported by Jean-Marie Lehn for the first time in 1990. The supramolecular polymer synthesized via triple hydrogen bonds shows very good performance in liquid crystal (Figure 12345678). [START_REF] Fouquey | Molecular recognition directed selfassembly of supramolecular liquid crystalline polymers from complementary chiral components[END_REF] To construct supramolecular polymers with a high degree of polymerization (DP), multiple-hydrogen-bonding arrays with a higher binding constant, such as quadruple-hydrogen-bonding arrays were employed. In 1997, Meijer et al. reported that bifunctional AA-type monomers containing two (UPI) end groups were able to form linear supramolecular polymers B (Figure 12345678). [START_REF] Sijbesma | Reversible polymers formed from self-complementary monomers using quadruple hydrogen bonding[END_REF] Figure 12345678. Supramolecular polymers self-assembled are from typical triple-and quadruplehydrogen-bonding arrays. [START_REF] Yang | Supramolecular Polymers: Historical Development, Preparation, Characterization, and Functions[END_REF] 

Donor-acceptor interactions

Monomers based on aromatic donor-acceptor interactions may be too weak and poorly oriented to drive supramolecular polymerization. However, the formation of supramolecular polymers can be facilitated by introducing directing groups at the periphery of the aromatic core. Molecular tweezers, [START_REF] Klärner | Molecular Tweezers and Clips as Synthetic Receptors. Molecular Recognition and Dynamics in Receptor-Substrate Complexes[END_REF] as non-cyclic host molecules with open cavities capable of binding guest molecules through strong aromatic donoracceptor interactions, are one representative of these.

Haino's group developed the biconcave [START_REF] Johnson | Molecular Biology of The Cell[END_REF]arene molecular tweezers 1 (Figure 123456789). [START_REF] Haino | A New Calix[5]arene-Based Container: Selective Extraction of Higher Fullerenes[END_REF][31] Due to the concave shape of the calix [START_REF] Johnson | Molecular Biology of The Cell[END_REF]arene clamp, the molecular tweezers represent an excellent supramolecular receptor for encapsulation of C 60 , C 70 , and higher fullerenes. On this basis, they envisage the formation of linear supramolecular polymers through the non-covalent complexation of monomers 2 and 3. However, they found that after 2/3 complexation, oligomers with low DP values (DP: B3) were easily formed. The failure to obtain high molecular weight supramolecular polymers was mainly due to the low solubility of 2 in CHCl 3 . To solve this problem, they further optimized the structural design by introducing wedge-shaped long alkyl chains on the bridge unit (compound 4).

[32] At high monomer concentrations, DP values were estimated to be 83 and 151 for a 1:1 mixture of 3 and 2 and a 2:3 mixture of 5 and 4, respectively. both values were higher than those for compound 2/3, highlighting the importance of solubilizing groups for stronger supramolecular polymerization behavior in solution. Based on scanning electron microscopy (SEM) experiments, the two supramolecular polymers exhibit different morphologies. In detail, composite 3/4 shows a fibrous morphology, while the 2:3 mixture of 5 and 4 produces a thin film. The difference in their morphology most likely stems from the topology of the supramolecular polymers, the former grows linearly, while the latter tends to form hyperbranched structures. Remarkably, molecular-level organization of fullerenes can be achieved in these studies, which is promising for future applications in optoelectronic materials and devices. 

Metal coordination bonds

Metal coordination has been used as the noncovalent bonds to prepare supramolecular polymers in a wide range of geometries, and metal-containing supramolecular polymers have attracted considerable interest because they combine the properties of organic polymers with the magnetic, electronic, optical and catalytic potential of metals. [START_REF] Yang | Supramolecular Polymers: Historical Development, Preparation, Characterization, and Functions[END_REF] The properties of metallo-supramolecular polymers (MSP) can vary considerably due to the wide range of ligands and metal ions available, both of which have an impact on binding strength, reversibility and solubility. [START_REF] Dobrawa | Fluorescent Supramolecular Polymers: Metal Directed Self-Assembly of Perylene Bisimide Building Blocks[END_REF] In order to achieve high DP, the selection of a complex system with a high binding constant is of paramount importance. An increase in the binding constant K can be achieved by using multidentate ligands and multivalent metal ions, similar to the strategy applied to hydrogen bonded supramolecular polymers.

This interaction between metal and ligand was used by Maeda et al. to prepare neutral, linear coordination polymers A based on dinitro pm ligands (pm: dibromomethane, Figure 1-10). [START_REF] Maeda | Nanoscale Spherical Architectures Fabricated by Metal Coordination of Multiple Dipyrrin Moieties[END_REF] The size and shape of the assemblies can be manipulated depending on the ligands' substitution patterns and the composition of the solvent. For example, spheres were observed from THF, while bell-shaped structures appeared from 2:1 THF-H 2 O mixtures when the angular ligands were self-assembled with Zn II ions. The noncrystalline metal polymer fluoresces in the solid state with an emission center at ~540 nm, consistent with the formation of a Zn II -dipyrromethane bis-complex. The phenylacetylene bridged bipyrrole 'dimer' has been complexed by Zn II to give a ligand polymer which, depending on the spacer unit, provides fluorescent colloidal spheres in solution and on the substrate. Using a mixture of tetrahydrofuran and water, unique morphologies such as bell-shaped and 'golf ball' structures were observed. 

Host-Guest interactions

The supramolecular polymers based on host-guest interactions involved multiple driving forces, including electrostatic interaction, hydrophobic effects, van der Waals interactions etc, which depended on different host molecules. Various host-guest systems have been discovered, commonly macrocyclic hosts for the construction of supramolecular polymers include CDs, crown ethers, cucurbit [START_REF] Steed | Core Concepts in Supramolecular Chemistry and Nanochemistry[END_REF]urils, calixarenes and pillar[n]arenes. [START_REF] Dong | Supramolecular Polymers Constructed from Macrocycle-Based Host-Guest Molecular Recognition Motifs[END_REF] Macrocyclic hosts demonstrate selective and stimuli-responsive host-guest complexation behaviors. The introduction of reversible host-guest interactions can further endow these supramolecular polymers with fascinating chemical/physical properties, including stimuli-responsiveness, self-healing and environmental adaptability. Macrocycle-based supramolecular polymers have been reported to respond to pH changes, light radiation, anions, cations, temperature and solvents. [START_REF] Wojtecki | Using the dynamic bond to access macroscopically responsive structurally dynamic polymers[END_REF] [START_REF] Miyauchi | Chiral Supramolecular Polymers Formed by Host-Guest Interactions[END_REF] Ogoshi and coworkers synthesized a DABCO cation functionalized P5A 1 and a pyridinium cation functionalized pillar [START_REF] Kučerka | Fluid phase lipid areas and bilayer thicknesses of commonly used phosphatidylcholines as a function of temperature[END_REF]arene (P6A) 2.

[39] They studied the self-: Oligophenylenes Spacer Spacer A sorting behavior among the DABCO cation, pyridinium cation, P5A, and P6A (Figure 1 -11). The result demonstrated that the pyridine cation can self-sort to associate with P5A and the bigger DABCO tightly associates with P6A due to the differences among the cavity sizes of pillar [START_REF] Johnson | Molecular Biology of The Cell[END_REF]arene and pillar [START_REF] Kučerka | Fluid phase lipid areas and bilayer thicknesses of commonly used phosphatidylcholines as a function of temperature[END_REF]arene hosts. Based on these complexation features, monomers 1 and 2 can self-sort to assemble into alternating supramolecular polymers 3 in chloroform. The formation of the alternating supramolecular polymer 3 was observed by AFM. This combination will open up new approaches to the construction of new complex supramolecular systems. 

Combining multiple interactions

Combining multiple non-covalent interactions can produce superior properties compared to supramolecular polymers utilizing only one type of non-covalent interaction.

[40] [START_REF] Elacqua | Engineering Orthogonality in Supramolecular Polymers: From Simple Scaffolds to Complex Materials[END_REF] Firstly, the simultaneous incorporation of multiple non-covalent bonds allows the resulting polymers to be of greater complexity and more specific functionality. Secondly, we can manipulate each unique non-covalent bond separately to address the adaptation of supramolecular polymers. Guided by this approach, various supramolecular polymers with different topologies have been fabricated. [42][43] For example, Zhang and coworkers reported a linear supramolecular polymer III constructed from cucurbit [START_REF] Steed | Core Concepts in Supramolecular Chemistry and Nanochemistry[END_REF]uril (CB [START_REF] Steed | Core Concepts in Supramolecular Chemistry and Nanochemistry[END_REF]) in an aqueous solution based on host-guest interactions and metal-ligand interactions. [START_REF] Liu | Cucurbit[8]uril-based supramolecular polymers: promoting supramolecular polymerization by metal-coordination[END_REF] They synthesized a monomeric compound I consisting of a naphthalene unit and a terpyridine unit (Figure 1-12). The metal coordination complex dimer II was then formed by binding the tpy portion to Fe 2+ ions, and the two naphthalene units of dimer II could form host-guest complexes in the presence of CB [START_REF] Steed | Core Concepts in Supramolecular Chemistry and Nanochemistry[END_REF]. It links the dimer into a linear supramolecular polymer by host guest interactions. Supramolecular polymerization can be controlled by adjusting the molar ratio of dimer II and CB [START_REF] Steed | Core Concepts in Supramolecular Chemistry and Nanochemistry[END_REF]. Supramolecular polymers III constructed under this strategy not only significantly increase the solubility of the monomer, but also inhibit cyclization, thus promoting efficient supramolecular polymerization. This kind of supramolecular polymerization promoted by metal coordination provides a new approach to the construction of CB [START_REF] Steed | Core Concepts in Supramolecular Chemistry and Nanochemistry[END_REF]-based water-soluble polymeric materials. Due to the good biocompatibility or low toxicity of certain molecules and materials, supramolecular systems have been widely used in the field of bio-nanomedicine. Liu's group developed a supramolecular multilayer spherical micelles formed by direct assembly of the host-guest complex between small antipsychotic drug chlorpromazine (CPZ) and p-sulfonatocalix [START_REF] Pimm | New twists in actin-microtubule interactions[END_REF]arene (SC4A) or tetraheptyl ether conjugated psulfonatocalix [START_REF] Pimm | New twists in actin-microtubule interactions[END_REF]arene (SC4AH) (Figure 1-13). The system showed drug loading efficiencies of up to 61% and 46% for these two micelles, respectively. The targeting ligand trimethylated chitosan (TMC) could be easily modified to the outer layer of the micelles by host-guest inclusion of the hydrophobic cavities of SC4AH, providing another advantage as a versatile drug carrier.

Representative types of artificially constructed supramolecular polymers

Self-assembly can be used as a simple and low-cost bottom-up solution to build functional supramolecular materials. According to this strategy, researchers constructed several types of supramolecular polymers based on various building blocks combined with different non-covalent interactions (Figure 1234567891011121314). Including hydrogel, vesicles, nanotubes, nanosheets, nanoparticles, nanofibers. While these supramolecular polymers cannot compete with covalent polymers with concerning mechanical strength or the elasticity of plastics compared to traditionally bonded polymers, their dynamic and reversible properties confer novel properties in the biological [START_REF] Bakker | Modular supramolecular ureidopyrimidinone polymer carriers for intracellular delivery[END_REF], electronic [START_REF] Ouchi | Impact of helical organization on the photovoltaic properties of oligothiophene supramolecular polymers[END_REF] and mechanical [START_REF] Zhang | Exploring a naturally tailored small molecule for stretchable, self-healing, and adhesive supramolecular polymers[END_REF] fields. They also have the ability to undergo reversible changes in structure, shape and function in response to different external stimuli. These particular dynamic properties allow supramolecular polymers to develop great potential in the field of supramolecular materials. Such as hydrogel biomaterials, [START_REF] Ryan | Self-assembled amino acids and dipeptides as noncovalent hydrogels for tissue engineering[END_REF] biosensing, [START_REF] Pinheiro | Challenges and opportunities for structural DNA nanotechnology[END_REF] drug delivery. [START_REF] Yu | Polyvalent choline phosphate as a universal biomembrane adhesive[END_REF] Figure 1-14. Supramolecular polymers constructed are based on building blocks and non-covalent interactions.

2D supramolecular polymers

In particular, 2D supramolecular polymers based on biological systems offer a new perspective for the development of functional 2D materials. The physical and chemical properties of 2D structures, attributed to their large surface area, can improve the sensitivity, molecular loading and bioconjugation efficiency of detecting target molecules, indicating the potential utility of functional 2D materials as candidates for biological systems. In addition, the flexibility, low toxicity, dispersibility and permeability offered by 2D materials could facilitate the development of next generation functional materials in biological systems. [START_REF] Yang | Nano-graphene in biomedicine: theranostic applications[END_REF][53] [START_REF] Dasari Shareena | A Review on Graphene-Based Nanomaterials in Biomedical Applications and Risks in Environment and Health[END_REF] In this regard, various types of supramolecular 2D materials with biological applications have been investigated, as supramolecular systems are more amenable to the fabrication of materials with multiple functions for biological applications. [START_REF] Zhang | Dynamic adaptive two-dimensional supramolecular assemblies for on-demand filtration[END_REF] [START_REF] Zhang | Photo-controlled reversible secondary self-assembly of supramolecular nanosheets and their drug delivery behavior[END_REF] [57] According to their structural characteristics, we introduced them separately as static and dynamic 2D supramolecular polymers. [START_REF] Kim | Supramolecular Two-Dimensional Systems and Their Biological Applications[END_REF] 

Static 2D supramolecular polymers

Static 2D supramolecular polymers, where the polymer maintains its original 2D conformation without structural collapse under environmental changes, can be used as enantioselective sieves, macrocycle generators, and filter membranes.

Construction of static 2D supramolecular polymers

Häner and his colleagues reported a networked 2D supramolecular polymer (2D-SP) constructed using DNA as a building block in water. [START_REF] Villiers | Sur la fermentation de la fécule par l'action du ferment butyrique[END_REF] Anthracene can undergo a lightinduced dimerization reaction (Figure 1-15 a). They designed a branched oligonucleotide (monomer 1) (Figure 1-15 b), which consists of a benzene core and three identical, selfcomplementary oligonucleotides at positions 1, 3, and 5. In the middle of each branch, there was a modified photoactive anthracene (Ant) unit. Using the trimeric nucleotide as the basic unit, a two-dimensional network-like DNA supramolecular polymer was formed by hybridization self-assembly (Figure 1-15 c). The shape and thickness of 2D-SP were confirmed by AFM and TEM. As shown by AFM (Figure 1-15 d), these 2D-SPs appeared as homogeneous mono-layers. Furthermore, the two anthracene units in the 2D-SP can dimerize under UV-induced reaction, which can convert the 2D supramolecular polymer into a 2D polymer. Such a result made it possible to use DNA as the structural unit to construct 2D supramolecular polymers by self-assembly. 

Application of static 2D supramolecular polymers

Lee and his coworkers reported a porous material based on a 2D supramolecular polymer that can act as a filter, [60] and this filter can distinguish between guest molecules based on selective adsorption of shape. Monomer 1 was based on a bifurcated aromatic segment with a pyridine group and monomer 2 was based on a linear molecule with two carboxyls branched chains (Figure 1-16 a). Monomers 1 and 2 can self-assemble into linear 1D tubes and flattened 2D nanosheets in water (pH 7.4) separately. Tuning pH to 5.5, The 1D tube disintegrates into dispersed macrocycles with positive charges in the interior (Figure 12345678910111213141516). In the contrast, the 2D nanosheet maintained its structure with a negatively charged surface. The macrocycles and 2D nanosheets were self-assembled through electrostatic interactions. A 2D-ordered porous heterogeneous structure was formed (Figure 12345678910111213141516). TEM image showed the presence of hexagonally ordered objects with a uniform diameter of ≈6 nm (Figure 12345678910111213141516). AFM images showed that the height of the 2D porous heterostructure was 4.0 nm (Figure 1-16 e, f). which was higher than the nanosheet formed by monomer 2 (2.8 nm). When treating spherical C 60 and flattened crownene molecules of comparable dimensions as candidate guests. The ordered porous heterostructure can distinguish the spherical C 60 from the flattened coronene by shapeselective adsorption (Figure 1-16 h). Due to the steric mismatch between the coronene molecule and the shallow cavity, only the spherical C 60 molecule was adsorbed by the porous heterostructure. Such a porous 2D supramolecular polymer with shape-selective adsorption properties can be used as a filter for capturing specific guest molecules. 

Dynamic 2D supramolecular polymers

Dynamic 2D supramolecular polymers, describe the reversible transformation of a 2D structure into a different morphological structure in response to external stimuli such as ions, guest molecules and temperature.

Construction of dynamic 2D supramolecular polymers

Montenegro et al. reported a D/L-alternating cyclic peptide that underwent 1D selfassembly into amphiphilic nanotubes, which were subsequently arranged as tubular bilayers into 2D nanosheets. [START_REF] Insua | 1D to 2D Self Assembly of Cyclic Peptides[END_REF] They designed the cyclic peptide X (CPx) unit that It consisted of eight residues with alternating D/L chirality arranged into different structural domains (Figure 1-17 a). CPx as a parallel β-sheet secondary structure selfassembled into an amphiphilic nanotube in solution to mask its hydrophobic side from the aqueous environment (Figure 1234567891011121314151617). Then the nanotubes further self-assembled into bilayer nanosheets based on the interactions between residues in different nanotubes and π-π stacking (Figure 1234567891011121314151617). The resulting arrangement produced 2D nanosheets with a strong anionic surface that prevents the aggregation of individual layers.

Figure 1-17. Monomer structure, self-assembly schematic and dynamic reversible behavior. [START_REF] Insua | 1D to 2D Self Assembly of Cyclic Peptides[END_REF] In addition, the presence of pH-sensitive residues and the repulsive anionic nature of the system allowed dynamic disassembly, aggregation, and reassembly of the 2D nanosheets in response to changes in pH or temperature (Figure 1234567891011121314151617). Thus, CPx can be used as a cyclic peptide unit to assemble into 2D nanosheets, as well as for their controlled and reversible stimulated reaction behavior. This innovative strategy will facilitate the development of a new class of 2D hollow supramolecular systems.

Application of dynamic 2D supramolecular polymers

Zhang and coworkers reported light-controlled reversible 2D nanosheets for drug delivery. [START_REF] Zhang | Photo-controlled reversible secondary self-assembly of supramolecular nanosheets and their drug delivery behavior[END_REF] The guest molecule 1 included a terpyridine moiety as a chelating ligand, which was used to form coordination complexes with lanthanide ions (Ln 3+ = Tb 3+ , Eu 3+ ). TEM and SEM images showed aggregated spots (Figure 1-18 a, d). The methylimidazole parts of 1 were associated with CB [START_REF] Steed | Core Concepts in Supramolecular Chemistry and Nanochemistry[END_REF] receptors to form 1D nanofibers based on electrostatic interactions. TEM and SEM images revealed the presence of linear nanofibers with lengths of several hundred nanometers and widths of 15 nanometers (Figure 1-18 b, e). The 2D nanosheets can be formed by secondary self-assembly upon the addition of the photosensitive guest molecule E-2 and sodium dodecyl sulfate (SLS). The morphological structures were confirmed in TEM and SEM images (Figure 1-18 c, f).

In addition, after UV irradiation, the 2D nanosheets were decomposed into fragments, and TEM images showed that the 2D nanosheets were decomposed into needle-like complexes with a length of 5 nm and a width of 1 nm. It can be subsequently recovered under visible light irradiation or heating. Based on this dynamic and reversible change in the system. A large number of regular hydrophobic alkyl chains in the nanosheet composition were used as carriers to carry the anticancer drug doxorubicin (DOX) via hydrophobic interactions. The results show that supramolecular 2D nanosheets enable higher uptake and release of the drug under UV irradiation. Such 2D nanosheets with tunable morphology may be a potential candidate for smart light-controlled drug-release materials. 

Conclusion

A wide variety of supramolecular polymers were constructed based on synthetic or biological building blocks combined with one or more non-covalent interactions. These non-covalent interactions mainly included host-guest interactions, ionic interactions, donor-acceptor interactions, metal coordination bonds, and multiple hydrogen bonding. Supramolecular polymers constructed on the basis of these dynamic and reversible non-covalent interactions exhibited attractive properties.

Among these assemblies, 2D supramolecular materials have a very large surface-tovolume ratio compared to other shapes, which can allow high detection sensitivity, unique spectral properties, and efficient molecular delivery systems. In addition, these supramolecular materials exhibit reversible assembly-disassembly processes, which can improve biodegradability and biocompatibility in the biomedical field, overcoming the limitations of conventional biomaterials.

Our purpose is to construct a controllable dynamic 2D supramolecular polymer based on a biological building block (CD). Next, we will introduce CDs in more detail.

Cyclodextrins (CDs)

CDs are cyclic oligosaccharides obtained from the enzymatic degradation of starch and discovered by Antoine Villiers, a French pharmacist and chemist in 1891. [START_REF] Villiers | Sur la fermentation de la fécule par l'action du ferment butyrique[END_REF] But the first detailed description of the preparation and isolation was made in 1903 by Franz Schardinger. Dexter French determined their molecular weights and discovered their exact chemical structure in 1942. They have a particular structure composed of a hydrophobic cavity that can encapsulate other hydrophobic compounds to form inclusion complexes through host-guest interactions. This characteristic feature is at the origin of many applications. [START_REF] Li | Cyclodextrins and their applications in analytical chemistry[END_REF] Next, we will introduce more details about their structures, inclusion complexes, functional modifications and applications in supramolecular polymers respectively.

Structure of cyclodextrins

CDs are composed of five or more than five α-D-glucopyranose units linked between the carbon one and carbon four sites ( 4 C 1 conformation). The most typical CDs contain several glucose monomers ranging from 6 to 8 units in a ring, creating a cone shape named α, β, γ-cyclodextrin (α, β, γ-CD) with the same height, but different sizes respectively (Figure 12345678910111213141516171819). [START_REF] Qi | Cyclodextrin glucanotransferase: from gene to applications[END_REF] There are three free hydroxyl groups on each unit of CD: one primary hydroxyl group on the narrow rim and two secondary hydroxyl groups on the wide rim. In the structure of the CD, the H-1, H-2, and H-4 protons are located at the exterior of the CD molecule; the H-3 protons are placed near the second rim, and the H-5 protons are placed near the primary rim point towards the interior of the cavity. [START_REF] Li | Cyclodextrins and their applications in analytical chemistry[END_REF] The presence of these numerous hydroxyls gives CD solubility in water which varies according to its size. It is observed that β-CD is much less soluble in water (18.5 g/L at 20°C) than those of the α-CD(145 g/L) and γ-CD(232 g/L) types. [START_REF] Szejtli | Introduction and general overview of cyclodextrin chemistry[END_REF] This is due to its geometry which promotes intramolecular hydrogen bonds at the secondary neck and decreases its favorable interactions with water. [START_REF] Östervall | Molecular structure and dynamics of α, β and γ-cyclodextrins[END_REF] Figure 1-19. The characteristics of α, β, γ-CDs.

Such structural features make each CD has two hydrophilic crowns and a hydrophobic cavity that can accommodate hydrophobic molecules (Figure 1-20). The cavity structure of CD is the source of its ability to complex other molecules. Cramer was the first person to note that the cavities of CDs have hydrophobic properties that allow them to interact favorably with nonpolar molecules in aqueous media. [START_REF] Cramer | Inclusion compounds. XIX. 1a The formation of inclusion compounds of α-cyclodextrin in aqueous solutions. Thermodynamics and kinetics[END_REF] He introduced the concept of inclusion complexes, which arise from the non-covalent and reversible incorporation of molecules into the cavities of CDs. [START_REF] Crini | A history of cyclodextrins[END_REF] These inclusion complexes are the basis for the development of CDs in supramolecular chemistry, and we will now see the factors that influence their formation. 

Inclusion complex of cyclodextrins

During the formation of inclusion complexes, the size of the cavity is very important for the selection of organic guests (Figure 1-21). α-CD tends to interact with azobenzene and its derivatives, naphthalene and phenyl derivatives. [START_REF] Rekharsky | Complexation Thermodynamics of Cyclodextrins[END_REF] β-CD often forms stable supramolecular polymer systems with ferrocene, cholesterol, and adamantane. γ-CD is easy to construct supramolecular polymers with pyrene, phenanthrene, anthracene, etc. [START_REF] Liu | Macromolecules based on recognition between cyclodextrin and guest molecules: Synthesis, properties and functions[END_REF] As the most important guest in CD inclusion complexes, adamantane (Ada) has been the subject of numerous studies. The diameter and volume are about 7 Å and 180 Å 3 , respectively. [START_REF] Liu | Macromolecules based on recognition between cyclodextrin and guest molecules: Synthesis, properties and functions[END_REF] Therefore, it fits perfectly into the cavity of β-CD, the radii of free space available for the guest are about 3.0 Å and 3.3 Å, respectively, [START_REF] Carrazana | Complexation of adamantyl compounds by β-cyclodextrin and monoaminoderivatives[END_REF] and there is no space for water molecules, forming a higher associative property stable inclusion complex constants (up to 4 × 10 4 M -1 ). [START_REF] Cromwell | Cyclodextrin-adamantanecarboxylate inclusion complexes: studies of the variation in cavity size[END_REF] Figure 1-21. Different CDs correspond to their typical guests.

