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Supramolecular assemblies' studies inspired from biological systems permit to synthesize polyrotaxanes (PRs), which cyclic molecules borne by polymer chains are not linked covalently, and pave the way to new biomaterials. Ultimate goal of this study is the synthesis and the characterization of a polydimethylsiloxane and cyclodextrins based PR, modifying the number of cyclic molecules and their modification ratio for ophthalmic applications. The synthesis of this new kind of PR joining organic and inorganic materials was managed using radical course, already used in the laboratory for PR synthesis. A new method has been also used, with an innovating technology and industrially interesting; alcoholysis assisted by microwave. Deep characterizations have been managed using STD protocol (600MHz NMR) in order to evidence polymer presence inside the macrocycles. A detailed study of MALDI-TOF spectra and optimization of analysis conditions permit to validate the chemical mechanism of the reaction, and evidenced for the first time this newly synthesized high molar mass PR. Classical ways of polymer purification were tested, demonstrating properties and difficulties to extract this supramolecule. First PRs were finally purified by preparative sterical exclusion chromatography. Chemical modification of hydroxyl groups of the cyclodextrins PRs permitted to purify them and approach PR gelation studies.
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INTRODUCTION

18 Supramolecular chemistry focuses on molecular systems made up of assembled molecular subunits. The structure of supramolecular assemblies is mostly governed by reversible non-covalent interactions between molecules. Supramolecular chemistry offers a large area of research, and biological systems are often source of inspiration. Since the first analysis of these assemblies comparing enzyme and substrate interaction on the basis of lock and key, the way has been paved by numerous discoveries, leading to a better understanding of hydrogen bonds, protein structures and biological processes.

Polyrotaxanes are a category of supramolecules, heavily studied since the nineties, having the particularity to present themselves as a "pearl necklace" complexation. This supramolecular assembly is polymer based, where cyclic molecules are threaded on the polymer. In order to stabilize the complex, bulky groups are added on each extremity of the polymer to prevent the dethreading of the cyclic molecules.

These structures present newly interesting properties, physical and chemical as well, and take advantage of numerous researches in various domains. Ophthalmologic research is always seeking to optimize biocompatibility of the products, notably with contact lens.

Complexation of the polydimethylsiloxane (PDMS), usually used in this last domain, and cyclodextrins (CDs) in a polyrotaxane assembly could alter hydrophobic properties of the PDMS and increase its biocompatibility with the human eye.

The synthesis of this type of polyrotaxane, joining organic and inorganic properties, its purification, characterization and modification, was the object of this thesis, with the ultimate aim to determine mechanical properties of its gel.

In a first bibliographic part, the presentation of different components of the envisaged supramolecular assembly was detailed, as well as the species of polyrotaxanes and various reactions developed in the field in order to synthesize this supramolecular complex.

Techniques available permitting the characterization of polyrotaxanes was then deepened, leading to a better understanding of analyzing difficulties inherent to their structure.

A specific synthesis protocol was determined, adapted and optimized for a PDMS and -CDs based polyrotaxane. Numerous techniques in order to purify the product were investigated, using the chemical and physical properties of organic/inorganic polyrotaxanes in solution. Finally, once pure polyrotaxane being prepared, different characterizations were carried out in order to obtain information about the complexation architecture in this supramolecule.

The use of a device using microwave power has been tested in order to develop a new way of synthesis using microwave assisted alcoholysis, in order to avoid the use of solvent. Several blocking agents were examined to prove its feasibility and its efficiency.

Modifications of the CDs were run to provide additional properties to polyrotaxanes.

Finally, studies concerning gelation of polyrotaxanes were carried out in order to bring information on physico-chemical properties. 

I. BIBLIOGRAPHIC PART

Contact Lens materials

Advances made in this field of knowledge lead the company to always be on the edge of new technologies.

A better knowledge of the ocular surface leads to the development of new materials, more efficient for long worn contact lens. After the PMMA, high hydrophilic hydrogels, Silicon gumma, first gas permeable rigid materials, the studies lead to the discoveries of rigid materials with very high DK, more recently silicone-hydrogels.