In addition to considering steric effects that require the guest to fit into the CD cavity, two important driving forces enable CDs to encapsulate guests: van der Waals forces and hydrophobic effects. All types of van der Waals forces (Keesom, Debye, and London dispersions) were involved in the construction of CD inclusion complexes. The CD as a polarized molecule exists a rather large dipole moment (10-20 D) and the direction of the dipole moment points from the secondary rim to the primary rim. [START_REF] Sakurai | A molecular orbital study of cyclodextrin (cyclomalto-oligosaccharide) inclusion complexes. III, dipole moments of cyclodextrins in various types of inclusion complex[END_REF] Hence, many guest molecules with dipole moments lead to an increase in the energy of the interaction within the CD-guest system (Figure 1-22). The hydrophobic effect originates from the altered distribution of water molecules in the host-guest system affected by the interaction. Water is not friendly to the cavities of CDs because there is no electrostatic interaction or hydrogen bonding between them. Similarly, water does not favor hydrophobic guests. The entry of hydrophobic molecules into the CD/solvent system causes the water molecules in the cavity to be squeezed out and rearranged (Figure 1-22). [START_REF] Ratkova | Solvation Thermodynamics of Organic Molecules by the Molecular Integral Equation Theory: Approaching Chemical Accuracy[END_REF] Figure 1-22. Dipole-dipole interactions and hydrophobic effects involved in the formation of inclusion complex.

Chemical modification of cyclodextrins

CDs have three types of hydroxyl functions located on positions 2, 3 and 6 of the glucose units (Figure 1 -23). Only these three positions can be modified because the 1 and 4 positions of the glucose form the inter-glycosidic bonds of the cyclic molecule. All reactions of CD occurred in these three hydroxyl groups. The hydroxyls in position 6 are primary hydroxyls, more reactive than the secondary hydroxyls in positions 2 and 3. Moreover, those hydroxyls of position 6 are also the most basic, the most accessible, and often the most nucleophilic. [START_REF] Khan | Methods for Selective Modifications of Cyclodextrins[END_REF] Position 2 is the most acidic (pKa = 12) due to the influence of electron-withdrawing induction from the anomeric oxygen atoms and the hydrogen bond between position 2 and position 3 of the adjacent unit. They can be easily deprotonated and the corresponding alkoxides are more nucleophilic. [START_REF] Rong | A convenient method for functionalization of the 2-position of cyclodextrins[END_REF] Position 3 is the most inaccessible and by far the least reactive, especially since the crown of secondary hydroxyls is crowded, less flexible, and stiffened by the belt of hydrogen bonds. [START_REF] Saenger | Induced-fit'-type complex formation of the model enzyme α-cyclodextrin[END_REF] Moreover, the reactivity is often changed during persubstitutions, due to steric hindrance problems due to the cyclic three-dimensional structure of the CD.

Chemical modification of CDs deals with the modification of their hydroxyl groups (position 2, 3, 6). Amongst these, primary hydroxyls at position 6 are the most basic, nucleophilic, and hence the most reactive ones. [START_REF] Khan | Methods for Selective Modifications of Cyclodextrins[END_REF] These hydroxyl groups are also commonly used to link the CD to another molecule, leaving the secondary rim available for host-guest interactions. Several methods have been developed to prepare mono-, dior tri-functionalized derivatives using two main strategies. The first one consists of the direct functionalization of the native CD, while the second one is a multistep process involving a selective modification of a per-substituted CD. The most common monofunctionalization reaction is the tolylsulfonylation at position 6. [START_REF] Khan | Methods for selective modifications of cyclodextrins[END_REF] which can be used as a precursor for many functional groups such as azides, amines, or thiols. In contrast, the multifunctionalization used to prepare selective di-or tri-substituted CDs is much more complicated since it is subjected to regioisomerization. For example, an hexahetero-functionalization of the primary rim of the α-CD can generate up to 7 826 possible isomers, [START_REF] Wang | Site-selective hexa-hetero-functionalization of α-cyclodextrin an archetypical C6-symmetric concave cycle[END_REF] and 117 655 possible isomers for β-CD. [START_REF] Liu | Programmed Synthesis of Hepta-Differentiated β-Cyclodextrin: 1 out of 117655 Arrangements[END_REF] Our laboratory has extensive expertise in the polyfunctionalization of CDs and has developed the formation of a selective debenzylation process for per-benzylated CDs giving for example a CD-diol on the primary rim. To do so, the per-benzylated CD precursors can be obtained by treating native CDs with benzyl chloride in the presence of sodium hydride. Then the corresponding per-protected CD is submitted to DIBAL-H in toluene at 60°C and hydrolyzed after completion to give the corresponding diol (Figure 1-24). [START_REF] Wang | Site-selective hexa-hetero-functionalization of α-cyclodextrin an archetypical C6-symmetric concave cycle[END_REF] Figure 1-24: Regioselective debenzylation process of the β-CD.

The proposed mechanism for this transformation involves the first complexation of a DIBAL molecule by the oxygen of the C-6 position and its neighboring pyranic oxygen of the glucose unit. Then a second DIBAL molecule is complexed to the same O-6 oxygen increasing the electrophilicity of the benzylic carbon and favoring the hydride attack. Due to the steric hindrance of four isobutyle, which prevents DIBAL-H from connecting to adjacent glucose units, only one possibility remains, the benzyl group located on the glucose unit of the opposite side. Thus, this methodology provides an advanced tool to construct elaborated supramolecular polymers.

Cyclodextrins Based Supramolecular Polymers (SPs)

Harada et al [START_REF] Miyauchi | Construction of Supramolecular Polymers with Alternating α-, β-Cyclodextrin Units Using Conformational Change Induced by Competitive Guests[END_REF] introduced the host-guest inclusion complexation caused by the hydrophobic interaction between CD and guest molecules in the preparation of supramolecular polymers, opening up a new way for the preparation of supramolecular polymers. With the continuous in-depth research in recent years, the construction of supramolecules with CDs is not limited to the application of host-guest interactions, and metal coordination interactions have also begun to emerge temporarily. It is even possible to apply both interactions simultaneously in the same system.

1D Supramolecular polymers constructed from cyclodextrins

1D SPs induced by Host-guest interaction

Two common solutions are used to form supramolecular polymers of CDs: mixing divalent host monomers with divalent guest monomers (so-called AA and BB type monomers) or using polymers consisting of host and guest moieties. Single monomers (so-called AB-type monomers, Figure 1-25). (2) AABB-type Tato's group studied a short host-guest supramolecular copolymer formed by adamantane and β-CD dimers in an aqueous solution (Figure 1-27). [START_REF] Leggio | Study on the Structure of Host-Guest Supramolecular Polymers[END_REF] The complex given by the adamantane dimer and two β-CD molecules was investigated and was straightforwardly characterized by small angle X-ray scattering (SAXS), which measured the molecular weight of highly concentrated solutions of (2.3±0.2) × 10 3 g•mol -1 . The result from dynamic light scattering (DLS) showed that the hydrodynamic radius of the complex was 12.5 ± 0.5 Å. The self-assembly was pointed out. 

1D SPs induced by both host-guest interaction and coordination bonds

Liu's group developed a polypseudorotaxane based on host-guest and metal-ligand interactions. [START_REF] Liu | Polymeric Rotaxane Constructed from the Inclusion Complex of β-Cyclodextrin and 4,4′-Dipyridine by Coordination with Nickel(II) Ions[END_REF] Inclusion complex 3 from β-CD and 4,4'-dipyridine was first obtained. Then, Ni 2+ was introduced as a linker to construct a metal-coordinated supramolecular polypseudorotaxane 4, which was confirmed by 1 H NMR and infrared spectroscopy (IR). The induced circular dichroism (ICD) spectra of 3 and 4 exhibited different photophysical behaviors, which may be due to the different binding modes of 4,4'-dipyridine with β-CD in different assemblies. The most convincing proof for the formation of supramolecular polymers was provided by STM and TEM. This study may provide some inspiration for the development of organic materials containing CDs utilizing hydrophobic interactions and coordination bonds.

2D supramolecular polymers constructed from cyclodextrins

Static 2D supramolecular polymers

Zhang and coworkers had synthesized 2D nanosheets (NS) based on metal-organic frameworks (MOF) of γ-CD by a facile green chemistry method (Figure 1-29). [START_REF] Bello | Facile Synthesis and Size Control of 2D Cyclodextrin-Based Metal-Organic Frameworks Nanosheet for Topical Drug Delivery[END_REF] NS-MOF carriers were constructed using an aqueous system in a simple one-pot reaction involving CD and potassium carbonate. Optimization of particle size can be achieved by adjusting the reaction temperature and introducing a crystal growth inhibitor (an appropriate proportion of acetone). The polymerization reaction of cross-linked CD-MOF (CL-CD-MOF) improves the stability of NS-MOF in aqueous media without blocking its drug-loaded lumen. The effects of particle geometry and nanoporous material size on the pharmacokinetics of flake DXM @ CL-NS-MOF and 3D cubic DXM @ CL-CD-MOF loaded with the same dose of dexamethasone (DXM) were compared. The bioefficiency of these carriers in delivering DXM in tear and atrial water was investigated in vivo. The results showed that 2D nanosheet particles significantly improved precorneal residence time and intraocular bioavailability compared to commercially available 3D cubes of Maxidex (0.1% dexamethasone) and its similar chemical composition. This suggests that the geometry of the carrier plays an important role in biodistribution and that the carrier of CL-NS-MOF is a good candidate for ocular drug delivery. Continuous 2D frameworks are ideal candidates for sieving molecules and nanoobjects, but remain challenging to construct in practice. Yue et al. utilized a novel strategy for the construction of soft monolayer ionic organic-inorganic frameworks (IOIFs) via electrostatic interactions in water (Figure 1-30). [START_REF] Yue | Flexible single-layer ionic organic-inorganic frameworks towards precise nano-size separation[END_REF] They utilized anionic PW11VO40 4- (PWV 4-) clusters as polyoxyethylene ethers (POMs) and α-CD based pseudorotaxanes as cationic linkers. Cationic linkers and POMs [START_REF] Pope | Polyoxometalate Chemistry: An Old Field with New Dimensions in Several Disciplines[END_REF][90] can self-assemble into IOIFs through electrostatic interactions. AFM experiments showed that the average height of the selfassembled 2D structures was ≈1.45 nm, based on the diameter of the α-CD (1.46 nm). [START_REF] Saenger | Structures of the common cyclodextrins and their larger analogues beyond the doughnut[END_REF] They deduced that the IOIF was a monolayer 2D structure. High-resolution TEM images also observed a homogeneous orthogonal mesh structure with a delegation of black dots with a distance of ≈ 3.7 nm between clusters. Based on such structural compositional features, IOIF can be used as a Tr-membrane which can selectively filter particles smaller than 3.4 nm in diameter. These results suggest that, the supramolecular 2D nanosheets (IOIFs) can act as a membrane filter that can precisely isolate NPs. The self-assembled IOIFs can filter nano-sized particles precisely.

Dynamic 2D supramolecular polymers

LIU's group constructed a photocontrolled, interconvertible supramolecular 2D nanosheet/1D nanotube system by the supramolecular assembly of adamantyl-modified diphenylalanine (Ada-FF) with azobenzene-bridged bis-β-CD (H) (Figure 1-31). [START_REF] Sun | Tunable Supramolecular Assembly and Photoswitchable Conversion of Cyclodextrin/Diphenylalanine-Based 1D and 2D Nanostructures[END_REF] The design strategy of H allows it to exist not only as the host molecule to associate with the Ada-FF in an aqueous solution. But also, under external stimulation by light, H can undergo reversible photo isomerization between its trans-isomer (H-trans) and cisisomer (H-cis). TEM images showed that the significant conformational differences between H-trans and H-cis can lead to different binding behavior and assembly morphologies with Ada-FF (Ada-FF+H-trans=2D nanosheet; Ada-FF+H-cis=1D nanotube). Moreover, this interconversion of the 1D/2D morphology of the photosensitive switch was reversible and recyclable under different wavelengths of light. This finding provided some inspiration for controlling the morphology of supramolecular assemblies by designing them with different wavelengths of light. 

Conclusion

Cyclodextrins are naturally occurring macrocyclic structures. Their hydrophobic cavities can bind guest molecules to form inclusion complexes. The hydroxyl groups in the structure can be selectively chemically modified to introduce specific functional groups. These features make it a popular bio-building block for the construction of supramolecular polymers. 1D supramolecular polymers based on CDs have been extensively reported. A small number of 2D supramolecular polymers have also been reported, and these examples show attractive features and potential applications.

Our aim is to construct a dynamic 2D supramolecular polymer from bifunctional CDs, to investigate its reversible dynamic behavior and to search for potential applications.

So, we will now describe the design and synthesis of bifunctional CD monomers and the construction of 2D supramolecular polymers.

Previous Work: Supramolecular polymerization based on host-guest interactions between β-Cyclodextrin and adamantane in aqueous solution

Initial design and optimization

It is well known that adamantane has been used to form supramolecular polymers because of the high binding constants (up to 4 × 10 4 M -1 ) of adamantane with β-CD cavities. [START_REF] Rekharsky | Complexation Thermodynamics of Cyclodextrins[END_REF] Our laboratory has synthesized two AB monomers of CDs functionalized adamantanes: [START_REF] Tran | Cyclodextrin-adamantane conjugates, self-inclusion and aggregation versus supramolecular polymer formation[END_REF] the first one carrying adamantane through a rigid triazole linker and the second one carrying an adamantly group through a flexible succinimide linker. Despite both linkers were directly attached to the primary rim of the CD, their behavior was completely different. The monomer bearing the rigid triazole is insoluble in water preventing self-assembly in water. In contrast, the monomer with the succinimide linker is soluble in water but forms a self-included host-guest complex. This information was confirmed by NMR ROESY showing cross-correlations between the inner H-3 protons of the CD and the Hc-eq/Hb protons of the adamantane. The same kind of cross-correlations was observed for the inner H-5 protons of the CD and the Ha protons of adamantane (Figure 2-1). This means that the adamantane in the cavity of the CD has Ha facing downwards and Hc facing upwards, rather than Ha facing down and Hc facing up in the self-assembly. Hence, the self-inclusion prevents any intermolecular assembly. The proposed mechanism supporting the self-inclusion involves a so-called "tumbling", involving a 360° flip of the sugar unit bearing the adamantane guest (Figure 2

-1). [94][95][96][97]

As mentioned above, grafting of a hydrophobic guest on the primary rim of the Β-CD can either reduce its solubility or lead to the formation of self-inclusion complexes. To overcome these two problems (low monomer solubility and "tumbling" phenomenon), we thought of linking together two diametrically opposed sugar units with a diaminobridge functionalized with an adamantyl guest on one side (Figure 2-2). Using this strategy, the self-inclusion and more particularly the glucose tumbling should be impossible considering the physical constraints. In addition, the two amines of the bridge were ionizable and can increase the solubility of the monomer in water. To this end, we synthesized the monomer 19 (Figure 23), in which the bridge prevents the adamantane from being self-included inside the CD's own cavity. [START_REF] Sollogoub | Bridging β-Cyclodextrin Prevents Self-Inclusion, Promotes Supramolecular Polymerization, and Promotes Cooperative Interaction with Nucleic Acids[END_REF] Furthermore, the tumbling of the sugar unit attached to the adamantane is precluded because the adamantane is bound to another sugar unit of the CD. As expected, the amino groups favor the solubility in aqueous solutions up to ca. pH 8. Then, we did a series of NMR studies of monomer 19 to probe its ability to form host-guest complexes leading to supramolecular polymers. So, in the following part we will present and discuss the results of the corresponding 1 H NMR, ROESY-NMR, DOSY-NMR, and X-ray analyses of monomer 19. 

Study of SPs based on bridged monomer (19) by NMR spectroscopy 1.2.1. 1 H-NMR

1 H NMR spectroscopy is one of the main techniques for determining supramolecular polymer formations. The signals of target compound 19 became broader compared to monomer II at the same concentration, indicating the formation of intermolecular species. [START_REF] Yan | Supramolecular polymer nanofibers viaelectrospinning of a heteroditopic monomer[END_REF] This broadening of the 1 H NMR spectrum was due to a longer longitudinal spin relaxation (T2) increasing with the size of supramolecular assemblies. In particular, the relaxation rate of the polymer is getting progressively slower than that of the monomer as the polymer grows. 

NMR-Rotating-frame nuclear Overhauser Effect Spectroscopy

NOESY spectroscopy enables users to track spatially close protons within a molecule. The nuclear Overhauser effect (NOE) arises from dipole-dipole interaction appearing when two active spins are in close proximity (< 5 Å). Then, information about the spatial environment of the molecule can be obtained. [START_REF] Vögeli | The nuclear Overhauser effect from a quantitative perspective[END_REF] NOESY and ROESY are two techniques that share the same principle and are performed in two dimensions. The maximum potential NOE depends on the correlation time, which is largely determined by the molecular weight and solvent viscosity. Larger molecular weights and higher viscosities lead to larger correlation times (Figure 2345). The NOE is positive for small molecules (MW < 600), zero for medium-sized molecules (MW range 700 -1200), and negative for large molecules (MW > 1200). For medium-sized molecules, the NOE could theoretically be zero. As a consequence, the ROESY experiment is preferred for medium-sized molecules, because the ROE is always positive. [START_REF] Neuhaus | Nuclear Overhauser Effect[END_REF][102] The host-guest interaction of monomer 19 was studied by ROESY (Figure 23456). While no cross-correlations between H-5 and the adamantyl group were observed, some were clearly detected between Hb and Hc-ax protons of the adamantyl group and the H-3 protons of CD. This indicated a partial inclusion of the adamantyl group inside the cavity of the CD. This shallowed inclusion might imply an oblique orientation of the adamantyl group and not a vertical one to form the inclusion complex. This can be explained by the presence of the bridge inducing potential steric hindrance restricting access to the cavity. To further verify the formation of supramolecular polymers, we turned our attention toward 2D NMR--DOSY. 

NMR-Diffusion Ordered Spectroscopy (NMR-DOSY)

2D NMR-DOSY has emerged as a powerful tool for the characterization of supramolecular polymers, [103] estimating the diffusion coefficient (D) of species in a sample solution. In particular, the growth of a supramolecular assembly is characterized by a decrease in its diffusion coefficient. Hence, varying the concentration of a monomer solution which controls the size of the corresponding supramolecular polymer can be monitored by the consequent variation in diffusion intensities.

Thus, NMR-DOSY experiments were performed on various concentrations of the CDs bearing or not an adamantane function (Figure 234567). For monomer 19, the diffusion coefficient intensity decreased nonlinearly with increasing concentration (D = 2.3 × 10 -10 m 2 •s -1 to 1.1 × 10 -10 m 2 •s -1 ) characteristic of the formation of supramolecular polymers. In contrast, CD II deprived of adamantane displays relatively constant diffusion coefficients regardless of the concentration (from 1 to 28 mM). In fact, the constant value of the diffusion coefficient is consistent with that of the native β-CD (D = 2.6 × 10 -10 m 2 •s -1 ) [START_REF] Valente | Do Cyclodextrins Aggregate in Water? Insights from NMR Experiments[END_REF] over the same range of concentration. 

X-ray of supramolecular polymer

X-ray diffraction is the most straightforward technique in structural determination of crystalline materials for understanding structure-property relationships. This powerful tool allows to directly visualize the precise and detailed structural information of supramolecular polymers. [START_REF] Zhang | Single-crystal X-ray diffraction studies on structural transformations of porous coordination polymers[END_REF] We were fortunate to crystallize compound 19 and obtain diffraction data of the self-assembled supramolecular structure. To our surprise, the X-ray data show that the CD monomers alternate their orientation along the polymer (Figure 2 

Design of a new hierarchical self-assembled system

The previous study and the structural details of the supramolecular polymer, provided a good foundation for the design of bifunctional modified β-CDs. Considering the adamantane orientations which alternate along the assembly, we figured out that the introduction of a second function on the other side of the ammonium bridge, would bring an orthogonal interaction to the primary host-guest assembly.

Several noncovalent interactions can be chosen, such as ionic interactions, hydrogen bonding, π-π interactions or metal coordination. [START_REF] Fox | Supramolecular Polymerizations and Main-Chain Supramolecular Polymers[END_REF][107] Considering the construction of a controllable hierarchical self-assembling system, and avoiding the competing of bifunctional fragments, we selected metal coordination as the second interaction. Metal coordination is a powerful tool for the construction of supramolecular coordination polymers based on the spontaneous formation of metal-ligand bonds. [START_REF] Winter | Synthesis and characterization of metallosupramolecular polymers[END_REF] as both its directionality and high versatility allow for a variety of coordination geometries of supramolecular polymers. [109][110] In addition, metal-ligand coordination may lead to unique magnetic, redox, optical and electrochromic properties that favor potential applications in gels, electronics, gas storage, etc. [111][112][113] [START_REF] Stavila | MOF-based electronic and opto-electronic devices[END_REF] Therefore, we decide to introduce a coordinating ligand at the opposite side of the bridge of the β-CD. In the next part, we will discuss the selection of the ligand and investigate the host-guest ability of the corresponding monomer together with its coordinating behavior. 

Design of functionalized cyclodextrins

Selection of the ligands

The hydroxyl groups in β-CD were more favorable for the formation of intermolecular hydrogen bonds, so they tended to form larger aggregates and thus reduce solubility. So β-CD was relatively low water solubility compared with α-and γ-CDs. [START_REF] Szejtli | Introduction and general overview of cyclodextrin chemistry[END_REF] Modification of β-CD has a strong influence on their solubility in water. We must keep the introduction of hydrophobic sections to a minimum. Therefore, the size of the ligand can have a significant effect on the solubility of functionalized β-CD. There are three major types of common ligands, i.e. monodentate, bidentate and polydentate ligands (Figure 2-10) usually incorporating S, N, and O atoms. Bidentate or multidentate ligands form ring structures that include the metal ion and the two-ligand atoms attached to the metal. [START_REF] Andersen | Principles and Recent Developments in Chelation Treatment of Metal Intoxication[END_REF] A bidentate ligand was more suitable to be applied to our strategy. Considering the balance between the stability of the coordination complex (More stable than monodentate ligands) and solubility of the functionalized CD (Less hydrophobic sections than polydentate ligands) in an aqueous solution. We will introduce a bidentate ligand to CD. Furthermore, bipyridine is commonly used as a bidentate ligand to form coordination complexes with various metal ions, including copper, [START_REF] Constable | Copper(i) complexes of 6,6′-disubstituted 2,2′-bipyridine dicarboxylic acids: new complexes for incorporation into copper-based dye sensitized solar cells (DSCs)[END_REF] platinum, [START_REF] Rillema | HOMO-LUMO energy gap control in platinum( II ) biphenyl complexes containing 2,2′-bipyridine ligands[END_REF] iron, [START_REF] Luo | Lattice water molecules tuned spin-crossover for an iron(II) complex with thermal hysteresis[END_REF] and ruthenium. [START_REF] Josefsson | Solvation structure around ruthenium(II) tris(bipyridine) in lithium halide solutions[END_REF] We thus selected bipyridine as the bidentate which offers a large range of possibilities for coordination complexes. 

Selection of Metals

The purpose of metal was to connect 1D supramolecular polymers based on hostguest interactions horizontally into 2D supramolecular polymers through metal-ligand coordination bonds. The metal was required to connect two CD units i.e. two bidentate ligands with four coordination sites (Figure 2 -11). Two other critical factors need to be considered, one is the stability of the coordination complex and the other is that the coordination complex can be characterized via NMR, this requires the formation of a metal complex without paramagnetic effects. Cu I is one of the candidates to achieve this goal, it can coordinate two bipyridines to form a stable tetrahedral coordination complex.

[120] The geometry of the complex is not the main factor, as we have designed a length of linker between the ligand and the CD to make it flexible to mitigate its effect on the composition. And the metal complexes can be characterized by NMR. In addition, Cu I salts are widely available and cheap. This coordination interaction between metal and ligand is dynamically reversible. This also creates the possibility of modulating the 2D structure by coordination interactions subsequently. 

Synthesis and characterization of bridged β-CD-Ada-dmbp monomer

For the target monomer (Figure 2-12), we planned to use an amino bridge on the CD which according to previous observations (1) improves the solubility of the monomer by protonation of the nitrogen atoms, (2) prevents self-inclusion through the bridging of the sugar unit bearing the adamantane group and (3) allows to introduce the bipyridine ligand on the opposite nitrogen atom to afford additional metal coordination. In addition, a flexible linker (C 10 ) will bring some flexibility to modulate the effect of the geometric constraint of the coordination toward the full assembly. 

Retrosynthetic analysis of the bridged native monomer (16)

The general retrosynthesis route is proposed in (Figure 2-13). The targeted monomer would be obtained after deprotection of the corresponding perbenzylated structure bearing the adamantane and bipyridine groups. This latter would be prepared by CuAAC reaction from the azido precursor being introduced before through the reductive amination between the azido aldehyde spacer and the bridged β-CD bearing the adamantane group. Similarly, the adamantane group would be introduced through a reductive amination with the bridged β-CD. Finally, the diamino bridge would also be grafted through reductive amination on the β-CD dialdehyde coming from the corresponding β-CD diol. This latter would be obtained from the selective DIBAL-H debenzylation of the perbenzylated β-CD as mentioned above. 

Synthetic route of the bridged native monomer (16)

We first prepared the adamantane group, bipyridine ligand and spacer to perform their subsequent grafting onto CD. Adamantane-acetaldehyde 1 used previously was obtained by oxidation of commercial adamantyl-ethanol in the presence of TEMPO and iodobenzene diacetate (Figure 2-14 a).

In order to attach the ligand onto the CD, we prepared an azido aldehyde spacer. We opted for the use of 5-azidopentanal 4 which can be obtained from commercially available 5-chloropentanal. However, all attempts to substitute the chloride with sodium azide (DMF, microwave) only led to degradation of the product. Thus, we decided to protect the carbonyl function with ethylene glycol in the presence of PTSA as a catalyst (Figure 2-14 b). The corresponding 2-(4-chlorobutyl)-1,3-dioxolane obtained in 78% yield was then engaged in the substitution reaction. With this protected substrate, the substitution of the chloride with azide in DMSO at 60°C afforded compound 3 in fairly good yield. Finally, deprotection in an acetone/water mixture provided 5-azidopentanal 4 in 55% yield. In parallel, the bipyridine ligand was functionalized with an alkyne group in order to couple it to the CD by a click reaction (Figure 2-14 c) using the commercially available 6,6′dimethyl-2,2′-bipyridine (dmpy). Hence, compound 5 was obtained by a selective modification of dmpy using 1 equivalent of LDA followed by an alkylation with TMS protected propargyl bromide affording, after deprotection with potassium carbonate, the targeted ligand 6 in 62% yield. Having the adamantyl the spacer and the ligand precursor in hand, we then engaged in the synthesis of the targeted monomer achieving a first per-benzylation of β-CD in the presence of benzyl chloride and sodium hydride (Figure 2 We then performed a reductive amination on the adamantly group functionalized compound 11 in the presence of 5-azidopentanal 4 (Figure 2-16) to give compound 14 in 86% yield. Then a click reaction between β-CD 14 and ligand 6 gave the product 15 bearing both the adamantane and the bipyridine groups in 78% yield. Finally, compound 15 was deprotected through catalytic hydrogenation under acidic conditions. The crude was then purified on reverse phase chromatographic column (C-18) affording a unique compound 16b in 48% yield. 

Analysis of the bridged native monomer (16)

Unfortunately, while the 1 H NMR characterization of the isolated fraction clearly showed the proton of the triazole linker at ca. 7.5 ppm, those of the bipyridine unit (7 to 9 ppm region) were not observable (Figure 2-17) which was not in accordance with the targeted monomer 16a. Indeed, the catalytic hydrogenolysis of the benzyl groups led to an additional reduction of the bipyridine unit leading to compound 16b which was further verified by ESI-MS. 

Synthetic route of the bridged native monomer 20

As the bipyridine seems to be unstable during debenzylation process, we decided to deprotect compound 11 into compound 19 (48% yield) and perform the grafting of the bipyridine on the unprotected β-CD (Figure 23456789101112131415161718). We thus designed a bipyridine ligand with an aldehyde group to ultimately introduce it onto the compound 19 using reductive amination conditions. The bipyridine linker 18 was thus synthesized in two steps using a mono-alkylation reaction of dmpy (17, 52% yield), followed by an acidic deprotection of the acetal (78% yield) to give ligand 18. Finally, the bifunctional β-CD 20 was successfully synthesized in the presence of compound 19 and ligand 18 through a reductive amination reaction in DMF. However, purification of monomer 20 was quite challenging since both water and aqueous solvents were unable to solubilize it. Purification was finally performed by size exclusion chromatography on Sephadex LH20 column using DMF as eluent, which gave the isolated compound 20 in 76% yield. In the next part, we thus investigate the solubility of 20 in water upon protonation.

Analysis of the bridged native monomer 20

Acid-based 1 H NMR titration of compound 20

The low solubility of the product hinders self-assembly studies which must be performed in a homogeneous medium. Consequently, we studied the pH influence through 1 H NMR titration on compound 20 using TFA as acid (Figure 2345678910111213141516171819). At pH 10.3, the monomer 20 was totally insoluble as shown by the first spectrum of the titration (bottom spectrum), only the solvent peaks belonging to HOD and a small amount of the DMF residue used for purification are observable. The first additions of TFA within the mixture didn't change the situation indicating that the NaHCO 3 used for the work up process was not completely removed. After 6 equivalents of TFA, pH drops to 6.5 and a little amount of the compound started to dissolve into solution. We thus continued the titration and gradually increase the pH up to 2.5 where the solution became completely clear displaying the corresponding 1 H NMR signature of the monomer. Unfortunately, at such a low pH value, the nitrogen atoms of the bipyridine unit were likely to be protonated, reducing the efficiency of the coordination process and thus challenging the stability of the metal complex in such a medium. Subsequently, we tried to find a pH window that would only protonate the amino bridge without protonating the nitrogen atom on the bipyridine unit. We thus tried to tune the pH on the basis of the pKa difference between the β-CD amino bridge (pKa>10) and the bipyridine unit (pKa<6), but the solubility of compound 20 didn't reach a satisfactory level (Figure 2-20). Indeed, rising the pH from 2.5 to 6.1 using Na 2 CO 3 essentially led to precipitation excluding further coordination studies. However, we further studied the host-guest behavior of compound 20 by NMR-ROESY at pH 2.5 to gather more information towards the polymerization efficiency. 

NMR-ROESY analysis of bridged native monomer 20

To assess the iterative host-guest formation of compound 20 in water, we performed 2D NMR-ROESY to track characteristic cross-correlations between the adamantane protons (Ha-c) and the inner protons of the β-CD cavity (H-3 and H-5). While methylene signals overlapped the signal of the Ha proton of the adamantane, the other isolated ones (Hc and Hb) clearly correlate with the H-3 protons of the β-CD supporting the formation of host-guest inclusion complexes (Figure 2-21). In contrast, no interaction was found between the protons of the β-CD's cavity and the protons on the bipyridine. Hence, the bipyridine unit does not form inclusion complexes with the β-CD at this point. This could be due to the protonation of the bipyridine unit which makes it fully hydrophilic at pH 2.5 and thus allow to reach the full solubility of compound 20 at a very low pH.

Conclusion of bridged native monomer 20

We were able to synthesize monomer 20 which displayed a low water solubility. We then succeeded in increasing its solubility by protonation and obtained a complete dissolution at pH 2.5 leading to a probable protonation of all nitrogen atoms (bridge and bipyridine unit). Tuning the pH to selectively protonate the amino bridge did not result in complete solubility, but rather led to precipitation. Therefore, the formation of coordination complexes at low pH (2.5) affording full solubility remains very difficult and their corresponding stability was probably very weak. We also showed that the bipyridine unit acts as a hydrophilic group affording full solubility upon protonation. We thus speculate that the unprotonated bipyridine can act as an adamantane competitor in the host-guest interaction (Figure 2-22). This would provide a directionless cross-linked and entangled supramolecular network leading to rapid aggregation. Based on this hypothesis, we designed a new strategy to modify the potentially competing bipyridine unit. 

Synthesis of the bridged native dimer 23

Synthetic route of the bridged native dimer 23

To graft a β-CD onto each end of the bipyridine unit, the two methyl groups of the dmpy were functionalized with an aldehyde group. Using the same synthetic route as before (compound 18), we could easily synthesize the bipyridyl-bis-aldehyde ligand 22 in good yield (Figure 2-23). Then, a double reductive amination gave compound 23 which remained insoluble in most of the tested solvents except DMF and DMSO. Again, compound 23 could only be purified by a Sephadex LH20 column with DMF as eluent to give a pure fraction with a 46% yield. We next tried to modulate the pH to increase the solubility of compound 23 without protonating the nitrogen atoms of the bipyridine unit. 

Conclusion of the bridged native dimer 23

We successfully synthesized dimer compound 23 whose solubility behaves similarly to its monomeric counterpart 20. The strategy of selective protonation of the amino bridge still does not completely solubilize dimer 23 and leads to a more complex situation demonstrated by 1 H NMR titration experiments. We therefore decided to explore a new strategy using a methylated version of β-CD to address the solubility issue again (Figure 2-26). Methylation of β-CD is known to increase the solubility of β-CD in water by disrupting the stable intramolecular hydrogen bonding network between the secondary hydroxyl groups. [START_REF] Szente | Highly soluble cyclodextrin derivatives: chemistry, properties, and trends in development[END_REF] 

Retrosynthetic analysis of the methylated monomer 33

To synthesize the methylated monomer, we devised the following retrosynthetic route (Figure 2-27): both, adamantane and bipyridine units would be preferentially grafted onto the methylated β-CD bearing the amino bridge. This latter would be obtained through a double reductive amination between the diaminobutane and the β-CD dialdehyde coming from a Swern oxidation of the corresponding methylated diol. Finally, the diol would be synthesized from the benzyl-protected diol 8 after a sequential THP protection/debenzylation/methylation and removal of the THP. 

Synthetic route of the methylated monomer 33

The perbenzylated diol 8 was thus engaged in a THP protection reaction using DHP in the presence of sodium camphor sulfonate to give compound 24 in 86% yield (Figure 2-28). Compound 24 was debenzylated by catalytic hydrogenation to furnish the corresponding compound 25. Which was further methylated to product 26 in the presence of iodomethane and sodium hydride in 85% yield. Then THP protection was removed under acidic conditions using acetic acid allowing to form the permethylated diol 27. After that we essentially followed the same synthetic route as before (compound 10) performing Swern oxidation followed by a double reductive amination with the diamino-bridge affording compound 29 in 65% yield over two steps. The bridged methylated β-CD 29 was engaged in a first reductive amination in the presence of adamantane-acetaldehyde 1 (sub-stoichiometric amount). The reaction led to the same kind of mixture as previously described i.e. three compounds: two monoalkylated regioisomers (AD 30 and AE 31) and the bifunctionalized product 32, as well as the recovered starting compound 29 (Figure 2-29) . A last reductive amination reaction allowed to introduce the ligand 18 onto compound 30 to give the bifunctional permethylated monomer 33 in 76% yield. 

Analysis of the methylated monomer 33 by NMR

1 H-NMR titration with TFA

Initial attempts to solubilize the neutral monomer 33 in water were unsuccessful, prompting us to perform 1 H NMR titration experiments with TFA to probe the effect of pH (Figure 2-30). After the addition of 2 eq of TFA (pH=3.5), the solution retained a slight turbidity and the NMR signature of the structure 33 starts to reveal. Even when we increased the amount of TFA to 6 eq (pH 1.5), the solution did not fully clarify and the intensity of the signals did not increase. This may mean that the solubility of compound 33 in water has reached a maximum and will not change even if the amount of TFA was increased. To explore further the self-assembly, we decided to investigate its NMR ROESY spectrum. 

Analysis of

Conclusion of the methylated monomer 33

The methylated monomer 33 was synthesized in good yield but remains hardly soluble in water. The methylation did not bring the expected increase in solubility. Worse, 1 H NMR titration experiments revealed that product 33 maintained low solubility even at very low pH (1.5), retaining a cloudy appearance. NMR-ROESY experiments showed that the expected host-guest interactions based on the adamantane and methylated β-CD cavity were weaker or even nonexistent. 

Conclusion

To explore a new hierarchical self-assembled system, we synthesized three different molecules (Figure 2 As a result, it is clear that β-CD functionalized with both an adamantane and a ligand have poor solubility in water. We therefore turned to an alternative strategy based on dynamic covalent bond formation to be able to bring the native β-CD precursor into water at a desired pH and construct the ligand concomitantly with the coordination event so that its self-assembly behavior could be further studied. The details will be described in the next chapter.

Design and synthesis of the bridged native β-CD-Ada-NH 3 monomer 1.Design strategy for dynamic covalent bonded ligand

The alternative strategy described in this chapter relies on a dynamic covalent bond to graft the coordinating ligand. The corresponding imine bond would be obtained by mixing water-soluble fragments promoting the concomitant formation of both the dynamic ligand and the metal complex under controlled conditions. This dynamic covalent bond strategy linking the β-CD to its coordinating ligand and forming the complex, avoids the presence of uncoordinated ligands that could affect solubility of functionalized monomer (Figure 3-1). Such a dynamic system has been discovered by Nitschke's group (Figure 3-2) using an amine fragment and 2-formylpyridine to form a hydrophilic ligand imine in water at controlled pH. Even though the product was in a dynamic equilibrium, Cu I can shift the equilibrium to form the corresponding imine-metal coordination complex. [START_REF] Nitschke | Mutual Stabilization between Imine Ligands and Copper(i) Ions in Aqueous Solution[END_REF] Cu I ions being able to stabilize and induce the formation of imine ligands from pyridine-2carboxaldehyde and sulfonamide in aqueous solutions. This stabilization is mutually cooperative, since both Cu I ions and imines are usually unstable in water. Selective exchange of the amine components of the imine ligands has also been demonstrated, thus representing an advance within the field of directed ligand/component assembly around metal centers. [START_REF] Ōkawa | Heterodinuclear metal complexes of phenol-based compartmental macrocycles[END_REF][125] We thus turned our attention towards a β-CD bearing both a hydrophobic moiety and an amino fragment to form the dynamic imine with 2formylpyridine and further coordinate copper. Consequently, we envisioned grafting a linker with an amino group on the bridge of the previously functionalized β-CD 19 (Figure 3-3). The formation of the imine with 2formylpyridine and coordination of the Cu I would allow the formation of 2D structures through cooperative coordination and host-guest interaction. 

Retrosynthetic analysis of the bridged native β-CD-Ada-NH 3 monomer

The introduction of the amino group onto β-CD is straightforward and can be achieved by direct catalytic hydrogenation of the intermediate compound 14 synthesized in the previous synthetic route (Figure 34). 

Reaction route of the bridged native β-CD-Ada-NH 3 monomer

The compound 14 was reduced using catalytic hydrogenation under acidic conditions.
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The crude was then purified on reverse phase chromatographic column (C-18) affording a unique compound 34. This latter was solubilized in a minimum amount of water, and eluted with water through an ion exchange column (Amberlite Cl -resin) and lyophilized to afford the corresponding compound 34 in 46% yield (Figure 345). On the other hand, the other AE regioisomer 36 was obtained by reductive amination of compound 12 with the linker 4 followed by an hydrogenolysis of the corresponding protected compound 35 to give compound 36 in 42% yield. 

Retrosynthetic analysis of the bridged native β-CD-Me-NH 3 monomer

To verify the role of the hydrophobic group (adamantane) in the final assembly, we performed the synthesis of a control molecule unable to ensure the host-guest interaction. We therefore replaced the adamantane group with a methyl group and followed the general retrosynthetic route proposed in (Figure 3456). The targeted structure could be derived from the corresponding bifunctionalized benzylated monomer 40. The latter could be obtained by a sequential reductive amination reaction on the bridged monomer 10 to introduce the azide linker and the methyl group. 

Reaction route of the bridged native β-CD-Me-NH 3 monomer

The bridged benzylated β-CD 10 was engaged in reductive amination in the presence of 5-azidopentanal 4 (Figure 34567). We still obtained 3 compounds: two regioisomers AD 37, AE 38 -and the bifunctionalization product 39, as well as the starting compound 10. We then performed a reductive amination on the separated isomers 37/38 in the presence of formaldehyde (Figure 345678) to give compounds (40 AD )/(41 AE ) in 76%/71% yield respectively. Finally, compound (40 AD )/(41 AE ) was deprotected through catalytic hydrogenation under acidic conditions. The crude was then purified on reverse phase chromatographic column (C-18) affording a unique compound (42 AD )/(43 AE ). Then (42 AD )/(43 AE ) was solubilized in a minimum amount of water, and eluted with water through an ion exchange column (Amberlite Cl -resin). The product was then lyophilized to afford the (42 AD )/(43 AE ) in 42%/40% yield. 

Conclusion

We successfully synthesized the monomers 34/36 and the methylated ones 42/43 in good yields. Due to the different characterization of the 2D nanosheets, a large number of monomers were consumed. Considering the structural differences of the isomers AD/AE (Figure 3456789) will not affect the construction of the 2D nanosheets, the following studies were performed using a mixture of AD/AE (60%/40%). 

Characterization of host-guest interaction of β-CD-Ada-NH 3 by NMR

To study the formation of the imine, we performed the synthesis and followed it with NMR. In a glove box and under nitrogen atmosphere, a mixture of compound 34/36 (6:4 mixture) was dissolved in degassed D 2 O in an NMR tube with a J. Young valve. Then, 2-Formylpyridine (Py) was added to the solution and Na 2 CO 3 was gradually added to neutralize the terminal ammonium linker and form the pyridyl-imine ligand. In these conditions, the reaction mixture is fully soluble and two products 44a and 44b are obtained in a dynamic equilibrium (Figure 3-10). 

Characterization of host-guest interaction by 1 H-NMR

The starting mixture of compounds 34/36 (spectrum A, Figure 3-11) displayed broad signals which suggest the formation of host-guest type supramolecular oligomers. Addition of formylpyridine (Py, spectrum B) did not affect the β-CD part and led to an independent dynamic equilibrium of the formylpyridine part involving the aldehyde and the hydrate forms. The absence of compound 44b was probably due to the protonation of the terminal amino group at pH=5.10 which prevents the formation of the imine ligand.

However, after addition of 1.5 equivalent of Na 2 CO 3 to the mixture (spectrum C), the pH rose to 8.43 leading to the appearance of an imine signal indicating that the amine becomes available at this pH. We then tried to further promote the formation of the imine by increasing the amount of Na 2 CO 3 , but after 2 additional equivalents (pH=8.92), the mixture started to precipitate. Precipitation was also evidenced by the decrease in the intensity of all signals. Thus, the formation of soluble β-CD imine species was limited to pH 8.43. Since compound 44b was in dynamic equilibrium, it was particularly challenging to probe the host-guest interactions by 2D NMR (ROESY and DOSY). Therefore, we studied the host-guest interactions on the starting compounds 34/36 by NMR-ROESY. 

Characterization of host-guest interaction by NMR-ROESY

NMR-ROESY of the mixture of compound 34/36 (Figure 3-12) revealed crosscorrelations between Hb and Hc-ax protons of the adamantyl group and the H-3 protons of β-CD. This indicated a partial inclusion of the adamantyl group inside the cavity of the β-CD. To further verify the formation of supramolecular polymers based on host-guest interactions, we turned our attention toward 2D NMR-DOSY. 

Characterization of host-guest interaction by NMR-DOSY

NMR-DOSY experiments were performed over a range of concentrations of 34/36 mixture (Figure 345678910111213). The intensity of the diffusion coefficient decreased nonlinearly with increasing concentration (D = 2.1 to 0.7 × 10 -10 m 2 •s -1 ) which was characteristic of supramolecular oligomer formation. This meant that as the concentration increased, the size of the supramolecular polymer became larger and larger due to iterative host-guest interactions. [START_REF] Evenou | Bridging β-Cyclodextrin Prevents Self-Inclusion, Promotes Supramolecular Polymerization, and Promotes Cooperative Interaction with Nucleic Acids[END_REF] Thus compounds 34/36 bearing an adamantyl group and a linker showed host-guest behavior by NMR-ROESY and DOSY suitable for supramolecular polymerization. Furthermore, we showed that iminopyridyl ligand forms at pH 8.43 and remained soluble at this pH, so we next investigated the interaction of the metal coordination between iminopyridyl and copper.

Characterization of the coordination interaction by NMR/UV-Vis

To study the formation of the coordination complex, we performed the synthesis and followed it with 1 H NMR and UV-vis. We thus prepared (Figure 3 

Characterization of metal coordination by 1 H-NMR

Monitoring the evolution of the starting mixture of 44a and 44b (spectrum A, Figure 3-15) after the addition of 0.5 equivalents of Cu(MeCN) 4 BF 4 , led to a broad and weak spectrum with the traces of Py in the aromatic region (6-10 ppm, spectrum B) and residual β-CD. The hydrate and imine signals disappeared, leaving the aldehyde alone in solution. In addition, the color of the reaction system changed from colorless to brownish yellow, indicating that the addition of the metal promotes a shift in the dynamic equilibrium of 44a/44b toward the formation of the metal complex. We then speculated that this behavior could be due to the formation of large molecules that precipitate in the solution. The presence of metal-ligand interactions was likely to be the cause of the strengthening of the supramolecular polymer by cooperative interaction of the coordination with the host-guest interaction. To find more evidence for the formation of coordination bonds between copper and imine, we will next present the UV-Vis study. 

Characterization of metal coordination by UV-Vis

The starting solution containing the equilibrated mixture 44a/44b did not show any absorbance from 300nm to 600nm (Figure 345678910111213141516). In contrast, after adding 0.5 equivalents of Cu(MeCN) 4 BF 4 to the mixture, an absorption band appears at 475 nm corresponding to the metal-to-ligand charge-transfer (MLCT) band belonging to the copper-imine coordination complex. [START_REF] Xiao | Copper Complexes in Radical Photoinitiating Systems: Applications to Free Radical and Cationic Polymerization upon Visible LEDs[END_REF] This absorption was also accompanied by a significant increase in the baseline of the UV-Vis spectrum attesting to the formation of a solid suspension producing a diffusion. The coordination reaction continued over time with a maximum of intensity (0.47) reached after one day. Then, the absorbance intensity starts to decrease (Figure 3-16 B), indicating that the β-CD in solution was slowly consumed to participate in the large cooperative self-assembly and thus gets out of the solution. From the color of the solution, we can also notice a gradual darkening from top to bottom (Figure 3 According to UV-Vis experiments, the coordination interaction of the functionalized β-CD bearing an adamantyl group and a dynamic iminopyridyl ligand with copper was effective featuring a characteristic absorption band at 475 nm (MLCT band of Cu I ). In addition, the increase in the baseline and the gradual change in color indirectly indicated the formation of large size structures in solution. As these species were too large to stay in solution, we next studied their morphological structure (2D nanosheets) with different microscopy techniques.

Characterization of the 2D nanosheets by microscopy

Characterization of 2D nanosheets sample in solid-state

We first prepared dried samples of the assemblies to perform optical microscopy (OM), Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM). We thus took 5 μL of the reaction solution 45 (3 mM, 1 h) in glove-box and deposited it on a silicon wafer (Figure 3-17). The sample was dried under nitrogen flow in a desiccator for around 3h and analyzed by microscopy.

The AFM, SEM and OM analyses were achieved with the help of Dr. Imad Arfaoui and Pr. Christophe Petit from the MONARIS lab and David Montero from FCMat at Sorbonne University. 

Characterization of 2D nanosheets by OM

The first thing we can notice was that the color of the silicon surface was heterogeneous (Figure 3-18) due to the uneven thickness of the deposit. This heterogeneity was probably amplified by the composition of the mixture which contains salts and free β-CD monomers. Looking closer to the sample, we then found many nanosheet-like structures on the silicon wafer. The species appear either as spreading nanosheets incorporating flat, folded and creased domains or as collapsed structures resulting from strong crumpling/folding of the 2D assembly and appearing as high contrast spherical objects. The observed width variation for 2D nanosheets ranged from tens to hundreds of micrometers and, in some cases, up to half a millimeter. The size of these assemblies contrasted with that of the β-CD, which is only about one nanometer wide and high. Therefore, for a half-millimeter-long nano-sheet, approximately 460,000 β-CD monomers must be assembled together. This gigantic assembly was clearly made possible by the cooperative action of host-guest and coordination interactions. We further analyzed this sample by SEM to detect the presence of copper in the 2D nanosheets using Energy Dispersive X-Ray (EDX) analysis. 