Additional information

The companies Menicon as well as Menicon Europe and Menicon GmbH (Germany) passed these intensive audits by the German MDC (Center for Molecular Medecine) and received certifications of compliance with the ISO 9000 series of quality assurance standards prepared by the International Organization for Standardization (ISO).

They also acquired certification allowing use of the CE Mark, which indicates that the product conforms to the European quality assurance standard.

One of Menicon's greatest achievements has been the development of Menicon Z-Product as the unique combination of material chemistry and manufacturing technology; the world's only Hyper DK rigid gas permeable contact lens approved by the FDA for up to 30 days continuous wear.

New Material Concept proposed by

Menicon

Silicone hydrogel soft contact lenses (SiH SCLs) appeared recently on the market. SiH

SCLs have high oxygen permeability (Dk) suitable for extended wear and early experiences showed significant reductions of signs of hypoxia. However, studies show increasing number of inflammatory responses and clinical problems.

Future silicone SCL material should be:

 Comfortable lens: Mechanical properties must be optimized to reduce mechanical related inflammatory responses and clinical problems; Wettability must be improved to solve dryness problems.

 Antimicrobial lens: In SCL the tear film formed between the lens and the cornea is not easily flowed out and replaced. The proliferation of micro-organisms must be restrained. 

PDMS-PR -New

Menicon and LAMBE researches

Thank to his multiple publication concerning polyrotaxanes, LAMBE (Laboratoire Analyse et Modélisation pour la Biologie et l'Environnement) laboratory earned Menicon solicitation for their expertise in the domain.

The development of a way to synthesize PDMS based Polyrotaxane was seeked, following specifications:

First, the study of a way of synthetization was needed.

Secondly, Characterization processes had to be set in order to support and to prove the efficiency of the synthesis. A total purity of the final product was needed for this study.
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Pseudo PDMS-PR Finally, if the investigation gives attempted results and if the dead line is not reached, the modification of the cyclodextrins, first to allow gel syntheses, would be carried out.

PDMS-PR

Gel syntheses leading to mechanical studies were originally scheduled to be made in Menicon Japan locals because of their expertise in the domain.

Because of the premisces of the study, the toxicity of the supramolecular assembly was not limitant.

Polyrotaxanes

Generalities

Supramolecular chemistry refers to the area of chemistry that focuses on the chemical systems made up of multiple molecular subunits or components. The assembly and special organization is maintained with different forces. While the traditional chemistry focuses on the covalent bonds, supramolecular chemistry is mainly leaded by weaker and reversible noncovalent interactions between molecules.

The supramolecular assemblies can have an infinite shape function because of the countless possibilities of componants.

Introduction

Rotaxanes are supramolecular assemblies, consisting of three components: an axle (usually a linear chain polymer), a cyclic molecule (ring shaped molecule) and bulky groups, appended on each extremities of the axle, large enough to prevent dethreading of the macrocycle.

Scheme 1 : different kinds of rotaxanes

Since the pioneering work on interlocked compounds 1 more than 40 years ago, those assemblies increase interest, due to their unique structures.

Like every other molecular entity, rotaxanes can be covalently linked together in many ways to create oligomeric or polymeric species, called polyrotaxanes, leading to a wide variety of possible structures 2 . Covalent linkages between the chains, between the macrocycles, and between the chains and the macrocyles are already known.

Scheme 2 : Polyrotaxanes architectures

The specific nomenclature for polyrotaxanes denotes the total number of molecules involved in the non-covalent complex. A rotaxane with only one macrocycle on an axle is termed a [2]rotaxane, and so up to [5]rotaxane [START_REF] Panova | Their synthesis and the supramolecular devices based on them[END_REF] . If there exists a larger number of macrocycles, then it is simply termed as polyrotaxane. When there is no bulky group or if those cannot prevent the dethreading of the rings, the assembly is called pseudopolyrotaxane.