Characterization of 2D nanosheets by SEM

We checked the same sample by SEM at the same positions as those observed by OM. The 2D nanosheets revealed much harder to find using SEM technique (Figure 345678910111213141516171819) probably because of the thickness of the 2D nanosheets which was too thin and covered by the salts and free β-CDs. So, we adjusted the angle between the beam and the sample from 90 o to 30 o to obtain more contrasted images. We then performed EDX analysis on the observed nanosheets. However, the long residence time of the beam on the structures destroy the composition of the 2D nanosheets preventing the analysis of flat regions that are too thin and thus are not suitable for EDX analysis. We thus performed the analysis on the folded part of the 2D nanosheets and found that the ratio of Cu and N atoms on the 2D nanosheets was 1:10, which was very close to the elemental ratio of the dimer complex (Cu:N=1:8). In contrast, in the region free of any 2D structure, the copper and nitrogen atoms were not detected by EDX. except for some salts.

Characterization of 2D nanosheets by AFM

The AFM is an analytical instrument that can be used to study the structure and thickness of solid materials on a surface. It is widely used to characterize inorganic, organic, and biological nanostructures. [START_REF] Lieber | One-dimensional nanostructures: Chemistry, physics & applications[END_REF] The technique allows to investigate a structure by detecting very weak interatomic forces between the surface of the sample to be measured and a micro force sensitive element. [START_REF] Magonov | CHARACTERIZATION OF POLYMER SURFACES WITH ATOMIC FORCE MICROSCOPY[END_REF] For this purpose, a microcantilever (Figure 3-20), [START_REF] Amarouch | AFM and FluidFM Technologies: Recent Applications in Molecular and Cellular Biology[END_REF] which is extremely sensitive to weak forces, is fixed at one end and a tiny needle tip at the other end is brought close to the sample, where it interacts with it and the forces cause the micro-cantilever to deform or change its state of motion. When scanning the samples, these changes are detected by the sensor and information on the distribution of forces is obtained, resulting in information on the structure of the surface topography and surface roughness at nanometer resolution. [131] The modes of operation of the AFM are classified in terms of the forces acting between the tip of the needle and the sample. There are three main modes of operation: [START_REF] Nguyen-Tri | Recent Applications of Advanced Atomic Force Microscopy in Polymer Science: A Review[END_REF] contact mode, non-contact mode and tapping mode. The tapping mode is intermediate between the contact and non-contact modes. The cantilever oscillates above the sample surface at its resonant frequency and the tip of the needle only touches/taps the sample surface briefly and periodically. This means that the lateral forces generated by the tip of the needle in contact with the sample are significantly reduced. This makes the AFM's percussion mode one of the best options when testing tender samples. [START_REF] Amarouch | AFM and FluidFM Technologies: Recent Applications in Molecular and Cellular Biology[END_REF] We thus performed the analysis of the surface of the silicon wafer using AFM in the tapping mode. As in the case of SEM analysis, we were able to observe the same regions as those observed by optical microscopy image (Figure 3-21). As stated in SEM analyses, large amounts of salts and β-CD cover the silicon surface and the nano-sheets. However, we were able to measure a thickness of coated 2D nanosheets and obtained a height of around 5 nm. A closer look to the height profile of the 2D nanosheet reveals an increase of the edge heights indicating that the sheets are flexible and tend to curl at the edges. 

Characterization of 2D nanosheets sample in liquid-state

The drying process of the 2D nanosheets might influence the network of the assembly changing the hydration shell or forcing interactions with salts and other species that are otherwise soluble in the liquid state. We therefore turned our attention towards solution microscopy techniques to observe the morphology of the 2D nanosheets in liquid suspension using inverted optical microscopy (inverted OM) and Cryogenic Transmission electron microscope (Cryo-TEM).

The inverted OM experiments were achieved with the help of Dr. Adrien Girard from the MONARIS lab at Sorbonne University. the Cryo-TEM experiments were conducted on two different sites: at Sorbonne Université with the help of Jean-Michel Guigner from IMPMC lab and at Pasteur with the help of Jean-Marie Winter and the collaboration of Pr. Catherine Vénien-Bryan and Dr. Carlos Fernandes from IMPMC at Sorbonne University.

Characterization of 2D nanosheets by inverted OM

We started this liquid state investigation with inverted optical microscopy to compare the previous observations made with optical microscopy at the same scale. We thus prepared the nanosheets suspension in a glove box under nitrogen according to the following procedure (Figure 3-22): the 2D nanosheet 45 was first synthesized in a reaction flask [3 mM, 1h] and immediately transferred by syringe into a thin slide with an observation channel. Once the channel was filled, both ends of the channel were quickly sealed with glue, allowing the slide to be handled outside of the glove box. Then, the liquid sample was directly observed with the inverted OM. From the images (Figure 3-23), we can see that the observed 2D nanosheets in suspension do not have a uniform morphology or size. Moreover, these transparent nanosheets were very flexible, leading to a wrinkled and crumpled morphology attesting to high resistance to mechanical stress. In a similar way to the solid state (OM analyses), the nanosheets observed in suspension can reach large sizes ranging to more than 160 µm long (Figure 3-23-B) for widths of 70 µm (Figure 3-23-C). So, despite the fact that it was assembled in solution, the integrity of the nanosheets was retained after drying the samples for microscopic analysis, suggesting that this kind of supramolecular 2D nanosheets is remarkably stable outside of its solvated state. We also noticed that the nanosheets in solution were less stable than their solid state. We will discuss the nature of its stability in more details in section 6.1. (Stability of the 2D nanosheet 45). 

Characterization of 2D nanosheets by Cryo-TEM

We next investigated the nanostructures in frozen solution to get a closer look at the structure using Cryo-TEM. For this purpose, we used grids covered with perforated carbon films (Figure 3-24 A). These commercially available grids were made of various conductive materials (Cu, Au, Mo, Si 3 N 4 , SiO 2 , etc.) covered with a perforated film forming regular arrays of holes (of controlled shape, size and spacing) and varying thicknesses (typically 10-50 nm of carbon, 5-10 nm of gold or silicon derivatives).

A 5 µl sample of the aqueous solution (3mM, 1h) was applied to the perforated grid, which was pretreated by glow discharge. After removing excess solution with filter paper under strictly controlled environmental conditions, the grid was quickly placed in a cryostat with liquid ethane, usually pre-cooled with liquid nitrogen (Figure 3-24 B). [START_REF] Murata | Cryo-electron microscopy for structural analysis of dynamic biological macromolecules[END_REF] The frozen grids were kept in liquid nitrogen until observed. Analysis of the sample by Cryo-TEM (Figure 3-25) showed some 2D nanosheets being either isolated or superimposed. The nanosheets appeared as flat and very homogeneous surfaces with very sharp edges. Most of the regions showed single-layered objects of smaller size than those observed by optical microscopy. Some of the nanosheets were stacked in multiple layers probably because of the flexibility of the objects that allowed folding of the structure, as previously observed by optical microscopy. However, the regularity of the edges and corners of the nanosheets tends to indicate preferential cleavage directions. This could support a directionality in the assembly with orthogonal orientation of the hydrophobic inclusion and the coordination leading to large scale organization. To further assess the role of host-guest interaction and coordination interaction in the building of the 2D nanosheet 45, we prepared two samples containing monomers able to perform only one type of interaction, i.e. the host-guest interaction or the coordination interaction. In both cases, the lacking function was replaced by a methyl group (Figure 3-26) to maintain the presence of a tertiary amine and preserve the ionization behavior. Then, a mixture of compounds (34/36 bearing only the adamantyl group, or 46 lacking the adamantyl group) was engaged in the same conditions as those used to form the 2D nanosheet 45. In each case, Cryo-TEM images showed no nanosheets but only black spots corresponding to aggregates of the monomer mixture (Figure 3-27). These two samples proved that the construction of the 2D nanosheet 45 required the cooperative action of host-guest and coordination interactions.

As noted above, the observed nanosheets exhibited a very homogeneous surface and some regularity at the edges of the object. We were therefore interested in the structural composition of these 2D nanosheets and decided to probe the molecular organization of these structures. We therefore performed an electron diffraction study during the cryo-TEM analysis and a SAXS analysis. 

Electron diffraction of the 2D nanosheet 45 from Cryo-TEM

Electron diffraction [START_REF] Bendersky | Electron diffraction using transmission electron microscopy[END_REF] is a technique for examining the crystal structure by means of a diffraction pattern obtained by irradiating a sample with an electron beam. Crystallographic information about the substance is then obtained. In the case of transmission electron microscopy, the electron diffraction pattern consists of regularly spaced spots in single crystals, concentric rings in polycrystals and wide rings in amorphous samples. Such as, when measuring a single crystal (e.g. silicon), a pattern of diffraction spots is obtained based on the symmetry of the crystal. The distance of any spot from the center determines the corresponding crystal plane spacing, while the angle between the two straight lines connecting the spot to the center determines the corresponding crystal plane orientation (Figure 3-28 A).

For polycrystalline silicon, due to the presence of crystals in various orientations within the measurement area, they form concentric patterns (split rings) rather than spots. The lattice plane spacing is obtained from the radius of the ring (Figure 3-28 B).

Amorphous samples, such as quartz glass, do not have a crystalline structure and therefore no clear diffraction points are observed. Instead, a faint concentric ring pattern is formed (Figure 3 The samples used for electron diffraction were different from those required for commonly cryo-TEM, we must keep the thickness of the ice on the 2D nanosheets as thin as possible to avoid its interference with diffraction. This required removing as much water as possible from the surface of the grids as we prepared the frozen samples. The samples we used for electron diffraction were close to dry samples. Such manipulation also resulted in the breaking of carbon films on the surface of the grids. That was why we can observe the broken edge at the bottom of image A (Figure 3-29).

The position marked in red in image A was a 2D nanosheet, enlarged and shown in image B. The position of the red marker in the 2D structure was the region where we collected the electron diffraction and obtained the electron diffraction patterns (Figure 3-28 C). Such diffraction picture data support our exploration of the distances between the lattices, but for the time being we cannot give specific values due to our lack of some parameters concerning the instrumentation which are being further confirmed with the engineers. 

Characterization of the 2D nanosheet 45 by SAXS

Since we suspect that the 2D nanosheets involve repeated CD monomers forming a larger network, we thought that probing the organization at the nanometer scale using small-angle X-ray scattering (SAXS) would provide information towards the pattern of repetition. SAXS was the recording of the elastic scattering of X-rays from a sample at a small angle of 0.1° to 10° close to the original beam as the X-rays pass through the specimen (Figure 3-30). [START_REF] Sharma | Handbook of Materials Characterization[END_REF] This angular range contains information about the solid structure of the scatterer, such as nanoparticles, micro-and macromolecules, and others. The SAXS technique has been used to study nanostructures since its introduction in the 1950s. [START_REF] Guinier | SMALL-ANGLE SCATTERING OF X-RAYS[END_REF] It can provide information on distances between partially ordered materials, pore sizes, and other data. In addition, according to the experimental setup, SAXS is able to provide structural information for objects with sizes between 0.5 and 100 nm.

The SAXS experiments were achieved with the help of Dr. Nicolas Goubet from the MONARIS lab at Sorbonne University, Pierre-Antoine Albouy and Stephan Roziere from Laboratory of Solid-State Physics at university of Paris-Saclay. We therefore prepared a solid sample of nanosheets synthesizing them in solution (3 mM) followed by centrifugation, removal of the supernatant and drying under nitrogen flow. We then collected the data using different lengths between the sample and the beam and obtained similar results (Figure 3 -31). In fact, the collected data tend to indicate that the scattering pattern is affording shorter distances than expected (ca.. 1nm, 0.75 nm and 0.48 nm). We then build a model to figure out the 2D network.

Simulation of the structural composition of 2D nanosheets 45

All the information from the different microscopic techniques allowed us to design a geometric model that we built using Avogadro software. For this, we performed the construction using the crystalline state of the bridged β-CD bearing the adamantane to graft the iminopyridyl ligand. We then constructed the dimeric metal complex, duplicating the structure and forming the copper complex with a tetrahedral geometry. We chose to orient the two CD in opposite directions to minimize the dipolar moment of the complex and kept the spacer linear and undeformed affording a bent dimer respecting the geometry of all partners. This dimer was then geometrically minimized by molecular mechanics (UFF force field) and duplicated to adapt one of the two adamantane groups of one dimer inside one of the CD cavities of the other dimer respecting the arrangement observed in the adamantane bridged β-CD crystal. We thus repeated several times this arrangement to assemble a larger network and get an overview of the 2D-nanosheet 45 (Figure 3-32). On the basis of this model, we measured the thickness of one sheet giving around 2 nm width which is close to what is observed by AFM (4 nm). The difference in width can be assigned to the salts and free CD accumulated on top of the sample. The distances observed by SAXS were also found in the simulated network. These distances compared well with those involved in the linear hydrophobic host-guest interactions (1, 0. 75 and 0.48 nm). However, for the coordination part involving distances reaching 1 to 2 nm, the correspondence with SAXS was not observable. This could be due to greater flexibility in this part of the network, leading to greater variability in the repetition pattern and thus signal loss. These assumptions still need to be clarified to obtain a more accurate understanding of the system.

Dynamic behavior of 2D nanosheets by controllable conditions

We then studied the robustness of the assembly and the possible stimuli to get a dynamic control over the assembly.

Study the stability of the 2D nanosheets
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The stability of the 2D nanosheets in aqueous solution under Air

The stability of the 2D nanosheet 45 in the liquid state was first studied by inverted OM. We found that these 2D nanosheets in aqueous solution were not stable under ambient atmosphere. Under these conditions, the red-labeled 2D nanosheet (Figure 3-33) undergoes a strong transformation at a rate of 234 μm 2 /h and leading to a collapsed structure. This phenomenon may be explained by mechanical stress related to the movement of the suspended sheet or, more likely, a copper oxidation process from Cu I to Cu II . The color of the medium changes from yellow to pale blue at the end of the reaction indicated rather an oxidation of copper. In order to prove this conjecture, we changed the air atmosphere to N 2 to stop or slow down the oxidation process from Cu I to Cu II . 

The stability of the 2D nanosheets in aqueous solution under N 2

The oxidation process of Cu I to Cu II can be caused mainly by oxygen in the air. Therefore, we sealed the sample in the glove box under nitrogen atmosphere before observing it by inverted OM. We can see that the red-labeled 2D nanosheet does not undergo any significant change over time (240 min), with a collapse rate of about 6 μm 2 /h (Figure 3 -34). The collapse process is thus significantly slowed down, which tends to indirectly prove that the presence of oxygen is responsible for the phenomenon. If this is indeed the case, then the collapse rate of 2D nanosheets under pure oxygen should be faster. The following experiment was therefore performed to verify this point. For the latter experiment, the 2D nanosheet 45 was prepared in the glovebox as before, and the sealed sample was connected to a balloon to apply an oxygen pressure. The images took by inverted OM (Figure 3 -35) showed that the collapse speed of the 2D nanosheets (marked in red) reach 535 μm 2 /h. The collapse rate of the 2D nanosheet was found to be much faster than previous ones, with the process completed in 90 minutes. The 2D nanosheet remained largely unchanged for the next 60 min. This is clearly due to the rapid dissociation of the Cu II out of the 2D nanosheets leaving the collapsed assembly without coordination. 

Conclusion of the stability of the 2D nanosheets

The 2D nanosheet 45 showed different collapse rates (Figure 3-36) depending on the amount of oxygen (N 2 : 6 μm 2 /h; Air: 234 μm 2 /h; O 2 : 535 μm 2 /h). The main reason for the decomposition of the 2D nanosheets was the oxidation process of Cu I to Cu II in the presence of oxygen, and as Cu II was not an effective coordinating metal for iminopyridyl, it led to the breaking of the coordination ligand and thus to the decomposition of the 2D nanoparticles. This instability can be used to control the dissociation or creation of these nanosheets.

Dynamic process of the 2D nanosheet 45

The 2D nanosheet 45 assembly was based on an efficiently dynamic system. There are three dynamic sites (Figure 3-37): (1) the host-guest interaction between adamantane and β-CD cavity, (2) the coordination interaction between copper and iminopyridyl and (3) the dynamic imine covalent bond. These features confer to the 2D nanosheet 45 a significant tunability. Based on these characteristics, it is possible to interfere on the building process of the 2D nanosheet 45 and used them as switchable platforms. Since our first attempts to use redox processes remained unsuccessful, we then targeted pH control to switch the dissociation and self-assembly of the 2D nanosheet 45. 

Self-assembly and dissociation of the 2D nanosheet 45 by pH titration

The pH plays an important role in the construction of the 2D nanosheet 45, as it directly controls the formation of the dynamic covalent imine bond. Indeed, in the imine ligand formation study, we showed that the pH allowed to accumulate the imine ligand sufficiently to achieve the coordination complex after. As we know, coordination bonds are unstable under acidic conditions, so we wanted to validate by 1 H NMR experiments whether pH could act as a switch for the self-assembly and dissociation of the 2D nanosheet 45 by controlling the coordination bonds.

Hence, The 2D nanosheet 45 (brown yellow suspension, 3mM in D 2 O, spectrum 1, Figure 3-38) were gradually acidified using DCl until complete dissolution of the suspension leading to a colorless solution (pH=5--6, Spectrum 2). The signal intensity of the pyridyl part decreased and shifted downfield due to the protonation of the pyridine.
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In addition, the chemical shift of the methylene groups belonging to the bridge shifted downfield (From 2.0-3.0 ppm to 3.0-4.0 ppm) due to the protonation of their neighboring nitrogen atoms. Protonation of the nitrogen atoms leads thus to a total dissociation of the coordination complex releasing both the copper and the iminopyridyl and thus dissociating the 2D nanosheets.

After adding Na 2 CO 3 to the solution (pH=8--9), a brown-yellow suspension formed again leading to spectrum 3 similar to spectrum 1. The proton signals belonging to the iminopyridyl ligand (7.5-10 ppm) appeared again and the chemical shift of the methylene groups near the neutralized N shifted upfield (2.5-3.0 ppm) back to their initial shift. The appearance of the yellow color attests that the coordination bond between the iminopyridyl and copper was fully recovered, while the suspension indicated that the large 2D nanosheets rebuild upon neutralization. The switching operations were conducted over three additional cycles (spectra 4-7) exhibiting the same behavior. 1 H NMR experiment successfully demonstrated that pH can be used as a switch to control the self-assembly (pH=8-9) and dissociation (pH=5-6) of the 2D nanosheet 45 making them a controllable and reversible dynamic system (Figure 3-39). 
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Study the effect of metals with different geometries: Fe II

For this dynamic site of the metal coordination bond. We supposed that metals with different coordination geometries would provide different morphologies of supramolecular polymers. Fe II is a good candidate to explore new morphologies of supramolecular polymers because (1) Fe II and imine are able to form strong coordination bonds, and (2) the coordination geometry of Fe II and imine is octahedral, which can be clearly distinguished from the Tetrahedral coordination of Cu I . We thus performed a preliminary experiment using iron to build the new objects and directly analyzed them by Cryo-TEM (Figure 3-40). We found a black fibrous structure in the center of some irregular morphologies and speculate that this black fibrillar morphology may be due to the coordination of divalent iron ions with three β-CDs assembling into 1D fibers through host-guest interactions. The unclear morphology around the black 1D fibers may be due to an irregular polymer formed by the coordination of divalent iron ions and the ligand in the other direction of the β-CD in the corresponding 1D fibers (Figure 3-41). However, using metals with different geometrical configurations can clearly influence the supramolecular structure although the nature of these assembly remains unclear. 

Conclusion

We synthesized bifunctionalized modified β-CD monomers 34/36. Based on these functionalized monomers, we constructed a dynamic 2D nanosheet 45 based on hostguest interaction and coordination interaction. The host-guest interaction between β-CD cavities and the adamantyl group was confirmed by a series of NMR experiments, including 1 H NMR, NMR-ROESY, and NMR-DOSY. Coordination interaction between copper and iminopyridyl was confirmed by UV-Vis experiments, we can observe a specific MLCT belonging to the iminopyridyl-copper coordination complex.

The morphological structures of the 2D nanosheet 45 were observed by different microscope techniques. Such as OM, SEM, and AFM for solid samples, inverted OM, and Cryo-TEM for liquid samples. The SEM-EDX provided the elemental analysis of the 2D nanosheet 45, the AFM provided the thickness and the Cryo-TEM provided the electron diffraction data to demonstrate that the 2D structure was a regularly composed supramolecular polymer. SAXS experiments provided some information on the distance between β-CD structural units in the structural composition of the 2D nanosheet 45.

In addition, for this dynamic system of 2D nanosheets, we found that pH can be used as a switch to control the self-assembly and dissociation of the 2D nanosheet 45. Finally, it was also possible to construct supramolecular polymers with different morphological structures by replacing copper with metals having different coordination geometries.

General Conclusion

Inspired by the ability of supramolecular polymers in nature to perform many complex life functions. Based on the design strategy of artificially constructed supramolecular polymers, we developed a dynamic 2D supramolecular system based on bifunctionalized precisely modified β-CD as a building block.

The first design was that β-CD bearing adamantane and bipyridine, but this monomer [START_REF] Rong | Self-assembly of viral particles[END_REF] encountered great challenges in terms of solubility issues in water. Even the synthesis of a bipyridine-centric β-CD dimer ( 23) and a methylation-modified β-CD [START_REF] Han | Donor-acceptor-type supramolecular polymers on the basis of preorganized molecular tweezers/guest complexation[END_REF] failed to solve the solubility problem. Fortunately, we finally found a dynamic covalent bond ligand (Imine), to overcome the solubility problem of bifunctionalized β-CD in water.

Based on this dynamic covalent bonding imine ligand and adamantane modified β-CD unit, we successfully constructed nanosheets-like 2D supramolecular polymers based on host-guest and coordination interactions. These two non-covalent interactions were verified by NMR and Uv-vis experiments respectively.

The morphology of the 2D nanosheets was then investigated by a series of microscopy techniques. Examples include (OM, SEM, AFM, inverted OM, and Cryo-TEM). The structural composition of the 2D nanosheet was explored by EDX, Electron diffraction, and SAXS.

Finally, the stability and dynamic properties of the 2D nanosheets were investigated and we found that the 2D structure was very stable in the solid state, but the 2D nanosheets in liquid were susceptible to dissociation in the presence of oxygen.

Then, we found that pH can be used as a switch to control the self-assembly and disassembly of the 2D nanosheets.

Further studies showed that we can construct supramolecular polymers with different morphological structures based on this system when using different geometrical configurations of metals.

Perspective

The dynamic system we developed to construct supramolecular polymers has many replaceable sites. For example, linkers of different lengths, ligands with different coordination numbers, and metals with different coordination geometries (Figure 4-1). 

Air Stable Metals

As the stability of Cu I and imine metal complexes can limit further studies of 2D structures, we hope that an air-stable metal like divalent pd II can be used instead of Cu I . It is hoped that the constructed 2D structures will be more stable in the air.

Modulation of 2D structure

Fe II has verified that metals with different coordination geometries can directly influence the final morphological structure of supramolecular polymers. In addition, we can modulate the final morphology of the self-assembled supramolecular polymer by changing the structure of the polydentate ligand as well as the cyclodextrin itself.

Metals with different coordination geometries

As we improve the stability and controllability of the 2D structure, we can introduce new functionalized groups into the structure of cyclodextrins to achieve the corresponding purpose.

General Procedures

Reactants were purchased from commercial sources and used without further purification. The solvents were freshly distilled by standard methods: Dichloromethane from CaH, THF from sodium/benzophenone, toluene, triethylamine, DMF and DMSO were dried over molecular sieves.

Thin Layer Chromatographie (TLC) was performed on Merck silica gel 60 F 254 and revealed with a UV lamp (λ = 254 nm) and KMnO 4 , cerium molybdate or sulphuric acid staining. The compounds including phenyl group were detected by UV at 210 nm. Flash Column Chromatographies were conducted on silica Geduran ® Si 60Å (40-63 μm) or silica Geduran ® Si 60Å (63-200 μm). The CombiFlash Rf system was performed by injecting 5 mL of the filtered aqueous extract onto a RediSep Rf Gold C-18 reversed-phase column (20-40 μm). Elution was performed by using pumps to deliver a constant flow rate of 30 mL/min. The solvent system consisted of acetonitrile (CH 3 CN) and D-water always started with 0% of CH 3 CN for 3 min to desalt the media then a specified gradient was applied for different products. The compounds including phenyl group were detected by UV at 210 nm.

ESI-High-Resolution Mass Spectrometry (ESI-Ms

) was performed on a Bruker microTOF spectrometer. using Agilent ESI-L Low Concentration Tuning-Mix as a reference.

NMR spectra was recorded on a Bruker AM-400 MHz or Bruker Avance 600 MHz using solvents such as CDCl 3 , DMSO-d 6 , D 2 O, MeOD-d 4, THF-d 8 and assignments were done using COSY, HSQC, HMBC, TOCSY, NOESY, DOSY experiments.

UV-visible spectra was recorded on a Cary-5000. The spectra was recorded in pure acetonitrile solutions at room temperature. Samples were placed in a 1 cm path length quartz cuvette and generally data were collected in the range 200 -900 nm. SEM experiments were performed using a Hitachi SU-70. EDS used an X-Max 50mm2 Oxford EDS spectrometer controlled through AZtec™ software. We've used 5 kV energy beam in order to ionize our elements of interest AFM experiments were performed with a commercial AFM 5100 System (Agilent Technologies, USA) and the probes were provided by MikroMasch with typical spring constant around 40 N m -1 . The AFM was used in the acoustic mode.

Cryo-TEM experiments were performed using a JEOL 2100F 200 kV microscope equipped with a GATAN US 4000 camera. The sample was fast vitrified using liquid ethane. The acquisition was performed with a low electron beam intensity (10 e -Å -2 s -1 ).

OM experiments were recorded on an Olympus BX51 optical microscopy.

Inverted OM experiments were recorded by a standard imaging Olympus microscope in inverted geometry. We used an oil objective with a 1.5 numerical aperture. The camera is a sCMOS camera.

Cryo-TEM (electron diffraction) experiments were performed using a Glacios 2 Cryo-TEM (Thermo Fisher Scientific) equipped with Ceta-D camera. 3μL of β-CD solution containing the 2D crystals was placed on Quantifoil (1.2/1.3) Cu 300 mesh grids previously submitted to glow discharge for 25 s. The grids were blotted for 240 s and flash-frozen in liquid ethane using a Vitrobot Mark III (Thermo Fisher Scientific) operated at room temperature and 50-60% humidity. The images were obtained using D960 nm, an exposure time of 1 s and a dose of 175.83 electrons/nm². SAXS experiment: Before measurements, the samples were inserted into borosilicate capillary tubes of 1 mm diameter (GLAS, Schönwalde bei Berlin, Germany) and flamesealed. Experiments were carried out at the MORPHEUS platform (Laboratoire de Physique des Solides) by using rotating anode generator equipped with multilayer W/Si optics (Osmic). The measurements were performed with monochromatic radiation with wavelength  CuKα = 0.1542 nm. Two-dimensional (2D) patterns were collected on a MAR345 detector (marXperts GmgH, Germany) with 150 µm pixel size. The sample-todetector distance was set at 400 mm (with 4H exposure time). This configuration allowed covering a wide range of scattering vector modulus q = 0.xxx-20 nm -1 (q = 4/ sin ()) with 2 the scattering angle). The scattered intensity I as a function of q was determined from the radial angular integration of the scattering patterns using homemade software. The characteristic distance is d = 2/q (nm). 

Nomenclature for protons:

Hc-ax

Hc-eq

Hb

Ha

Ha

Doctoral thesis of Sorbonne University

Synthesis 2-((3r, 5r, 7r)-Adamantan-1-yl)-acetaldehyde (1)

To a solution of 2-adamantyl-ethanol (2.02 g, 11.20 mmol) in dichloromethane (50 mL) was added TEMPO (176 mg, 1.12 mmol) followed by iodobenzene diacetate (4.0 g, 12.32 mmol). The reaction mixture was allowed to stir for 3 h at r.t. under air until completion. Then the mixture was diluted with dichloromethane (50 mL) and saturated aqueous solution of Na 2 S 2 O 3 (50 mL) and stirred for 30 min. Then, the aqueous phase was extracted with dichloromethane (3×100 mL), and the combined organic layers were washed with saturated aqueous solution of NaHCO 3 (3×50 mL), brine (3×50 mL), dried over MgSO 4 , filtered and concentrated in vacuo. The residue was purified over silica gel chromatography (Et 2 O/pentane 1:30) to provide adamantylacetaldehyde (1) (1.36 g, 68.2% yield) as a colorless oil and stored at -20℃ under argon to prevent any further oxidation.

The structure of the product (1) was confirmed by comparison with the literature. [START_REF] Beeson | Enantioselective Organocatalytic α-Fluorination of Aldehydes[END_REF] O

5-Azidopentanal (4)

To a solution of 5-chloropentanal (5 g, 41.47 mmol) and ethylene glycol (7.73 mL, 207.34 mmol) in toluene (100 mL) was added p-toluenesulfonic acid monohydrate (p-TsOH•H 2 O) (1.05 g, 8.294 mmol). The resulting solution was heated to reflux for 12 h and the reaction mixture was cooled to room temperature, the volatile was removed under reduced pressure. The reaction mixture was diluted with diethyl ether (75 mL) and water (40 mL). The organic layer was washed with the saturated aqueous solution of NaHCO 3 (2×40 mL), and brine solution (2×40 mL), then passed over MgSO 4 , filtered and concentrated in vacuo. The obtained residue was purified by silica gel chromatography (cyclohexane/EtOAc 10:1) to give 2-(4-chlorobutyl)-1, 3-dioxolane (2) (3.72 g, 78% yield) as the yellow oil. Product (2) (3.72 g, 22.60 mmol) was solubilized in anhydrous DMSO (10 mL) under argon atmosphere, sodium azide (2.20 g, 33.89 mmol) was added. The mixture solution was stirred at 60℃ for 24 h. Water (20 mL) and diethyl ether (20 mL) were added, and the aqueous phase was extracted with diethyl ether (3×30 mL), and the combined organic layers were washed with 1:1 water/brine solution (2×50 mL), dried over MgSO 4 , filtered and concentrated in vacuo to give the desired 2-(4-azidobutyl)-1, 3-dioxolane (3) (3.32 g, 82% yield) without purification as the colorless oil. Product (3) (3.32 g, 19.39 mmol) was dissolved in acetone (50 mL) and water (50 mL) under argon atmosphere, p-toluenesulfonic acid (1.85 g, 9.69 mmol) was added. The mixture solution was stirred at 60℃ for 6 h. The volatile was removed under reduced pressure. Then the reaction mixture was diluted with diethyl ether (100 mL) and the saturated aqueous solution of NaHCO 3 (100 mL). The organic layer was washed with water (50 mL) and brine solution (50 mL), dried over MgSO 4 , filtered and concentrated in vacuo. The obtained residue was purified by silica gel chromatography (cyclohexane/EtOAc 7:3) to give 5-azidopentanal (4) (1.23 g, 55% yield) as the colorless oil.

1 H NMR (400 MHz, CDCl 3 , 300 K): δ (ppm) = 9.72 (t, J = 1.6 Hz, 1H, 1H-1), 3.25 (t, J = 7.2 Hz, 2H, 2H-2), 2.43 (dt, J = 7.2, 1.2 Hz, 2H, 2H-3), 1.71-1.52 (m, 4H, 2H-4, 2H-5). 

4-(but-3-yn-1-yl)-4'-methyl-2,2'-bipyridine (6)

To a solution of freshly distilled diisopropylamine (0.38 mL, 2.6 mmol) in anhydrous THF (10 mL) under argon conditions at -78 ℃. A solution of n-butyllithium in hexane (1.5 mL, 2.4 mmol) was added dropwise. The solution was stirred for 30 min at -78℃. Then warmed up to 0℃. A solution of 4,4-dimethyl-2,2-bipyridine (0.368 g, 2 mmol) in dry THF (10 mL) was then added. After 2 h, 3-(trimethylsilyl) propagyl bromide (0.5 mL, 3.0 mmol) was added rapidly. After another hour, the mixture was warmed to room temperature and quenched with water (30 mL). The organic phase was extracted with diethyl ether (3×20 mL) and the combined organic layers were washed twice with brine and dried over magnesium sulphate. The solvent was removed under reduced pressure to give the pure product (5) (0.276 g, 75%). ( 5) was found too unstable to be stored and was involved immediately in the next stage of the synthesis.

To a solution of (5) (0.276 g, 0.9 mmol) in methanol (5 mL) was added potassium carbonate (0.205 g, 1.5 mmol). The mixture was heated under argon at 50℃ for 2 h. Then, the reaction was cooled down to 0℃, neutralized with 2M HCl and extracted with diethyl ether (3×30 mL). The combined organic layers were washed twice with brine and dried over magnesium sulphate. The solvent was removed under reduced pressure to give the pure product (6) as a brown solid (0.128 g, 62%).

The structure of the product (6) was confirmed by comparison with the literature. [START_REF] Lomzik | New ruthenium compounds bearing semicarbazone 2formylopyridine moiety: playing with auxiliary ligands for tuning the mechanism of biological activity[END_REF] N N The β-CD was lyophilized overnight. NaH (14.92 g, 620mmol) (60% w/w in oil) was added portion wise to a stirred solution of dried β-CD (16.8 g, 14.8 mmol) in dry DMSO (300 mL) at room temperature under argon. Then benzyl chloride (72 mL, 620 mmol) was added dropwise over 2 h. The reaction was followed by TLC and finished overnight. The mixture was neutralized by MeOH (25 mL) added carefully and was diluted with water (500 mL). The aqueous phase was extracted by diethyl ether (3×500 mL), and the combined organic layers were dried over MgSO 4 , filtered and concentrated in vacuo. The residue was purified over silica gel chromatography (cyclohexane/EtOAc 8:1 then 5:1) to afford perbenzylated β-CD (7) (33.8 g, 96% yield) as the white foam.

The structure of the product [START_REF] Mendes | Self-assembly in nature: using the principles of nature to create complex nanobiomaterials: Self-assembling in nature[END_REF] was confirmed by comparison with the literature. 

β-cyclodextrin (8)

To a stirred solution of perbenzylated β-CD (7) (10 g, 3.3 mmol) in toluene (10 mL), then the DIBAL-H (1.5 M in toluene, 45 mL, 66 mmol) was added dropwise at room temperature. The reaction mixture was heated at 60℃ and put under nitrogen flux. The reaction mixture was monitored by TLC (cyclohexane/EtOAc 3:1). When TLC detected that the reaction system produced diol, the nitrogen flux was stopped and the reaction continued. The reaction was checked every hour until the end of the reaction. The reaction mixture was carefully and slowly poured into an ice/water bath (300 mL) while stirring frequently. Ethyl acetate (400 mL) and HCl solution (1 M in water, 150 mL) were then added. The mixture was stirred overnight and then the aqueous phase was extracted with ethyl acetate (3×400 mL), and the combined organic layers were washed with brine (200 mL), dried over MgSO 4 , filtered and concentrated under vacuum. The residue was purified over silica gel chromatography (cyclohexane/EtOAc 4:1) to afford diol (8) (7.25 g, 78% yield) as the white foam.

The structure of the product (8) was confirmed by comparison with the literature. 

β-cyclodextrin (9)

Oxalyl dichloride (2.3 mL, 28.1 mmol) was dissolved in dry DCM (30 ml) under argon atmosphere at -78°C. A solution of (methylsulfinyl)methane (3.8 mL, 56.19 mmol) in dry DCM (30 mL) was added dropwise to the cooled solution for about 1 hour. Then, the reaction mixture was stirred for about 30 min. Diol β-CD (8) (8 g, 2.81 mmol) was dissolved in DCM (40 mL) and added slowly to the above solution. After stirred 2 h, triethylamine (7.5 mL, 56.19 mmol) was added. And the solution was stirred overnight and warmed slowly to room temperature. The reaction progress was monitored by TLC. Finally, the solution was quenched with H 2 O (300 mL). The reaction solution was diluted in DCM and the aqueous phase was extracted with DCM (3×250 mL), and the combined organic layers were washed with water (200 mL), dried over MgSO 4 , filtered and concentrated in vacuo. The residue was purified over silica gel chromatography (cyclohexane/EtOAc 5:1) to afford dialdehyde β-CD (9) (6.8 g, 85% yield) as the white foam.

The structure of the product (9) was confirmed by comparison with the literature. 

O-benzyl-β-cyclodextrin (10)

To a solution of dialdehyde β-CD (9) (6.4 g, 2.25 mmol) in dry DCM (120 mL) was added butane-1,4-diamine (290.9 μL, 2.71 mmol,) at r.t. under nitrogen, and the mixture was stirred for 2 h. NaBH(OAc) 3 (2.432 g, 11.25 mmol, 5 eq) was added and the mixture was stirred for 3 h. EtOAc (70 mL) and the saturated aqueous solution of NaHCO 3 (300 mL) were then added. The mixture was stirred for 30 min and then the aqueous phase was extracted with ethyl acetate (3×400 mL), and the combined organic layers were washed with the saturated aqueous solution of NaHCO 3 (3×200 mL), brine (3×200 mL), dried over MgSO 4 , filtered and concentrated in vacuo. The residue was purified over silica gel chromatography (cyclohexane/EtOAc 5:1 then 3:2) to afford bridged diamine β-CD (10) (5.35 g, 82% yield) as the white foam.

The structure of the product [START_REF] Grzybowski | Self-assembly: from crystals to cells[END_REF] To a solution of bridged-β-CD (10) (3 g, 1.03 mmol) in DCM (600 ml) and NaBH(OAc) 3 (1.35 g, 5.26 mmol) was added slowly 1-adamantaneacetaldehyde (1) (221.35 mg, 1.24 mmol) at 0°C for 1h. Then the reaction was stirred overnight at r.t.. Water (100 ml) was added, and layers were separated. The aqueous layer was extracted with DCM (2x100 ml). Organic layers were combined, washed with saturated NaHCO 3 solution (100 ml), brine (100 ml) and dried with MgSO 4 and concentrated. The resulting crude product was purified with a silica combi flash column (100g) and eluted with cyclohexane/EtOAc (gradient from 8:1 to 3:1 with Et 3 N) to afford a mixture of regioisomers called AD and AE (ratio 60/40 respectively), the bifunctionnalized compound (13) (0.41 g, 13 % yield) and the starting material 10 (0.67 g, 12 % yield). The two regioisomers can be separated. The major one called (11 AD, 0.92 g) was obtained in 28 % yield, the minor one called (12 AE, 0.44 g) in 14 % yield.

The structures of the product 11/12/13 were confirmed by comparison with the literature. [START_REF] Evenou | Bridging β-Cyclodextrin Prevents Self-Inclusion, Promotes Supramolecular Polymerization, and Promotes Cooperative Interaction with Nucleic Acids[END_REF] (

5-azidopentan-1-yl)-2 A-G ,3 A-G ,6 B-C; E-G -nonadeca-O-benzyl-β-cyclodextrin (14)

To a solution of modified β-CD (11 AD ) (2 g, 0.618 mmol) in dry DCM (50 mL) was added 5-azidopentanal (4) (249 mg, 1.854 mmol) and the mixture was stirred at room temperature under nitrogen 30 min. Then NaBH(OAc) 3 (693 mg, 3.06 mmol) was added and the mixture was stirred for 3 h. After quenching the resulting solution with diethyl ether (100 mL), the organic layer was washed with the saturated aqueous solution of NaHCO 3 (2×100 mL), brine (2×100 mL), dried over MgSO 4 , filtered and concentrated in vacuo. The residue was purified over silica gel chromatography (Cyclohexane/EtOAc 10:1 then 5:1) to afford the product ( 14) (1.78 g, 86% yield) as the white foam. 

O-benzyl-β-cyclodextrin (15)

To a solution of modified β-CD (14) (172 mg, 54.2 μmol, 1 eq) in dry THF/H 2 O (13 mL, 1:1) was added Compound (6) (61 mg, 0.108 mmol, 2 eq), CuSO 4 •5H 2 O (136 mg, 0.54 mmol, 10 eq) and sodium ascorbate (161 mg, 0.81 mmol, 15 eq) was added successively. The mixture was stirred at r.t. under nitrogen overnight. Finally, the mixture solution was diluted with diethyl ether (50 mL). The organic solution was washed with 1:1 water/brine solution (2×30 mL), HCl solution (1 M in water, 30 mL), the saturated aqueous solution of NaHCO 3 (30 mL), then passed over MgSO 4 , filtered and concentrated in vacuo. The residue was purified over silica gel chromatography (DCM/MeOH 30:1) to afford protect β-CD (15) (144 mg, 78% yield) as the colorless foam. The functionalized β-CD (15) (200 mg, 0.065 mmol) was dissolved in THF/H 2 O (18/6ml) under argon atmosphere in a 100 ml round bottom flask. TFA (40 µl, 0.520 mmol) and Pd/C (200 mg, 1.880 mmol) were added and the reaction mixture was stirred under H 2 atmosphere for one week. Then the mixture was purged under nitrogen, filtered through a µ-filter (0,2 µm -polyester). The organic solvents were evaporated under vacuum and the residue was lyophilized. The crude product was purified by a reverse phase chromatography to afford a white amorphous powder [START_REF] Greef | Supramolecular polymers[END_REF].

The structure of the product ( 16) was confirmed by 1 H NMR and MS, but we didn't get the expected target molecular. The structure is not resolved in all details. 2-(2-Bromoethyl)-1,3-dioxolane (0.98 g, 5.43 mmol) was quickly added to lithiated 4,4'-dimethyl-2,2-bipyridine (1 g, 5.43 mmol ), [START_REF] Della Ciana | Synthesis of side-chain derivatives of 2,2'-bipyridine[END_REF] and the resulting mixture was stirred at -78 °C for 1 h. It was allowed to warm to room temperature and was stirred overnight. The reaction mixture was poured into 10 mL of brine, and the aqueous layer was extracted with CH 2 C1 2 . The combined organic layers were dried over magnesium sulphate. The solvent was removed under reduced pressure to give the crude product (17) (0.806 g, 52%).

ESI-MS

The crude product (17) (0.81 g, 0.73 mmol) was dissolved in 25 mL of 1 M HCl and heated for 2 h at 50-60 °C. The mixture was saturated with K 2 CO 3 , the two phases were separated, and the aqueous phase was extracted with Et 2 O (3×10 mL). The combined organic phases were washed with sat. NaCl solvent (10 mL), then dried (MgSO 4 ), and the crude product was purified over silica gel chromatography (cyclohexane/EtOAc 3:1 then 1:1) to afford the product (18) (0.53 g, 78 % yield) as yellow oil.

1 H NMR (400 MHz, CDCl 3 , 300 K) δ (ppm) =9.69 (s, 1H), 8.48 (dd, J = 16.1, 5.0 Hz, 2H), 8.16 (t, J = 2.3 Hz, 2H), 7.05 (dd, J = 5.0, 1.7 Hz, 2H), 2.65 (dd, J = 8.6, 6.9 Hz, 2H), 2.41 (td, J = 7.2, 1.4 Hz, 2H), 2.35 (s, 3H), 1.95 (dd, J = 8.4, 6.9 Hz, 2H), 1.75 (s, 1H).

13 C NMR (100 MHz, CDCl 3 , 300 K) δ (ppm) = 201. 52, 156.15, 151.75, 149.06, 124.70, 121.41, 42.90, 34.38, 22.41, 21.23. The functionalized β-CD (11 AD ) (150 mg, 0.049 mmol) was dissolved in THF/H 2 O (18/6ml) under argon atmosphere in a 100 ml round bottom flask. TFA (30 µl, 0.390 mmol) and Pd/C (150 mg, 1.410 mmol) were the was stirred under H 2 atmosphere for one week. Then the mixture was purged under nitrogen, filtered through a µ-filter (0,2 µm -polyester). The organic solvents were evaporated under vacuum and the residue was lyophilized. The crude product was purified by a reverse phase chromatography to afford a white amorphous powder. The powder was solubilized in a minimum volume of water, The powder was solubilized in a minimum volume of water, and eluted with water through an ion exchange column (Amberlite Cl -resin). Then, the product was then lyophilized to afford the deprotected bridged monomer Ada-β-CD as a white amorphous powder (19) (32.5 mg, 48 %).

The structure of the product [START_REF] Mendes | Self-assembly in nature: using the principles of nature to create complex nanobiomaterials: Self-assembling in nature[END_REF] was confirmed by comparison with the literature. [START_REF] Evenou | Bridging β-Cyclodextrin Prevents Self-Inclusion, Promotes Supramolecular Polymerization, and Promotes Cooperative Interaction with Nucleic Acids[END_REF] 

N'-(4-butyl-4'-methyl-2,2'-bipyridine)-β-cyclodextrin (20)

The native functionalized β-CD (19) (100 mg, 0.074 mmol) was dissolved in DMF (20 mL) under argon atmosphere in a 50 ml round bottom flask. 4-(4'-methyl-[2,2'bipyridin]-4-yl)-butanal (18) (53.43 mg, 0.222 mmol) and NaBH(OAc) 3 (66.68 mg, 0.371 mmol) were then added. The reaction was monitored by MS (about 2 hours). Once complete, DMF was evaporated. The residue was transferred to a centrifugation tube and freeze-dried. The CD product was precipitated with acetone (to remove the excess of 5azidopentanal) and centrifuged for 30 minutes (4000 rot/min) which was then repeated 3 times. Then, it was purified by a Sephadex LH20 column with DMF as eluent to give the target product (20) (50.14mg, 76%) as a colorless powder. 

4,4'-([2,2'-bipyridin]-4,4'-diyl)-dibutanal (22)

2-(2-Bromoethyl)-1,3-dioxolane (1.96 g, 10.86 mmol) was quickly added to lithiated 4,4'-dimethyl-2,2-bipyridine (1 g, 5.43 mmol), [START_REF] Ortega-Caballero | Remarkable Supramolecular Catalysis of Glycoside Hydrolysis by a Cyclodextrin Cyanohydrin[END_REF] and the resulting mixture was stirred at -78 °C for 1 h. It was allowed to warm to room temperature and was stirred overnight. The reaction mixture was poured into 10 mL of brine, and the aqueous layer was extracted with CH 2 C1 2 . The combined organic layers were dried over magnesium sulphate. The solvent was removed under reduced pressure to give the crude product (21) (0.89 g, 55%).

The crude product (21) (0.86 g, 2.90 mmol) was dissolved in 25 mL of 1 M HCl and heated for 2 h at 50-60 °C. The mixture was saturated with K 2 CO 3 , the two phases were separated, and the aqueous phase was extracted with Et 2 O (3×10 mL). The combined organic phases were washed with sat. NaCl solvent (10 mL), then dried (MgSO 4 ), and the crude product was purified over silica gel chromatography (cyclohexane/EtOAc 3:1 then 1:1) to afford the product (22) (0.75 g, 88 % yield) as colorless oil. 13 C NMR (100 MHz, CDCl 3 , 300 K) δ (ppm) = 201. 73, 156.35, 151.47, 149.37, 124.08, 121.40, 43.16, 34.65, 22.69. The functionalized β-CD (19) (102 mg, 0.075 mmol) was dissolved in dry DMF (20 mL) under argon atmosphere in a 50 ml round bottom flask. Ligand (22) (10.53 mg, 0.032 mmol) and NaBH(OAc) 3 (68.01 mg, 0.378 mmol) were then added. The reaction was monitored by MS (about 2 hours). Once complete, DMF was evaporated. The residue was transferred to a centrifugation tube and freeze-dried. The compound 23 was purified by a Sephadex LH20 column with DMF as eluent to give the product (23) (51.52 mg, 46%) as a colorless powder. Diol β-CD (8) (1 g, 0.35 mmol) was dissolved in dry DCM (20 mL). Camphorsulfonic acid was dried in a vacuum oven overnight before using it. The Camphorsulfonic acid (88.63 mL, 1.05 mmol) and the 3,4-2H-dihydropyran (8.16 mg, 0.04 mmol) were added separately. And the solution was stirred overnight, the reaction progress was monitored by TLC. Finally, the solution was quenched with NaHCO 3 (50 mL). The reaction solution was diluted in DCM and the aqueous phase was extracted with DCM (3×100 mL), and the combined organic layers were washed with water, dried over MgSO 4 , filtered and concentrated in vacuo. The residue was purified over silica gel chromatography (cyclohexane/EtOAc 5:1) to afford the compound (24) (0.91 g, 86% yield) as the white foam.

The structure of the product [START_REF] Shimizu | Self-Assembled Nanomaterials II[END_REF] was confirmed by comparison with the literature. [START_REF] Hauch Fenger | Cyclodextrin Aldehydes are Oxidase Mimics[END_REF] The functionalized β-CD (24) (0.83 g, 0.275 mmol) was dissolved in THF/H 2 O (12/4 mL) under argon atmosphere in a 50 ml round bottom flask. TFA (0.24 mL, 3.12 mmol) and Pd/C (0.83 g, 16.50 mmol) were added and the reaction mixture was stirred under H 2 atmosphere for one week. Then the mixture was purged under nitrogen, filtered through a µ-filter (0,2 µm -polyester). The organic solvents were evaporated under vacuum and the residue was lyophilized. The crude product was purified by a reverse phase chromatography to afford a white amorphous powder. The powder was solubilized in a minimum volume of water, The product was then lyophilized to afford the deprotected bridged-mono-Adamantyl-β-CD (25) as a white amorphous powder (0.17 g, 47 %).