Many types of cyclic compounds have been extensively used to build rotaxanes and catenanes, and the cyclic component for polyrotaxanes includes crown ethers 4,5,6,[START_REF] Gibson | large ring Molecules[END_REF] , cyclophanes [START_REF] Diederich | Monographs in Supermolecular Chemistry[END_REF][START_REF] Vögtle | Cyclophanes Chemistry : Synthesis Structures, and Reactions[END_REF] , calix[n]arenes [START_REF] Gutshe | Monographs in Supermolecular Chemistry[END_REF][START_REF] Vicens | Calixarenes : A versatile Class of Macrocyclic compounds[END_REF][START_REF] Smith | Bridged Aromatic Compounds, Organic Chemistry[END_REF] , cucurbiturils [START_REF] Mock | [END_REF] , cyclobis(paraquat-p-phenylene) 14 and Cyclodextrins (CDs) [START_REF] Bender | Cyclodextrin Chemistry, Reactivity and Structure Concepts in Organic Chemistry[END_REF] , 16 , 17 , 18 , 19 .

Cyclodextrins

The specific properties in water solutions and hydrophobic/hydrophilic habilities of cyclodextrins lead these molecules to be the more eligible cyclic molecules for our polyrotaxane purposes explained in the introduction.

Introduction

Cyclodextrins (CDs) are macrocycles, making up a family of cyclic oligosaccharides, composed of 6 or more -D-glucopyranoside units linked 1→4 (Scheme 3), as in amylose (starch fragment) [START_REF] Wenz | [END_REF][START_REF] Szejtli | Cyclodextrins and their Inclusion complexes[END_REF][START_REF] Szjetli | Cyclodextrin technology[END_REF][START_REF] Szjetli | Comprehensive Supramolecular Chemistry[END_REF] . Even if 150-membered cyclic oligosaccharides are known, typical cyclodextrins contain less units in order to keep the ring shaped form.

Those CDs consist of 6,7 or 8 glucose entities and are respectively called -, -and -CDs (Scheme 4). In those conditions, CDs present a cone shape with the primary hydroxyl groups at the narrow side and the secondary hydroxyl groups at the wide side [START_REF] Wood | Reducing concentration of organic materials with substituted cyclodextrin compound in polyester packaging materials[END_REF] . Related to internal hydrogen bounding between CD's hydroxyl groups, unmodified CD has relatively low acqueous solubility (18.5mg/ml) compared to CD and CD (145 and 232 mg/ml, respectively) 25 .

However, CDs are available in both large quantities and high purities. Furthermore, they are water soluble and biocompatible, and they can be functionalized by a wide variety of synthetic methods 26 .

Host-guest properties

The outer surface of the cyclodextrin molecule is hydrophilic, because the majority of the hydroxyl groups project outward, resulting a good water solubility. The internal cavity is relatively nonpolar, and it can encapsulate nonpolar solutes of appropriate dimensions, with binding occurring through various nonpolar interactions.

Due to their capability to form inclusion complexes, low price and good availability, these molecules have found a number of applications in a wide range of fields. CDs have been frequently used in pharmacy 27,28 , separation processes (environmental) 29,30 , as well in the cosmetic 31 , textile 32 , food 33,34 and packaging industry 34,35 .

Scheme 6 : Inclusion complex by cyclodextrin molecule

In the food industry CDs are employed because of their ability to stabilize volatile or unstable compounds; notably for the reduction of unwanted tastes and odor or for the preparation of cholesterol free products. The strong ability of complexing aromatics can also be used for another purpose in clothing industry. When added to fabrics, such devices are capable of releasing fragrances during ironing or when heated by human body.

Sensitive molecules can be protected against decomposition by their "capping" within the CD cavity (Scheme 6). This effect can also be observed with toxic compound, like trichloroethane or heavy metals, resulting from their trapping inside the CD.

CDs are also good candidates for sophisticated drug delivery systems. In pharmaceutical field, CDs have primarily been applied as solubilizer for hydrophilic drugs to enhance their bioavailability. After administration of the complex drug/CD, its dissociation leads to drug release in relevant body compartments, binding to cellular membranes or other tissue structure 36 . However, adverse side effects of these CDs have been reported

occasionally, high concentrations leading to disruptions of cell membranes 37,38 . To minimize potential side effects, hydroxyl groups of CDs have been chemically modified using a wide variety of synthetic procedures 39,40,41, . Modifications of CDs hydroxyls have also be made in order to facilitate the detection and assimilation of the complex drug/CD by the body 42 .