The structure of the product [START_REF] Yang | Supramolecular Polymers: Historical Development, Preparation, Characterization, and Functions[END_REF] was confirmed by comparison with the literature. NaH (3.07 g, 76.73 mmol) (60% w/w) was added portion wise to a stirred solution of compound (25) (2 g, 1.53 mmol) in dry DMF (50 mL) for 1 h at 0℃ under argon. Then Iodomethane (10.89 mg, 76.73 mmol) was added dropwise over 2 h. The reaction was followed by TLC and MS, and finished overnight. The mixture was neutralized by MeOH (10 mL) added carefully and was diluted with water (50 mL). The aqueous phase was extracted by diethyl ether (3×50 mL), and the combined organic layers were dried over MgSO 4 , filtered and concentrated in vacuo. The residue was purified over silica gel chromatography (DCM/MeOH 50:1 then 30:1 then 10:1) to afford compound [START_REF] Moore | The state of amines in aqueous solution[END_REF] (2.04 g, 85% yield) as the white foam.

The structure of the product [START_REF] Moore | The state of amines in aqueous solution[END_REF] was confirmed by comparison with the literature. [START_REF] Hauch Fenger | Cyclodextrin Aldehydes are Oxidase Mimics[END_REF] The functionalized β-CD (26) (0.74 g, 0.275 mmol) was dissolved in acetic acid (30.5 mL) and H 2 O (7.3 mL) under argon atmosphere in a 50 ml round bottom flask. The solution was stirred overnight at 60℃. The solvents were evaporated under vacuum. The crude product was purified by silica gel chromatography (DCM/MeOH 30:1 then 10:1) to afford diol methylated β-CD (27) (0.48 g, 73% yield) as the white foam.

The structure of the product [START_REF] Fouquey | Molecular recognition directed selfassembly of supramolecular liquid crystalline polymers from complementary chiral components[END_REF] was confirmed by comparison with the literature. Oxalyl dichloride (0.6 mL, 7.14 mmol) was dissolved in DCM (10 ml) under argon atmosphere at -78°C. A solution of (methylsulfinyl)methane (1 mL, 14.27 mmol) in DCM (30 mL) was added dropwise to the cooled solution for about 30 min. Then, the reaction mixture was stirred for about 30 min. Diol Methyl-β-CD (23) (1 g, 0. 714 mmol) was dissolved in DCM (20 mL) and was added slowly to the above solution. After stirred 1h30min, triethylamine (7.6 mL, 56.19 mmol) was added. And the solution was stirred overnight and warmed slowly to room temperature. The reaction progress was monitored by TLC. Finally, the solution was quenched with H 2 O (300 mL). The reaction solution was diluted in DCM and the aqueous phase was extracted with DCM (3×200 mL), and the combined organic layers were washed with water, dried over MgSO 4 , filtered and concentrated in vacuo. The residue was purified over silica gel chromatography (DCM/MeOH from 50:1 to 30:1) to afford dialdehyde Methylated β-CD (28) (0.84 g, 85%). The product was directly forwarded to the next step without further characterization. To a solution of dialdehyde Methyl-β-CD (28) (1 g, 0.716 mmol) in dry DCM (20 mL) was added butane-1,4-diamine (70.08 μL, 0.716 mmol,) at room temperature under nitrogen, and the mixture was stirred for 2 h. NaBH(OAc) 3 (0.758 g, 3.58 mmol) was added and the mixture was stirred for 3 h. AcOEt (50 mL) and the saturated aqueous solution of NaHCO 3 (100 mL) were then added. The mixture was stirred for 30 min and then the aqueous phase was extracted with ethyl acetate (3×100 mL), and the combined organic layers were washed with the saturated aqueous solution of NaHCO 3 , brine, dried over MgSO 4 , filtered and concentrated in vacuo. The residue was purified over silica gel chromatography (Acetone/PE from 3:1 to 5:1) to afford bridged diamine Methylated β-CD (29) (0.79 g, 76%). Procedure for synthesis of compounds 30, 31, 32.

To a solution of bridged-β-CD (29) (0.8 g, 0.55 mmol) in DCM (20 ml) and sodium triacetoxyborohydride (0.17 g, 0.79 mmol) was added slowly 1-adamantaneacetaldehyde (1) (56.95 mg, 0.56 mmol) at 0°C for 1h. Then the reaction was stirred overnight at room temperature under argon. Water (10 ml) was added, and layers were separated. The aqueous layer was extracted with DCM (2x10 ml). Organic layers were combined, washed with saturated NaHCO 3 solution (10 ml), brine (10 ml) and dried with MgSO 4 and concentrated. The resulting crude product was purified with a silica combi flash column (100 g) and eluted with DCM/MeOH (gradient from 30:1 to 20:1 with 0.5% Et 3 N) to afford the bifunctionalized compound (32) (0.12 g, 12% yield). The two regioisomers can be separated. The major one called (30 AD , 0.27 g) obtained in 30 % yield, and the minor one called (31 AE , 0.14 g) in 15 % yield. The functionalized β-CD (30) (1 g, 0.688 mmol) was dissolved in DCM (20 mL) under argon atmosphere in a 50 ml round bottom flask. 4-(4'-methyl-[2,2'-bipyridin]-4-yl)butanal (18) (148.71 mg, 0.688 mmol) and NaBH(OAc) 3 (0.73 g, 3.44 mmol) were then added. The reaction was monitored by MS and TLC. Once the reaction was completed, after quenching the resulting solution with diethyl ether (50 mL), the organic layer was washed with the saturated aqueous solution of NaHCO 3 (2×50 mL), brine (2×50 mL), dried over MgSO 4 , filtered and concentrated in vacuo. The residue was purified over silica gel chromatography (Acetone/PE from 1:8 to 1:5) to afford the product (33) (0.87 g, 76% yield) as the white foam. (

5-aminopentyl)-β-cyclodextrin (34)

The functionalized β-CD (14 AD ) (150 mg, 0.049 mmol) was dissolved in THF/H 2 O (18/6ml) under argon atmosphere in a 100 ml round bottom flask. TFA (30 µl, 0.390 mmol) and Pd/C (150 mg, 1.410 mmol) were added and the reaction mixture was stirred under H 2 atmosphere for one week. Then the mixture was purged under nitrogen, filtered through a µ-filter (0,2 µm -polyester). The organic solvents were evaporated under vacuum and the residue was lyophilized. The crude product was purified by a C-18 reverse phase chromatography (Water/MeCN from 9:1 to 7:3) to afford a white amorphous powder. The powder was solubilized in a minimum volume of water, The powder was solubilized in a minimum volume of water, and eluted with water through an ion exchange column (Amberlite Cl -resin). Then, the product was then lyophilized to afford the deprotected bridged-mono-Ada-β-CD as a white amorphous powder (34 AD ) (32.8. mg, 46 %). (

5-azidopentyl)-2 A-G ,3 A-G ,6 B-C; E-G -nonadeca-O-benzyl-β-cyclodextrin (35)

To a solution of modified β-CD (12 AE ) (2 g, 0.618 mmol) in dry DCM (50 mL) was added 5-azidopentanal (4) (249 mg, 1.854 mmol) and the mixture was stirred at room temperature under nitrogen 10 min. Then NaBH(OAc) 3 (693 mg, 3.06 mmol) was added and the mixture was stirred for 6 h. After quenching the resulting solution with diethyl ether (100 mL), the organic layer was washed with the saturated aqueous solution of NaHCO 3 (2×100 mL), brine (2×100 mL), dried over MgSO 4 , filtered and concentrated in vacuo. The residue was purified over silica gel chromatography (Cyclohexane/EtOAc 10:1 then 5:1) to afford the product (35 AE ) (1.78 g, 86% yield) as the white foam. (

5-aminopentyl)-β-cyclodextrin (36)

The functionalized β-CD (35 AE ) (300 mg, 0.098 mmol) was dissolved in THF/H 2 O (18/6ml) under argon atmosphere in a 100 ml round bottom flask. TFA (60 µl, 0.780 mmol) and Pd/C (300 mg, 2.820 mmol) were added and the reaction mixture was stirred under H 2 atmosphere for one week. Then the mixture was purged under nitrogen, filtered through a µ-filter (0,2 µm -polyester). The organic solvents were evaporated under vacuum and the residue was lyophilized. The crude product was purified by a C-18 reverse phase chromatography (Water/MeCN from 9:1 to 7:3) to afford a white amorphous powder. The powder was solubilized in a minimum volume of water, The powder was solubilized in a minimum volume of water, and eluted with water through an ion exchange column (Amberlite Cl -resin). Then, the product was then lyophilized to afford the deprotected bridged-mono-Ada-β-CD as a white amorphous powder (36 AE ) (59.5 mg, 42 %). To a solution of modified β-CD (37 AD ) (2 g, 0.667 mmol) in dry DCM (50 mL) was added Formaldehyde (100 mg, 3.33 mmol) and the mixture was stirred at room temperature under nitrogen for 10 min. Then NaBH(OAc) 3 (693 mg, 3.33 mmol) was added and the mixture was stirred for 6 h. After quenching the resulting solution with diethyl ether (100 mL), the organic layer was washed with the saturated aqueous solution of NaHCO 3 (2×100 mL), brine (2×100 mL), dried over MgSO 4 , filtered and concentrated in vacuo. The residue was purified over silica gel chromatography (Cyclohexane/EtOAc 10:1 then 5:1) to afford product (40 AD ) (1.52 g, 76% yield) as the white foam. (5-azidopentyl)-2 A-G ,3 A-G ,6 B-C; E-G -nonadeca-O-benzyl-β-cyclodextrin [START_REF] Elacqua | Engineering Orthogonality in Supramolecular Polymers: From Simple Scaffolds to Complex Materials[END_REF] To a solution of modified β-CD (38 AE ) (2 g, 0.667 mmol) in dry DCM (50 mL) was added Formaldehyde (100 mg, 3.33 mmol) and the mixture was stirred at room temperature under nitrogen for 10 min. Then NaBH(OAc) 3 (693 mg, 3.33 mmol) was added and the mixture was stirred for 6 h. After quenching the resulting solution with diethyl ether (100 mL), the organic layer was washed with the saturated aqueous solution of NaHCO 3 (2×100 mL), brine (2×100 mL), dried over MgSO 4 , filtered and concentrated in vacuo. The residue was purified over silica gel chromatography (Cyclohexane/EtOAc 10:1 then 5:1) to afford product (41 AE ) (1.44 g, 72% yield) as the white foam. (5-azidopentyl)-2 A-G ,3 A-G ,6 B-C; E-G -nonadeca-O-benzyl-β-cyclodextrin (42)

The functionalized β-CD (40 AD ) (500 mg, 0.16 mmol) was dissolved in THF/H 2 O (24/8ml) under argon atmosphere in a 100 ml round bottom flask. TFA (80 µl, 1.04 mmol) and Pd/C (500 mg, 4.72 mmol) were added and the reaction mixture was stirred under H 2 atmosphere for one week. Then the mixture was purged under nitrogen, filtered through a µ-filter (0,2 µm -polyester). The organic solvents were evaporated under vacuum and the residue was lyophilized. The crude product was purified by a C-18 reverse phase chromatography (Water/MeCN from 9:1 to 7:3) to afford a white amorphous powder. The powder was solubilized in a minimum volume of water, The powder was solubilized in a minimum volume of water, and eluted with water through an ion exchange column (Amberlite Cl -resin). Then, product was then lyophilized to afford the deprotected monomer as a white amorphous powder (42) (89.5 mg, 42 %). (5-azidopentyl)-2 A-G ,3 A-G ,6 B-C; E-G -nonadeca-O-benzyl-β-cyclodextrin [START_REF] Wang | Construction of Supramolecular Polymers with Different Topologies by Orthogonal Self-Assembly of Cryptand-Paraquat Recognition and Metal Coordination[END_REF] The functionalized β-CD (41 AE ) (500 mg, 0.16 mmol) was dissolved in THF/H 2 O (24/8ml) under argon atmosphere in a 100 ml round bottom flask. TFA (80 µl, 1.04 mmol) and Pd/C (500 mg, 4.72 mmol) were added and the reaction mixture was stirred under H 2 atmosphere for one week. Then the mixture was purged under nitrogen, filtered through a µ-filter (0,2 µm -polyester). The organic solvents were evaporated under vacuum and the residue was lyophilized. The crude product was purified by a C-18 reverse phase chromatography (Water/MeCN from 9:1 to 7:3) to afford a white amorphous powder. The powder was solubilized in a minimum volume of water, The powder was solubilized in a minimum volume of water, and eluted with water through an ion exchange column (Amberlite Cl -resin). Then, product was then lyophilized to afford the deprotected monomer as a white amorphous powder (43 AE ) (84.3 mg, 40 %). 
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 531361128114851882 Figure III. Bifunctional CD and hierarchical assembly process.
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 11 Figure 1-1. Typical representatives of self-assembly in a eukaryotic cell.
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 14 Figure 1-4. The assembly process of TMV involves multiple molecular interactions.
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 15 Figure 1-5. An illustration showing the noncovalent interactions involved in self-assembly. [12]
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 6 Figure 1-6. Main features of isodesmic (A-B), cooperative nucleation-elongation (C-D).[START_REF] Hartlieb | A guide to supramolecular polymerizations[END_REF] 
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 17 Figure 1-7. Various driving forces for supramolecular polymers. [25]
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 19 Figure 1-9. Schematic diagram of the construction of linear and hyperbranched supramolecular polymers based on molecular tweezers of bis(cysteine[5]alkenes).[START_REF] Han | Donor-acceptor-type supramolecular polymers on the basis of preorganized molecular tweezers/guest complexation[END_REF] 
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 1 Figure 1-10. Top: Schematic representation of metallo-supramolecular polymers based on Zn II -dpm biscomplexes. Bottom: SEM images of the assembly of an angular ligand A with Zn II ions in THF (left, inset:fluorescence micrograph) and from a 2 : 1 THF/water mixture (right).[START_REF] Maeda | Nanoscale Spherical Architectures Fabricated by Metal Coordination of Multiple Dipyrrin Moieties[END_REF] 
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 111 Figure 1-11. Chemical structures of monomers 1, 2, and 3; TM-AFM (a) height and (b) phase images; (c) is the cross-section image of (a). [39]
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 1 Figure 1-12. Schematic diagram of orthogonal supramolecular polymerization based on CB[START_REF] Steed | Core Concepts in Supramolecular Chemistry and Nanochemistry[END_REF] and metal coordination.[START_REF] Wei | Supramolecular polymers constructed by orthogonal self-assembly based on host-guest and metal-ligand interactions[END_REF] 
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 1 Figure 1-13. Principle of cooperative assembly of an amphiphilic drug with calixarenes.
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 1 Figure1-15: Monomer, self-assembly processes and characterization.[START_REF] Yu | Synthesis of Responsive Two-Dimensional Polymers via Self-Assembled DNA Networks[END_REF] 
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 1 Figure1-16: Monomers, self-assembly processes, characterization, and selective adsorption.[60] 
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 1 Figure 1-18.Monomer structure, self-assembly schematic and characterization.[START_REF] Zhang | Photo-controlled reversible secondary self-assembly of supramolecular nanosheets and their drug delivery behavior[END_REF] 
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 120 Figure 1-20. Inclusion complex formation of CD.
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 1 Figure 1-23. Localization of hydroxyls on the α-D-glucopyranose units of CD.
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 125 Figure 1-25: Types of SPs from CDs by Host-guest interaction.

( 1 )

 1 AB-typeRitter's group prepared a monomer functionalized at the 6-position of β-CD using a monoazide and linking a rigid hydrophobic guest via a click reaction. NMR-ROESY results indicated that the guest molecule was contained in the cavity of β-CD. DLS studies have shown the process of size change from 200 nm supramolecular polymers to 5 nm freestanding complexes in the presence of competing guests (Figure1-26).[START_REF] Maciollek | Superstructures of fluorescent cyclodextrin via click-reaction[END_REF] 
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 1 Figure 1-26: AB-Type of SPs from CDs by Host-guest interaction.
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 1 Figure 1-27. AABB-Type of SPs from CDs by host-guest interaction.
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 1 Figure 1-28. Schematic diagram of the formation of β -CD-based metallosupramolecular polymers and different characterization data (ICD, TEM, STM).
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 1 Figure 1-29. A: Schematic illustration of NS-MOF and CD-MOF synthesis pathways. B: Dexamethasone-CD molecular docking. C and D: SEM images demonstration of dexamethasone loading.

Figure 1 -

 1 Figure 1-30. PWV 4-and Azo-TrEG@CD-2Br form pseudorotaxanes via host-guest interactions. Pseudorotaxanes and POMs clusters form single-layered IOIFs by electrostatic interactions.
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 1311 Figure 1-31: Chemical structure of Ada-FF and H, and schematic illustration of the self-assembly.
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 21 Figure 2-1. Phenomenon of "tumbling" and self-inclusion of adamantyl group in the cavity.
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 22 Figure 2-2: Bridging strategy on the top of the β-CD.
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 23 Figure 2-3. Bridged CD derivative 19 prevented self-inclusion that involved tumbling and head-to-head dimerization.
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 2 Figure 2-4: 1 H-NMR spectrum of monomer 19 and II (10 mM, 600 MHz, D 2 O, 300 K).
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 25 Figure 2-5: Maximum NOE or ROE effect as a function of rotational correlation time.
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Figure 2 - 6 :

 26 Figure 2-6: NMR-ROESY of monomer 19 (D 2 O, 600 MHz, 300 K).

Figure 2 -

 2 Figure 2-7: NMR-DOESY of compound 19 (D 2 O, 600 MHz, 300 K).

  -8 b), rather than keeping a single-sided orientation (Figure2-8 a). The tilted orientation of the adamantane within the CD cavity is also consistent with the results observed in the NMR-ROESY analysis.
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 2 Figure 2-8. X-ray of the supramolecular structure.
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 29 Figure 2-9. Design strategies for 2D supramolecular polymers.
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 2 Figure 2-10. Types of ligands and bidentate ligand complexes.
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 2 Figure 2-11. The choice of metal to construct metal complex.
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 2 Figure 2-12. The design of target bridged native monomer 16.

Figure 2 -

 2 Figure 2-13. General retrosynthesis of the functionalized β-CD monomer 16.

Figure 2 - 14 :

 214 Figure 2-14: Synthetic route of precursor (a) adamantane 1, (b) linker 4, (c) ligand 6.

  -15). The product 7, obtained in 96% yield, was engaged in a regioselective debenzylation reaction in the presence of DIBAL-H at 60°C in toluene. The diol 8 was subjected to Swern oxidation to give the corresponding dialdehyde 9. A double reductive amination in the presence of 1,4diaminobutane and sodium cyanoborohydride provided the perbenzylated bridged β-CD Chapter 2 SPs based on host-guest interaction and metal coordination of cyclodextrin -First design -63 -10 in 83% yield over two steps. The bridged protected β-CD 10 was engaged in reductive amination in the presence of adamantane-acetaldehyde 1. The reaction was performed with 1eq of adamantane-acetaldehyde 1 to favor the monoalkylation reaction. Hence, three different compounds were isolated: two mono-alkylated regioisomers which differ by the position of the adamantane group (AD 11 and AE 12) and the di-alkylated compound 13, as well as the starting compound 10.
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 2 Figure 2-15. Synthetic route of precursor compound 11.
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 2 Figure 2-16. Synthetic route of target monomer 16.

Figure 2 -

 2 Figure 2-17. 1 H NMR and ESI-MS of compound 16b (D 2 O, 600 MHz, 300 K).
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 2 Figure 2-18. Synthetic route of (a) ligand 18 and (b) target monomer 20.

Figure 2 - 19 .

 219 Figure 2-19. Titration of compound 20 (4.3 mM) with TFA (D 2 O, 600 MHz, 300 K).

Figure 2 -

 2 Figure 2-20. Titration of compound 20 (4.3 mM) with Na 2 CO 3 (D 2 O, 600 MHz, 300 K).
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 2 Figure 2-21. NMR-ROESY of monomer 20 (D 2 O, 600 MHz, 300 K).
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 2 Figure 2-22. Possibility to influence solubility (a) hydrophilic ligand, (b) Inclusion complex.
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 223322 Figure 2-23. Synthetic route of (a) ligand 22, (b) target dimer 23.
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 22469225 Figure 2-24. Titration of compound 23 (3.8 mM) with TFA (D 2 O, 600 MHz, 300 K).
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 226 Figure 2-26. Design for the construction of 2D structures from methylated β-CD 33.
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 2 Figure 2-27. General retrosynthesis of functionalized methylated β-CD monomer 33.
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 2 Figure 2-28. Synthetic route of precursor compound 29.

Figure 2 - 29 .

 229 Figure 2-29. Synthetic route of target monomer 33.

Figure 2 -

 2 Figure 2-30. Titration of compound 33 (4.2 mM) with TFA (D 2 O, 600 MHz, 300 K).

  the methylated monomer 33 by NMR ROESY.The ROESY spectrum of monomer 33 showed a different profile compared to compounds 19 and 20. Indeed, while the latter two display clear cross-correlations between the Hc/Hb protons of the adamantane and the inner H-3/H-5 protons of β-CD, none of these are observed in the case of compound 33 (Figure2-31). Instead, the correlations shown in the ROESY spectrum belong to CH 2 moieties at different positions including those of the bridge and the linkers of the bipyridine and the adamantane as confirmed by HSQC. This may mean that the permethylated β-CD 33 does not form hostguest interactions involving the β-CD cavity and the adamantane. This hypothesis is possible because the methylation of the hydroxyl groups at the C-2 position of the β-CD affects the space of the β-CD cavity and might lead to a loss of the β-CD's torus.[START_REF] Wenz | Influence of intramolecular hydrogen bonds on the binding potential of methylated β-cyclodextrin derivatives[END_REF] 
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 2 Figure 2-31. NMR-ROESY/HSQC of compound 33 (4.2 mM, D 2 O, 600 MHz, 300 K).
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  -32) a native β-CD monomer bearing both adamantane and bipyridine groups 20, a native β-CD dimer connected by a central bipyridine 23 and a methylated version of the first monomer 33. All three compounds displayed poor solubility in water which hamper further use in coordination and host-guest self-assemblies.
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 2 Figure 2-32. Summary of the β-CD modified with both adamantane and bipyridine groups.
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 31 Figure 3-1. Concept of self-assembly system based on free water-soluble fragments.
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 32 Figure 3-2. Synthesis of imine copper complexes based on free water-soluble fragments.
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 33 Figure 3-3. Synthesis of imine copper complexes based on free water-soluble fragments and functionalized β-CD.
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 34 Figure 3-4. General retrosynthesis of bridged native β-CD-Ada-NH 3 monomer.
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 35 Figure 3-5. Synthetic route of bridged native β-CD-Ada-NH 3 monomer 34/36.
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 36 Figure 3-6. General retrosynthesis of bridged native β-CD-Me-NH 3 monomer.
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 37 Figure 3-7. Precursor synthetic route of bridged native β-CD-Me-NH 3 monomer 37/38.
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 38 Figure 3-8. Synthetic route of bridged native β-CD-Me-NH 3 monomer 42/43.
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Figure 3 - 9 .

 39 Figure 3-9. Structural differences between the isomers AD and AE.
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 310 Figure 3-10. Synthetic route of dynamic products 44a and 44b.

Figure 3 -

 3 Figure 3-11. NMR tracing of the synthesis of products 44a/44b (8.7 mM) mixture (D 2 O, 600 MHz, 300 K).

Figure 3 -

 3 Figure 3-12. NMR-ROESY of compound 34/36 (31 mM) mixture (D 2 O, 600 MHz, 300 K).

Figure 3 -

 3 Figure 3-13. 1 H NMR-DOSY of compound 34/36 mixture (D 2 O, 600 MHz, 300 K).

  -14), in a glove box and under nitrogen atmosphere, a mixture of 44a and 44b by mixing compounds 34/36 and Py in degassed D 2 O at pH 8.43. Then, 0.5 equivalents of Cu(MeCN) 4 BF 4 were added to the reaction.
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 3 Figure 3-14. Synthetic route of the product 45.

Figure 3 -

 3 Figure 3-15. 1 H NMR tracing of the synthesis of product 45 (8.7 mM) (D 2 O, 600 MHz, 300 K).

  -16 C), which also indirectly demonstrated that larger and larger Chapter 3 SPs based on host-guest interaction and metal coordination of cyclodextrin -Second design -85 -structures formed with time and gradually sediment at the bottom of the UV cell.
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 3 Figure 3-16. UV-Vis spectrum of product 45 (3 mM).
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 3 Figure 3-17. Procedure for preparation of solid samples of the 2D nanosheet 45 for OM/SEM/AFM.

Figure 3 - 18 .

 318 Figure 3-18. OM images of the 2D nanosheet 45 (5μL on the silicon wafer).

Figure 3 - 19 .

 319 Figure 3-19. OM and SEM images of the 2D nanosheet 45 (5μL on the silicon wafer).
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 3 Figure 3-20. (a) Schematic representation of the AFM. (b) Operation modes of AFM.[START_REF] Amarouch | AFM and FluidFM Technologies: Recent Applications in Molecular and Cellular Biology[END_REF] 
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 3 Figure 3-21. OM and AFM images of the 2D nanosheet 45 (5μL on the silicon wafer).
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 322 Figure 3-22. Procedure for liquid samples of the 2D nanosheet 45 for inverted OM.
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 3 Figure 3-23. Inverted OM images of the 2D nanosheet 45.
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 3 Figure 3-24. Cryo-TEM grid and procedure for the preparation of frozen samples of the 2D nanosheet 45.
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 3 Figure 3-25. Cryo-TEM images of the 2D nanosheet 45.
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 3 Figure 3-26. Synthetic route of the product 46.
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 3 Figure 3-27. Cryo-TEM images: (A) 34/36; (B) 46.

  -28 C).
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 328 Figure 3-28. Examples of diffraction patterns.
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 3 Figure 3-29. A, B: Cryo-TEM images of the 2D nanosheet 45; C: Electron diffraction image from picture B at the position of the red arrow.
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 3 Figure 3-31. Small-angle X-ray scattering of the 2D nanosheet 45.
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 330 Figure 3-30. Basic schematic SAXS setup.[START_REF] Bendersky | Electron diffraction using transmission electron microscopy[END_REF] 
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 3 Figure 3-32. Simulation of the structural composition of the 2D nanosheet 45 by Avogadro.
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 3 Figure 3-33. OM images showing stability of the 2D nanosheet 45 under air atmosphere over time.
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 334399713 Figure 3-34. OM images showing stability of the 2D nanosheet 45 under N 2 atmosphere over time.
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 335 Figure 3-35. OM images showing stability of the 2D nanosheet 45 under O 2 atmosphere.
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 3 Figure 3-36. The collapse rate of the 2D nanosheet 45 under different atmosphere over time.
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 3 Figure 3-37. The dynamic sites on the 2D nanosheet 45.
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 338 Figure 3-38: Titration of 2D nanosheets 45 (7.0 mM) with Na 2 CO 3 /DCl (D 2 O, 600 MHz, 300 K).
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 3 Figure 3-39. Self-assembly and dissociation of the 2D nanosheet 45 by pH.
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 3 Figure 3-40. Cryo-TEM images of iron complexes (0.3 mM).
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 3 Figure 3-41. Possible arrangements of copper complex and iron complex.
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Figure 4 - 1 .

 41 Figure 4-1. Possible substitution sites in this dynamic system.

13 C

 13 NMR (100 MHz, CDCl 3 , 300 K): δ (ppm) = 201.02 (C-1), 51.11 (C-5), 43.23 (C-2), 28.29 (C-4), 19.24 (C-3). ESI-HMRS: calculated for [C 5 H 9 N 3O + Na] + 150.0638; found 150.0702.

Figure 5 - 1 . 1 H

 511 Figure 5-1. 1 H NMR (400 MHz, CDCl 3 , 300 K) of compound 4.

Figure 5 - 2 .

 52 Figure 5-2. 13 C NMR (100 MHz, CDCl 3 , 300 K) of compound 4.

  was confirmed by comparison with the literature. [126] E -Dideoxy-6 A ,6 D/E -diamino-N, N'-butyl-N-(ethyladamantyl)-N'-amine-2 A-G ,3 A-G ,6 B-C; D/E-G -nonadeca-O-benzyl-β-cyclodextrin (11 and 12) 6 A ,6 D -Dideoxy-6 A ,6 D -diamino-N, N'-butyl-N-(ethyladamantyl)-N'-(ethyladamantyl)-2 A-G ,3 A-G ,6 B-C; E-G -nonadeca-O-benzyl-β-cyclodextrin (13)

1 H

 1 NMR (600 MHz, CDCl 3 , 300 K): δ (ppm) = 7.39-6.75 (m, 95H, H-Ar), 5.66 (d, 3 J H1-H2 = 4.2 Hz, 1H, H-1), 5.58 (d, 3 J H1-H2 = 4.1 Hz, 1H, H-1), 5.43 (d, 2 J = 10.4 Hz, 1H, CHH-Ph), 5.35 (d, 2 J =10.9 Hz, 1H, CHH-Ph ), 5.26-5.21 (m, 2H, CHH-Ph), 5.12 (d, 2 J = 10.8 Hz, 1H, CHH-Ph), 4.99-4.94 (m, 3H, H-1), 4.93 (d, 3 J H1-H2 = 3.0 Hz, 1H, H-1), 4.89 (d, 3 J H1-H2 = 3.0 Hz, 1H, H-1), 4.87-4.67 (m, 9H, CHH-Ph), 4.61-4.14 (m, 27H, 24 x CHH-Ph, 3 x H-6), 4.13-3.92 (m, 15H, 3 x H-5, 7 x H-3, 5 x H-4), 3.92-3.74 (m, 9H, 2 x H-4, 4 x H-5, 2 x H-6), 3.73-3.61 (m, 4H, H-6), 3.59-3.51 (m, 3H, 2 x H-2, 1 x H-6), 3.49-3.25 (m, 5H, H-2), 3.15 (t, 2H, 3 J = 6.8 Hz, H-1'), 2.68-2.16 (m, 12H, 4 x H-6, 2 x H-5', 6 x CHH-NH), 1.91 (s, 3H, Hb-Ad), 1.74-1.05 (m, 24H, 6 x Ha-Ad, 6 x Hc-Ad, 4 x CHH-CH 2 -NH, 2 x Ad-CHH-CH 2 -NH, 2 x H-2', 2 x H-3', 2 x H-4').

13 C

 13 NMR (150 MHz, CDCl 3 , 300 K): δ (ppm) = 139.79-138.11 (19 x C-quat-Ar), 128.32-126.04 (95 x CH-Ar), 101.22 (C-1), 99.46 (C-1), 98.85 (C-1), 98.83 (C-1), 98.78 (C-1), 98.51 (C-1), 98.42 (C-1), 82.01 (C-4), 81.91 (C-4), 81.14-77.88 (21C, 7 x C-2, 7 x C-3, 7 x C-4), 76.07-71.75 (22C, 19 x CH 2 -Ph, 3 x C-5), 71.47-70.30 (4C, C-5), 69.36-68.77 (4C, C-6), 58.77-48.73 (7C, 3 x C-6, 3 x CH 2 -CH 2 -NH, C-5'), 42.83 (3 x C a -Ad), 40.35-24.39 (3 x Cc-Ad, 3 x C quat -Ad, 3 x C b -Ad, C-2', C-3', C-4', 2 x CH 2 -CH 2 -NH). ESI-HRMS (m/z): calculated for C 196 H 219 N 5 O 33 [M + H] + 3171.5685, found 3171.5650.

3 Figure 5 - 3 . 1 H

 3531 Figure 5-3. 1 H NMR (600 MHz, CDCl 3 , 300 K) of compound 14.

Figure 5 - 4 .

 54 Figure 5-4. 13 C NMR (150 MHz, CDCl 3 , 300 K) of compound 14.

1 H

 1 NMR (600 MHz, CDCl 3 , 300 K): δ (ppm) = 8.58-8.55 (m, 2H, 2 x H-Bipy), 8.31 (s, 1H, H-Bipy), 8.25 (s, 1H, H-Bipy), 7.39-6.75 (m, 98H, 95 x H-Ar, 2 x H-Bipy, 1 x H-Triazole), 5.68 (d, 3 J H1-H2 = 4.3 Hz, 1H, H-1), 5.58 (d, 3 J H1-H2 = 4.2 Hz, 1H, H-1), 5.45 (d, 2 J = 10.5 Hz, 1H, CHH-Ph), 5.37 (d, 2 J =10.9 Hz, 1H, CHH-Ph ), 5.26 (m, 2H, CHH-Ph), 5.15 (d, 2 J = 10.8 Hz, 1H, CHH-Ph), 5.03-4.99 (m, 3H, H-1), 4.95 (d, 3 J H1-H2 = 3.0 Hz, 1H, H-1), 4.93 (d, 3 J H1-H2 = 3.1 Hz, 1H, H-1), 4.88-4.72 (m, 9H, CHH-Ph), 4.61-4.18 (m, 27H, 24 x CHH-Ph, 3 x H-6), 4.15-3.94 (m, 15H, 3 x H-5, 7 x H-3, 5 x H-4), 3.95-3.75 (m, 9H, 2 x H-4, 4 x H-5, 2 x H-6), 3.73-3.63 (m, 4H, H-6), 3.62-3.54 (m, 3H, 2 x H-2, 1 x H-6), 3.53-3.30 (m, 5H, H-2), 3.09 (m,4H, H-1', CHH-Bipy), 2.71-2.17 (m, 15H, 4 x H-6, 2 x H-5', 6 x CHH-NH, 3 x Me-Bipy), 1.91 (s, 3H, Hb-Ad), 1.89-1.84 (m, 2H, CHH-Bipy), 1.76-1.10 (m, 24H, 6 x Ha-Ad, 6 x Hc-Ad, 4 x CHH-CH 2 -NH, 2 x Ad-CHH-CH 2 -NH, 2 x H-2', 2 x H-3', 2 x H-4').

13 C

 13 NMR (150 MHz, CDCl 3 , 300 K): δ (ppm) = 156.44 (C quat -Bipy), 155.99 (C quat -Bipy), 151.26 (C-Triazole), 149.23 (CH-Bipy), 149.03 (CH-Bipy), 148.33 (C quat -Bipy), 146.58 (C quat -Bipy), 139.79-138.11 (22 C, 19 x C-quat-Ar, 2 x CH-Bipy, 1 x CH-Triazole,), 128.32-126.04 (95 x CH-Ar), 122.18 (CH-Bipy), 121.31 (CH-Bipy), 101.22 (C-1), 99.46 (C-1), 98.85 (C-1), 98.83 (C-1), 98.78 (C-1), 98.51 (C-1), 98.42 (C-1), 82.01 (C-4), 81.91 (C-4), 81.14-77.88 (21C, 7 x C-2, 7 x C-3, 7 x C-4), 76.07-71.75 (22C, 19 x CH 2 -Ph, 3 x C-5), 71.47-70.30 C-5), 69.36-68.77 (4C, C-6), 58.77-48.73 (7C, 3 x C-6, 3 x CH 2 -CH 2 -NH, C-5'), 42.83 (3 x C a -Ad), 40.35-24.39 (16 C, 3 x Cc-Ad, 3 x C quat -Ad, 3 x C b -Ad, C-2', C-3', C-4', 2 x CH 2 -CH 2 -NH, 2 x CH 2 -CH 2 -Bipy). ESI-MS (m/z): calculated for C 211 H 233 N 7 O 33 [M + H] + 3395.6836, found 3395.6730.

Figure 5 - 5 . 1 H

 551 Figure 5-5. 1 H NMR (600 MHz, CDCl 3 , 300 K) of compound 15.

Figure 5 -

 5 Figure 5-6.13 C NMR (150 MHz, CDCl 3 , 300 K) of compound 15.

  (m/z): calculated for C 78 H 131 N 7 O 33 [M + H] + 1694.8861, found 1694.7987.

Figure 5 - 7 . 1 H

 571 Figure 5-7. 1 H NMR (600 MHz, CDCl 3 , 300 K) of compound 16.

Figure 5 - 8 . 1 H

 581 Figure 5-8. 1 H NMR (400 MHz, CDCl 3 , 300 K) of compound 18.

Figure 5 -

 5 Figure 5-9. 13 C NMR (100 MHz, CDCl 3 , 300 K) of compound 18.

  diamino-N, N'-butyl-N-(ethyladamantyl)-

1 H

 1 NMR (600 MHz, DMSO, 300 K): δ (ppm) = 8.53 (s, 2H, 2 x H-Bipy), 8.24 (s, 2H, 2 x H-Bipy), 7.28 (s, 2H, 2 x H-Bipy), 4.924.80 (m, 7H, H-1), 4.07-3.95 (m, 1H, H-6), 3.74-3.25 (m, 32H, 6 x H-6, 7 x H-3, 7 x H-5, 5 x H-4, 7 x H-2), 2.98 (m, 2H, H-4), 2.69 (m, 3H, H-6, CH 2 -Bipy), 2.60 (d, J = 12.7 Hz, 1H, H-6), 2.50-2.40 (m, 7H, 2 x H-6, CH 3 -Bipy, CH 2 -NH), 2.39-2.13 (m, 8H, 3 x CH 2 -NH, 2 x H-6), 1.87 (s, 3H, H b -Ad), 1.65-1.52 (m, 9H, 6 x H c -Ad, CH 2 -Bipy, CHH-Bipy), 1.50-1.39 (m, 9H, 6 x H a -Ad, CH 2 -Bipy, CHH-Bipy), 1.18-1.10 (m, 4H, 2 x Ad-CH 2 -NH).

13 CFigure 5 -

 135 Figure 5-10. 1 H NMR (600 MHz, DMSO, 300 K) of compound 20.

Figure 5 -

 5 Figure 5-11. 13 C NMR (150 MHz, DMSO, 300 K) of compound 20.

1 H

 1 NMR (400 MHz, CDCl 3 , 300 K) δ (ppm) = 9.78 (d, J = 1.4 Hz, 2H), 8.57 (d, J = 5.0 Hz, 2H), 8.24 (s, 2H), 7.14 (d, J = 5.1 Hz, 2H), 2.74 (t, J = 7.7 Hz, 4H), 2.54 -2.47 (m, 4H), 2.09 -1.99 (m, 4H).

Figure 5 -

 5 Figure 5-12. 1 H NMR (400 MHz, CDCl 3 , 300 K) of compound 22.

Figure 5 - 13 .

 513 Figure 5-13. 13 C NMR (100 MHz, CDCl 3 , 300 K) of compound 22.

1 H

 1 NMR (600 MHz, DMSO, 300 K): δ (ppm) = 8.53 (s, 2H, 2 x H-Bipy), 8.22 (s, 2H, 2 x H-Bipy), 7.27 (s, 2H, 2 x H-Bipy), 4.94-4.74 (m, 14H, H-1), 4.00 (d, J = 47.2 Hz, 4H, H-6), 3.76-3.19 (m, 64H, 12 x H-6, 14 x H-3, 14 x H-5, 10 x H-4, 14 x H-2), 3.02-2.92 (m, 4H, 4 x H-4), 2.74-2.55 (m, 10H, 6 x H-6, 2 x CH 2 -Bipy), 2.46-2.12 (m, 22H, 6 x H-6, 8 x CH 2 -NH), 1.88 (s, 6H, H b -Ad), 1.67-1.52 (m, 16H, 12 x H c -Ad, 2 x CH 2 -Bipy), 1.48-1.35 (m, 16H, 12 x H a -Ad, 2 x CH 2 -Bipy), 1.25-1.10 (m, 12H, 2 x CH 2 -Bipy, 4 x Ad-CH 2 -NH).

13 CFigure 5 -

 135 Figure 5-14. 1 H NMR (600 MHz, DMSO, 300 K) of compound 23.

Figure 5 - 15 .

 515 Figure 5-15. 13 C NMR (150 MHz, DMSO, 300 K) of compound 23.

1 H

 1 NMR (600 MHz, CDCl 3 , 300 K): δ (ppm) = 5.25 (d, J = 4.0 Hz, 1H, H-1), 5.12 (d, J = 3.7 Hz, 1H, H-1), 5.06 (d, J = 3.8 Hz, 1H, H-1), 5.04 (t, J = 4.0 Hz, 2H, H-1), 4.97 (d, J = 3.3 Hz, 2H, H-1), 4.01-3.93 (m, 3H, 2 x H-6, H-5), 3.87 (m, 2H, H-6), 3.79 (m, 3H, 2 x H-5, H-6), 3.71 (m, 3H, 3 x H-5), 3.68-3.62 (m, 21H, OCH 3 ), 3.59-3.45 (m, 56H, 5 x H-4, H-5, 7 x H-6, 7 x H-3, 12 x OCH 3 ), 3.18-3.12 (m, 9H, 7 x H-2, 2 x H-4), 2.70 (m, 6H, 2 x H-6, 2 x CH 2 -NH), 2.64-2.53 (m, 4H, 2 x CH 2 -NH).

13 CFigure 5 -

 135 Figure 5-16. 1 H NMR (600 MHz, CDCl 3 , 300 K) of compound 29.

Figure 5 -

 5 Figure 5-17. 13 C NMR (150 MHz, CDCl 3 , 300 K) of compound 29.

2 A

 2 -G ,3 A-G ,6 B-C ; E-G -nonadeca-O-methyl-β-cyclodextrin (30) 1 H NMR (600 MHz, CDCl 3 , 300 K): δ (ppm) = 5.27 (s, 1H, H-1), 5.11 (d, J = 8.0 Hz, 2H, H-1), 5.05 (d, J = 8.5 Hz, 2H, H-1), 4.97 (d, J = 13.7 Hz, 2H, H-1), 4.36 (d, J = 10.9 Hz, 1H, H-6), 4.07 (d, J = 10.6 Hz, 1H, H-6), 3.95 (d, J = 8.4 Hz, 2H, H-6), 3.93-3.88 (m, 1H, H-5), 3.79 (m, 4H, H-6, 3 x H-5), 3.72-3.57 (m, 27H, 3 x H-5, 2 x H-4, H-6, 7 x OCH 3 ), 3.57-3.37 (m, 52H, 7 x H-3, 3 x H-4, 6 x H-6, 12 x OCH 3 ), 3.28-3.23 (m, 1H, H-4), 3.15 (d, J = 13.4 Hz, 7H, H-2), 3.07-3.02 (m, 1H, H-4), 2.87 (d, J = 12.9 Hz, 1H, H-6), 2.71 (m, 1H, H-6), 2.64-2.55 (m, 4H, CH 2 -NH), 2.31 (m, 1H, CHH-NH), 2.25 (m, 1H, CHH-NH), 1.92 (s, 3H, H b -Ad), 1.69 (d, J = 12.2 Hz, 3H, H c -Ad), 1.60 (d, J = 12.2 Hz, 3H, H c -Ad), 1.55 (d, J = 9.9 Hz, 1H, Ad-CHH-CH 2 -NH), 1.46 (s, 6H, H a -Ad), 1.38-1.34 (m, 1H, Ad-CHH-CH 2 -NH), 1.27 (d, J = 2.5 Hz, 1H, Ad-CHH-CH 2 -NH), 1.15 (s, 1H, Ad-CHH-CH 2 -NH).

13 CFigure 5 -

 135 Figure 5-18. 1 H NMR (600 MHz, CDCl 3 , 300 K) of compound 30.

Figure 5 -

 5 Figure 5-19. 13 C NMR (150 MHz, CDCl 3 , 300 K) of compound 30.

13 CFigure 5 -

 135 Figure 5-20. 1 H NMR (600 MHz, CDCl 3 , 300 K) of compound 31.

Figure 5 -Figure 5 -

 55 Figure 5-21. 13 C NMR (150 MHz, CDCl 3 , 300 K) of compound 31.

Figure 5 -

 5 Figure 5-23. 13 C NMR (150 MHz, CDCl 3 , 300 K) of compound 32.

1 H

 1 NMR (600 MHz, CDCl 3 , 300 K): δ (ppm) = 8.52 (dd, J = 15.5, 4.8 Hz, 2H, 2 x H-Bipy), 8.21 (d, J = 5.1 Hz, 2H, 2 x H-Bipy), 7.10 (d, J = 19.3 Hz, 2H, 2 x H-Bipy), 5.15 (d, J = 44.4 Hz, 2H, H-1), 5.11-5.03 (m, 3H, H-1), 4.98 (s, 2H, H-1), 4.47-4.38 (m, 1H, H-6), 4.03 (m, 3H, H-6), 3.84-3.60 (m, 30H, 4 x H-5, 3 x H-6, 2 x H-4, 7 x OCH 3 ), 3.56-3.35 (m, 54H, 7 x H-3, 3 x H-4, 3 x H-5, 5 x H-6, 12 x OCH 3 ), 3.16 (dd, J = 22.1, 10.3 Hz, 7H, H-2), 3.09 (d, J = 7.7 Hz, 2H, H-4), 2.68 (d, J = 8.8 Hz, 1H, CHH-NH), 2.58 (dd, J = 23.9, 11.2 Hz, 3H, 2 x H-6, CHH-NH), 2.52-2.45 (m, 3H, CHH-NH, CH 2 -NH), 2.42 (s, 3H, Me-Bipy), 2.35 (d, J = 11.6 Hz, 1H, CHH-NH), 2.30 (m, 1H, CHH-NH), 2.23-2.18 (m, 1H, CHH-NH), 1.89 (s, 3H, H b -Ad), 1.66 (d, J = 11.8 Hz, 5H, H c -Ad, 2 x CH 2 -Bipy), 1.57 (m, 5H, H c -Ad, 2 x CH 2 -Bipy), 1.50 (m, 1H, Ad-CHH-CH 2 -NH), 1.47 (s, 6H, H a -Ad), 1.35 (d, J = 11.8 Hz, 2H, CH 2 -Bipy), 1.32 (m, 2H, Ad-CH 2 -NH), 1.27 (m, 2H, CH 2 -Bipy), 1.19-1.17 (m, 1H, Ad-CHH-CH 2 -NH).

13 C

 13 NMR (150 MHz, CDCl 3 , 300 K): δ (ppm) = 149.15 (C-Bipy), 149.02 (C-Bipy), 124.84 (C-Bipy), 123.76 (C-Bipy), 122.15 (C-Bipy), 121.21 (C-Bipy), 100.25 (C-1), 99.96 (C-1), 99.74 (C-1), 99.17 (C-1), 99.03 (C-1), 98.58 (C-1), 98.29 (C-1), 83.30 (C-4), 83.20 (C-4), 82.45 (C-4), 82.27 (C-2), 82.13 (C-2), 82.03 (C-2), 81.95 (C-2), 81.88 (C-2), 81.77 (C-2), 81.67 (C-2), 81.57 (C-4), 81.33 (C-4), 81.04 (C-4), 80.74 (C-4), 71.93 (C-5), 71.65 (C-5), 71.57 (C-5), 71.36 (C-5), 71.33 (C-6), 71.27 (2 x C-6), 71.00 (C-6), 70.96 (2 x C-6), 70.90 (C-5), 70.82 (C-5), 69.85 (C-5), 62.10(C-3) , 61.94 (OCH 3 ), 60.81 (C-3), 60.31 (C-3), 60.09 (C-3), 59.27 3), 59.18 (OCH 3 ), 58.35 (C-3), 57.79 (C-6), 57.66 (C-3), 57.00 (CH 2 -NH), 56.47 (CH 2 -NH), 53.85 (CH 2 -NH), 48.79 (CH 2 -NH), 42.86 (Ca-Ad), 40.19 (Ad-CH 2 -CH 2 -NH), 37.27 (C c -Ad), 28.82 (C b -Ad), 26.77 (Ad-CH 2 -CH 2 -NH), 26.00 (CH 2 -Bipy), 25.55 (CH 2 -Bipy), 22.80 (CH 2 -Bipy), 21.30 (CH 2 -Bipy). ESI-MS (m/z): calculated for C 92 H 150 N 4 O 33 [M + H] + 1840.0182, found 1840.9028.

Figure 5 -

 5 Figure 5-24. 1 H NMR (600 MHz, CDCl 3 , 300 K) of compound 33.

Figure 5 -

 5 Figure 5-25. 13 C NMR (150 MHz, CDCl 3 , 300 K) of compound 33.

1 H

 1 NMR (600 MHz, D 2 O, 300 K): δ (ppm) = 5.23-5.05 (m, 7H, H-1), 4.07-3.47 (m, 42H, 7 x H-5, 14 x H-6, 7 x H-3, 7 x H-2, 7 x H-4), 3.46-3.15 (m, 8H, 4 x CH 2 -NH), 3.04 (t, J = 7.1 Hz, 2H, CH 2 -NH 3 ), 2.20 (s, 3H, H b -Ad), 1.97-1.64 (m, 21H, 6 x H c -Ad, Ad-CHH-CH 2 -NH, 4 x CH 2 -NH 3 , 6 x H a -Ad), 1.48 (s, 3H, Ad-CHH-CH 2 -N, Ad-CH 2 -CH 2 -NH).

13 C 3 Figure 5 -

 1335 Figure 5-26. 1 H NMR (600 MHz, D 2 O, 300 K) of compound 34.

Figure 5 -

 5 Figure 5-27. 13 C NMR (150 MHz, D 2 O, 300 K) of compound 34.

1 H

 1 NMR (600 MHz, CDCl 3 , 300 K): δ (ppm) = 7.21-6.99 (m, 95H, H-Ar), 5.61 (d, J = 4.3 Hz, 1H, H-1), 5.52 (d, J = 4.1 Hz, 1H, H-1), 5.39 (d, J = 10.3 Hz, 1H, CHH-Ph), 5.30 (d, J = 10.7 Hz, 1H), 5.18 (d, J = 10.8 Hz, 2H, CH 2 -Ph), 5.05 (d, J = 10.7 Hz, 1H, CHH-Ph), 4.93-4.86 (m, 5H, H-1), 4.82-4.62 (m, 13H, 6 x CH 2 -Ph, CHH-Ph), 4.57-4.02 (m, 26H, 10 x CH 2 -Ph, 6 x H-6), 3.98-3.74 (m, 19H, 7 x H-3, 7 x H-5, 4 x H-4, H-6), 3.63-3.23 (m, 15H, 3 x H-4, 5 x H-6, 7 x H-2), 3.10 (d, J = 6.9 Hz, 2H, CH 2 -N 3 ), 2.53-2.42 (m, 6H, 2 x H-6, 2 x CH 2 -NH), 2.37-2.25 (m, 4H, CH 2 -NH), 1.86 (s, 3H, H b -Ad), 1.67-1.51 (m, 8H, 6 x H c -Ad, CH 2 -N 3 ), 1.46-1.41 (m, 4H, 2 x CH 2 -N 3 ), 1.40-1.37 (m, 6H, H a -Ad), 1.25-1.21 (m, 2H, CH 2 -Ad), 0.84-0.76 (m, 2H, CH 2 -Ad).

13 C

 13 NMR (150 MHz, CDCl 3 , 300 K): δ (ppm) = 139.79-138.11 (19 x C-quat-Ar), 128.32-126.04 (95 x CH-Ar), 101.22 (C-1), 99.46 (C-1), 98.85 (C-1), 98.83 (C-1), 98.78 (C-1), 98.51 (C-1), 98.42 (C-1), 82.01 (C-4), 81.91 (C-4), 81.14-77.88 (21C, 7 x C-2, 7 x C-3, 7 x C-4), 76.07-71.75 (22C, 19 x CH2-Ph, 3 x C-5), 71.47-70.30 (4C, C-5), 69.36-68.77 (4C, C-6), 58.77-48.73 (7C, 3 x C-6, 3 x CH2-CH2-NH, CH 2 -N 3 ), 42.83 (3 x Ca-Ad), 40.35-24.39 (3 x Cc-Ad, 3 x Cquat-Ad, 3 x Cb-Ad, 5 x CH 2 -N 3 , 2 x CH2-CH2-NH). ESI-HRMS (m/z): calculated for C 196 H 219 N 5 O 33 [M + H] + 3171.5685, found 3171.5650.

3 Figure 5 -

 35 Figure 5-28. 1 H NMR (600 MHz, CDCl 3 , 300 K) of compound 35.

Figure 5 -

 5 Figure 5-29. 13 C NMR (150 MHz, CDCl 3 , 300 K) of compound 35.

1 H

 1 NMR (600 MHz, D 2 O, 300 K): δ (ppm) = 5.26-5.06 (m, 7H, H-1), 4.12-3.48 (m, 42H, 7 x H-5, 14 x H-6, 7 x H-3, 7 x H-2, 7 x H-4), 3.33 (m, 8H, 4 x CH 2 -NH), 3.05 (t, J = 7.6 Hz, 2H, CH 2 -NH 3 ), 2.20 (s, 3H, H b -Ad), 1.99-1.62 (m, 22H, 6 x H c -Ad, Ad-CH 2 -CH 2 -NH, 4 x CH 2 -NH 3 , 6 x H a -Ad), 1.49 (s, 2H, Ad-CH 2 -CH 2 -NH).

13 C 3 Figure 5 -

 1335 Figure 5-30. 1 H NMR (600 MHz, D 2 O, 300 K) of compound 36.

Figure 5 -

 5 Figure 5-31. 13 C NMR (150 MHz, D 2 O, 300 K) of compound 36.

13 C

 13 NMR (150 MHz, D 2 O, 300 K): δ (ppm) = 102.81-99.77 (7 x C-1), 83.73-70.73 (7 x C-4, 7 x C-2, 7 x C-3, 7 x C-5), 61.44-60.11 (14 x C-6), 54.07 (4 x CH 2 -NH), 41.56 (C a -Ad), 39.22 (CH 2 -NH 3 ), 37.48 (C c -Ad), 28.36 (C b -Ad), 26.35 (4 x CH 2 -NH 3 ), 22.97 (Ad-CH 2 -CH 2 -NH).

Figure 5 -

 5 Figure 5-32. 1 H NMR (600 MHz, D 2 O, 300 K) of mixture compound 34/36.

Figure 5 -

 5 Figure 5-33. 13 C NMR (150 MHz, D 2 O, 300 K) of mixture compound 34/36.

13 C

 13 NMR (150 MHz, CDCl 3 , 300 K): δ (ppm) = 139.54-137.68 (19 x C-quat-Ar), 128.65-126.05 (90 x CH-Ar), 101.09 (C-1), 99.37 (C-1), 99.27 (C-1), 98.75 (C-1), 98.48 (C-1), 98.38 (C-1), 97.70 (C-1), 81.65-78.33 (19C, 5 x C-2, 7 x C-3, 7 x C-4), 77.75 (C-2), 77.97 (C-2), 76.07-71.75 (19C, 19 x CH 2 -Ph), 72.36-70.96 (6 x C-5), 69.52-68.65 (5 x C-6), 68.23 (C-5), 57.67 (C-6), 56.48 (C-5'), 54.99 (CH 2 -CH 2 -NH), 51.67 (C-6), 51.16 (C-1'), 47.97 (CH 2 -CH 2 -NH), 29.56 (CH 2 -CH 2 -NH), 28.84 (C-2'), 25.22 (C-4'), 24.88 (CH 2 -CH 2 -NH), 24.70 (C-3'). ESI-HRMS (m/z) calculated for C 184 H 202 N 5 O 33 [M + H] + 3009.4277, found 3009.4246.

Figure 5 -

 5 Figure 5-34. 1 H NMR (600 MHz, CDCl 3 , 300 K) of compound 37.

Figure 5 - 35 .

 535 Figure 5-35.13 C NMR (150 MHz, CDCl 3 , 300 K) of compound 37.

13 C

 13 NMR (150 MHz, CDCl 3 , 300 K): δ (ppm) = 139.70-137.87 (19 x C-quat-Ar), 128.53-126.14 (90 x CH-Ar), 100.24 (C-1), 99.58 (C-1), 99.34 (C-1), 99.26 (C-1), 98.43 (C-1), 98.38 (C-1), 98.18(C-1), 81.83 (C-4), 81.73 (C-4), 81.51 (C-4), 81.49 (C-3), 81.41 (C-3), 81.14 (C-4), 80.97 (C-3), 80.84 (C-4), 80.78 (C-3), 80.72 (C-3), 80.53 (C-3), 80.48 (C-3), 80.35 (C-2), 79.76 (C-2), 79.36 (C-2), 79.29 (C-2), 78.50 (C-2), 78.43 (C-2), 78.10 (C-2), 77.96 (C-4), 76.25-71.85 (19 x CH2-Ph), 72.15 (C-5), 71.97 (C-5), 71.77 (C-5), 71.77 (C-5), 71.16 (C-5), 70.37 (C-5), 69.95 (C-5), 69.62 (C-6), 69.25 (C-6), 68.90 (2 x C-6), 59.24 (C-6), 54.38 (C-5'), 53.91 (CH 2 -CH 2 -NH), 51.88 (C-6), 51.38 (C-1'), 48.90 (CH 2 -CH 2 -NH), 28.93 (C-2'), 26.88 (C-4'), 25.85 (CH 2 -CH 2 -NH), 25.04 (CH 2 -CH 2 -NH), 24.80 (C-3'). ESI-HRMS (m/z) calculated for C 184 H 202 N 5 O 33 [M + H] + 3009.4277, found 3009.4293.

Figure 5 -

 5 Figure 5-36. 1 H NMR (600 MHz, CDCl 3 , 300 K) of compound 38.

Figure 5 -

 5 Figure 5-37.13 C NMR (150 MHz, CDCl 3 , 300 K) of compound 38.

13 CFigure 5 -

 135 Figure 5-38. 1 H NMR (600 MHz, CDCl 3 , 300 K) of compound 39.

Figure 5 -

 5 Figure5-39.1 H NMR (600 MHz, CDCl 3 , 300 K) of compound 39.

1 H

 1 NMR (600 MHz, CDCl 3 , 300 K): δ (ppm) = 7.19-6.94 (m, 95H, H-Ar), 5.59 (d, J = 4.0 Hz, 1H, H-1), 5.43 (d, J = 4.0 Hz, 1H, H-1), 5.37 (d, J = 10.7 Hz, 1H, CHH-Ph), 5.24 (d, J = 10.8 Hz, 1H, CHH-Ph), 5.16 (t, J = 11.7 Hz, 2H, CH 2 -Ph), 5.04 (d, J = 10.8 Hz, 1H, CHH-Ph), 4.96 (s, 1H, H-1), 4.88 (d, J = 10.6 Hz, 3H, H-1), 4.75-4.63 (m, 8H, H-1, CHH-Ph, 3 x CH 2 -Ph), 4.51-4.35 (m, 20H, 8 x CH 2 -Ph, 4 x H-6), 4.25 (m, 8H, 4 x CH 2 -Ph), 4.14-4.11 (m, 4H, CH 2 -Ph, 2 x H-6), 4.04-3.95 (m, 7H, 3 x H-5, 4 x H-4), 3.94-3.83 (m, 7H, 7 x H-3), 3.80 (d, J = 10.7 Hz, 3H, 3 x H-5), 3.74 (d, J = 9.9 Hz, 2H, H-4, H-6), 3.70 (d, J = 10.0 Hz, 2H, H-5, H-4), 3.63 (d, J = 10.8 Hz, 1H, H-6), 3.59 (d, J = 10.8 Hz, 1H, H-6), 3.54 (t, J = 10.1 Hz, 2H, H-6), 3.50 (m, 1H, H-6), 3.48 (d, J = 9.0 Hz, 2H, H-2), 3.35 (m, 3H, H-2), 3.25 (m, 3H, 2 x H-2, H-4), 3.12 (t, J = 7.0 Hz, 2H, CH 2 -N 3 ), 2.61 (d, J = 13.5 Hz, 1H, CHH-NH), 2.46-2.41 (m, 3H, CHH-NH, 2 x H-6), 2.33 (m, 1H, CHH-NH), 2.28 (m, 2H, CH 2 -NH), 2.13 (m, 1H, CHH-NH), 2.1 (S, 3H, CH 3 -NH)2.06-2.02 (m, 1H, CHH-NH), 1.94 (m, 1H, CHH-NH), 1.44 (t, J = 7.1 Hz, 2H, CH 2 -N 3 ), 1.35-1.26 (m, 6H, CH 2 -N 3 ).

13 C

 13 NMR (150 MHz, CDCl 3 , 300 K): δ (ppm) = 139.87-138.27 (19 x C-quat-Ar), 128.45-126.23 (90 x CH-Ar), 101.27 (C-1), 99.56 (C-1), 99.166 (C-1), 98.85 (C-1), 98.83 (C-1), 98.80 (C-1), 98.78 (C-1), 82.27 (C-4), 82.14 (C-4), 81.37 (C-4), 81.10 (C-4, C-3), 80.90 (C-4, C-3), 80.73 (C-4, C-3), 80.64 (C-3), 80.41 (C-3), 80.32 (C-4,C-3), 80.17 (C-2, C-3), 79.61 (C-2), 79.52 (C-2), 79.40 (C-2), 78.54 (C-2), 78.20 (C-2), 77.99 (C-2), 76.29-75.65 (6 x CH 2 -Ph), 73.74-71.87 (13 x CH 2 -Ph), 72.19 (C-5), 72.14 (C-5), 71.84 (C-5), 71.49 (C-5), (C-5), 70.70 (C-5), 70.35 (C-5), 69.32 (C-6), 69.24 (C-6), 69.08 (3 x C-6), 68.97 (C-6), 61.85 (CH 2 -NH), 58.89 (C-6), 58.51 (CH 2 -NH), 54.97 (CH 2 -NH), 54.32 (CH 2 -NH), 51.52 (CH 2 -N 3 ), 45.47 (CH 3 -NH), 29.03 (CH 2 -N 3 ), 26.56 (CH 2 -N 3 ), 25.83 (CH 2 -N 3 ), 24.85 (CH 2 -N 3 ). ESI-HRMS (m/z): calculated for C 185 H 203 N 5 O 33 [M + H] 2+ 1513.2326, found 1513.2286.

Figure 5 -

 5 Figure 5-40. 1 H NMR (600 MHz, CDCl 3 , 300 K) of compound 40.

Figure 5 -

 5 Figure 5-41. 13 C NMR (150 MHz, CDCl 3 , 300 K) of compound 40.

1 H

 1 NMR (600 MHz, CDCl 3 , 300 K): δ (ppm) = 7.21-6.93 (m, 95H, H-Ar), 5.55 (d, J = 4.2 Hz, 2H, H-1), 5.31 (dd, J = 23.0, 10.6 Hz, 2H, CH 2 -Ph), 5.17-5.05 (m, 3H, CH 2 -Ph, CHH-Ph), 4.92-4.88 (m, 3H, H-1), 4.83 (d, J = 3.2 Hz, 1H, H-1), 4.79-4.75 (m, 2H, H-1, CHH-Ph), 4.72-4.64 (m, 6H, CH 2 -Ph), 4.49-4.13 (m, 30H, 13 x CH 2 -Ph, 4 x H-6), 4.00-3.74 (m, 21H, 7 x H-3, 7 x H-5, 5 x H-4, 2 x H-6), 3.60 (dd, J = 10.5, 5.5 Hz, 4H, 4 x H-6), 3.51-3.46 (m, 2H, H-2), 3.43-3.38 (m, 2H, H-6), 3.37-3.22 (m, 7H, 5 x H-2, 2 x H-4), 3.09 (t, J = 6.8 Hz, 2H, CH 2 -N 3 ), 2.57-2.42 (m, 5H, 2 x CH 2 -NH, H-6), 2.32-2.22 (m, 4H, CHH-NH, CH 2 -NH, H-6), 2.05 (S, 3H, CH 3 -NH), 1.92 (dd, J = 11.4, 5.9 Hz, 1H, CHH-NH), 1.44-1.39 (m, 2H, CH 2 -N 3 ), 1.34-1.28 (m, 4H, CH 2 -N 3 ), 1.22-1.12 (m, 2H, CH 2 -N 3 ).

13 C

 13 NMR (150 MHz, CDCl 3 , 300 K): δ (ppm) = 139.86-138.18 (19 x C-quat-Ar), 128.43-126.18 (90 x CH-Ar), 101.35 (C-1), 99.63 (C-1), 99.18 (C-1), 98.84 (C-1), 98.63 (C-1), 98.58 (C-1), 98.25 (C-1), 82.25 (C-4), 82.02 (C-4), 81.17 (C-4, C-3), 80.96 (C-4), 80.90 (C-4, C-3), 80.78 (C-4, C-3), 80.56 (C-4), 80.52 (C-3), 80.30 (C-3), 80.19 (C-3), 79.91 (C-2, C-3), 79.66 (C-2), 79.30 (C-2), 78.75 (C-2), 78.66 (C-2), 78.02 (C-2), 77.85 (C-2), 76.24-75.70 (6 x CH 2 -Ph), 73.79-71.91 (13 x CH 2 -Ph), 72.43 (C-5), 71.84 (C-5), 71.79 (C-5), 71.57 (C-5), 71.48 (C-5), 71.39 (C-5), 69.99 (C-5), 69.51 (C-6), 69.33 (C-6), 69.21 (C-6), 68.98 (C-6), 68.90 (2 x C-6), 61.65 (CH 2 -NH), 58.56 (CH 2 -NH), 56.92 (C-6), 56.88 (CH 2 -NH), 55.11 (CH 2 -NH), 51.49 (CH 2 -N 3 ), 44.71 (CH 3 -NH), 29.05 (CH 2 -N 3 ), 25.16 (CH 2 -N 3 ) 24.95, (CH 2 -N 3 ).

  (m/z): calculated for C 185 H 203 N 5 O 33 [M + H] 2+ 1513.2326, found 1513.2286.

Figure 5 -

 5 Figure 5-42. 1 H NMR (600 MHz, CDCl 3 , 300 K) of compound 41.

Figure 5 -

 5 Figure 5-43. 1 H NMR (600 MHz, CDCl 3 , 300 K) of compound 41.

1 H

 1 NMR (600 MHz, D 2 O, 300 K): δ (ppm) = 5.21 (d, J = 3.7 Hz, 1H, H-1), 5.18-5.16 (m, 1H, H-1), 5.14-5.09 (m, 4H, H-1), 5.07 (d, J = 3.4 Hz, 1H, H-1), 4.06-3.83 (m, 18H, 5 x H-5, 7 x H-3, 3 x H-4, 3 x H-6), 3.80-3.63 (m, 17H, 8 x H-6, 7 x H-2, 2 x H-5), 3.59 (m, 3H, H-4), 3.55-3.44 (m, 4H, H-6, H-4, CH 2 -NH), 3.34 (dd, J = 27.5, 15.5 Hz, 5H, H-6, 2 x CH 2 -NH), 3.19 (d, J = 54.6 Hz, 2H, CH 2 -NH), 3.05 (t, J = 7.8 Hz, 2H, CH 2 -NH 3 ), 3.02 (s, 3H, CH 3 -NH), 1.88 (d, J = 12.0 Hz, 4H, CH 2 -NH 3 ), 1.76 (t, J = 7.8 Hz, 2H, CH 2 -NH 3 ), 1.70-1.61 (m, 1H, H-6), 1.49 (M, 2H, CH 2 -NH 3 ).

13 C

 13 NMR (150 MHz, D 2 O, 300 K): δ (ppm) = 102.59 (C-1), 102.03 (C-1), 102.01 (C-1), 101.77 (C-1), 101.60 (C-1), 100.11 (C-1), 99.47 (C-1), 84.37-70.75 (7 x C-4, 7 x C-2, 7 x C-3, 7 x C-5), 67.41-66.81 (13 x C-6), 61.37-59.95 (4 x CH 2 -NH, C-6, CH 2 -NH 3 ), 55.35 (CH 3 -NH), 30.71-24.06 (4 x CH 2 -NH 3 ). ESI-HRMS (m/z): calculated for C 52 H 92 N 3 O 33 [M + H] + 1286.5636, found 1286.5608.

3 Figure 5 -

 35 Figure 5-44. 1 H NMR (600 MHz, D 2 O, 300 K) of compound 42.

Figure 5 -

 5 Figure 5-45. 13 C NMR (150 MHz, D 2 O, 300 K) of compound 42.

1 H

 1 NMR (600 MHz, D 2 O, 300 K): δ (ppm) = 5.21-5.08 (m, 7H, H-1), 4.16-3.46 (m, 42H, 7 x H-5, 7 x H-5, 7 x H-4, 7 x H-3, 7 x H-2), 3.45-3.06 (m, 8H, CH 2 -NH), 3.04 (t, J = 7.9 Hz, 2H, CH 2 -NH 3 ), 3.02-2.90 (m, 3H, CH 3 -NH), 1.86-1.72 (m, 6H, 3 x CH 2 -NH 3 ), 1.48 (m, 2H, CH 2 -NH 3 ).

13 C

 13 NMR (150 MHz, D 2 O, 300 K): δ (ppm) = 102.43 (C-1), 102.33 (C-1), 101.87 (C-1), 101.67 (C-1), 101.18 (C-1), 100.05 (C-1), 99.49 (C-1), 84.33-70.88 (7 x C-4, 7 x C-2, 7 x C-3, 7 x C-5), 61.37-59.97 (12 x C-6), 56.31 (CH 2 -NH), 55.34 (C-6), 54.67 (CH 2 -NH), 53.38 (C-6), 52.01 (CH 2 -NH), 51.33 (CH 2 -NH), 41.83 (CH 3 -NH), 26.34 (CH 2 -NH 3 ), 23.36 (CH 2 -NH 3 ), 23.29 (CH 2 -NH 3 ), 22.88 (CH 2 -NH 3 ). ESI-HRMS (m/z): calculated for C 52 H 92 N 3 O 33 [M + H] + 1286.5636, found 1286.5608.

Figure 5 -

 5 Figure 5-46. 1 H NMR (600 MHz, D 2 O, 300 K) of compound 43.

Figure 5 -

 5 Figure 5-47. 1 H NMR (150 MHz, D 2 O, 300 K) of compound 43.
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Experimental part

A-G ,

A-G , 6 A-G -per-O-Benzyl-β-cyclodextrin[START_REF] Mendes | Self-assembly in nature: using the principles of nature to create complex nanobiomaterials: Self-assembling in nature[END_REF] 

A , 6 D -Dideoxy-6 A , 6 D -diol-2 A-G , 3 A-G , 6 B , 6 C , 6 E , 6 F , 6 G -nonadeca-O-benzyl-

A , 6 D -Dideoxy-6 A , 6 D -dialdehyde-2 A-G , 3 A-G , 6 B , 6 C , 6 E , 6 F , 6 G -nonadeca-O-benzyl-

A ,6 D -Dideoxy-6 A ,6 D -diamino-N,N'-butyl-N-(ethyladamantyl)-N'-

A ,6 D -Dideoxy-6 A ,6 D -diamino-N,N'-butyl-N-(ethyladamantyl)-N'-(4-butyl-4'-

A ,6 D -Dideoxy-6 A ,6 D -diamino-N, N'-butyl-N-(ethyladamantyl)-N'-

A , 6 D -Dideoxy-6 A , 6 D -O-(2,3-dihydrofuran)-

A ,6 D -Dideoxy-6 A ,6 D -diamino-N,N'-butyl-N-(ethyladamantyl)-N'-amine-

A ,6 D -Dideoxy-6 A ,6 D -diamino-N,N'-butyl-N-(ethyladamantyl)-N'-(ethyladamantyl)-2 A-G ,3 A-G ,6 B-C ; E-G -nonadeca-O-methyl-β-cyclodextrin (32) 1 H NMR (600 MHz, CDCl 3 , 300 K): δ (ppm) = 5.20 (dd, J

= 7.2, 4.1 Hz, 2H, H-1), 5.07-5.03 (m, 3H, H-1), 4.99 (d, J = 4.6 Hz, 2H, H-1), 4.44 (t, J = 11.9 Hz, 2H, H-6), 4.01 (t, J = 6.6 Hz, 2H, H-6), 3.91-3.76 (m, 4H, H-5), 3.74 (m, 3H, H-4), 3.70 (m, 3H, H-4), 3.68-3.57 (m, 21H, 7 x OCH 3 ), 3.58-3.39 (m, 55H, 3 x H-3, 6 x H-6, 12 x OCH 3 , 5 x H-6, 5 x H-5), 3.19-3.10 (m, 9H, H-2, H-4, H-3), 2.63-2.46 (m, 8H, CH 2 -NH), 1.94-1.90 (m, 6H, H b -Ad), 1.69 (m, 6H, H c -Ad), 1.59 (m, 6H, H c -Ad), 1.49 (m, 12H, H a -Ad), 1.31-1.17 (m, 8H, Ad-CH 2 -CH 2 -NH).13 C NMR (150 MHz, CDCl 3 , 300 K): δ (ppm) = 100.24-98.23 (C-1), 83.16-80.55 (7 x C-4, 7 x C-2), 71.74-69.95 (7 x C-5), 71.22-58.03 (7 x C-6), 62.00-57.50 (7 x C-3, OCH 3 ), 55.02 (CH 2 -NH), 53.70 (CH 2 -NH), 49.68 (CH 2 -NH), 48.73 (CH 2 -NH), 42.76 (Ca-Ad), 40.28 (Ad-CH 2 -CH 2 -NH), 38.55 (Ad-CH 2 -CH 2 -NH), 37.40 (C c -Ad), 28.66 (C b -Ad), 26.48 (Ad-CH 2 -CH 2 -NH), 25.39 (Ad-CH 2 -CH 2 -NH).

A ,6 E -Dideoxy-6 A ,6 E -diamino-N, N'-butyl-N-(ethyladamantyl)-N'-

Procedure for synthesis of compounds 37, 38, 39.

A ,6 D -Dideoxy-6 A ,6 D -diamino-N,N'-butyl-N-amine -N'-(5-azidopentyl)-2 A-G ,3 A-G ,6 B-C; E-G -nonadeca-O-benzyl-β-cyclodextrin (37)

A ,6 E -Dideoxy-6 A ,6 E -diamino-N,N'-butyl-N-amine-N'-

A ,6 D -Dideoxy-6 A ,6 D -diamino-N,N'-butyl-N-(5-azidopentyl)-N'-

A ,6 D -Dideoxy-6 A ,6 D -diamino-N,N'-butyl-N-(methyl)-N'-
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