Inclusion

The major driving forces for the formation of CD inclusion compounds are hydrophobic and van der Walls interactions between the inner surface of the CD ring and the hydrophobic sites on the guest 43 . The higher the binding constant, K s , of a CD inclusion compound is, the better a guest fills in the CD cavity. Some guests exibits strong dipole 

Gaz permeability

Silicone elastomers have low intermolecular forces and relatively unhindered single bonds that link the silicon and oxygen backbone chain atoms together. It results in a higher than usual amount of free volume and provides a high degree of chain mobility. 49 Consequently, polydimethylsiloxane is the most permeable elastomer. 

Medical applications

There are many medical uses of polydimethylsiloxane. The nature of the chemical bonds (-Si-O-) helps to make the organic and inorganic components more compatible. Artificial organs, prosthesis, for example, make use of inertness, stability and flexibility of polydimethylsiloxane. Artificial skin, contact lenses and drug delivery systems also make use of their high oxygen permeability 50 . More precisely, in ophthalmologic area, the oxygen needed by the eye must be obtained by inward diffusion from air rather than through blood vessels.

The high oxygen permeability makes PDMS ideal for soft contact lenses, but it is too hydrophobic to be adequately moistened by the tears covering the eye.

Using PDMS based Polyrotaxane materials might allow getting hydrophilic surface layer (low tackiness) thanks to the cyclodextrins (CDs), which outer layer is hydrophilic, threaded along the PDMS polymer chain.

PDMS Polyrotaxanes

2.4.1.

Polyrotaxanes so far

Polyrotaxanes are intensively investigated since a decade, in fact since cyclodextrin based polyrotaxanes started to be explored and so their medical applications.

PEO seems to be the most used polymer for cyclodextrin inclusion because of the easy synthesis of its pseudopolyrotaxane.

But the study of cyclodextrin based polyrotaxanes was not restricted to PEO results, and a large variety of polymers have been investigated for pseudopolyrotaxane formation such as hydrophilic, hydrophobic and inorganics, including polydimethylsiloxane polymers.

PDMS based polyrotaxanes were recently investigated in the perspective of organicinorganic hybrid materials, for example to bring hydrophilic properties to the PDMS.

Pseudopolyrotaxanes with PDMS

-CDs and -CDs form inclusion complexes with polydimethylsiloxanes of various molecular weights to yield crystalline material, whilst -CDs does not form complexes regardless of the molecular weight 51 , 52 .

-CD and -CD show opposite trends for chain-length selectivity. The yield of -CD / PDMS pseudopolyrotaxane decreases as the polymer molecular weight increases. In contrast, the yield of -CD / PDMS pseudopolyrotaxane increases as the molecular weight increases.

The -CD / PDMS inclusion complexes form 2:3 (CD:monomer unit) compounds.

Scheme 10 : -CD / PDMS inclusion complex

The pseudopolyrotaxane itself is not stable in diluted solution. In order to prevent dethreading, a bulky group on each extremities of the chain is needed.

Stable polyrotaxanes with PDMS

Works on PDMS based polyrotaxane are extremely recent and only little information on this domain appears in litterature. In fact, only researches on the PDMS pseudopolyrotaxane were available when we started our exploration on polyrotaxanes.

Around one year and a half after the beginning of our work on the subject, the Department of Advanced Material Science of the University of Tokyo published their researches on PDMS polyrotaxane. 53 They managed to synthezise a PDMS based polyrotaxane. Several solubilization experiments have been made before a modification of the cyclodextrins (acetylation or silylation) and synthesis of a micro gel.

Most of the studies on polyrotaxanes synthesis in literature are applied on PEO which is the most used polymer in these researches. Conventional blocking reactions in this domain were specifically set for PEO based PRs and had to be studied before their application for the PDMS based PR.

Syntheses

As introduced in the previous chapter, the goal of this research is to synthesize a newly PDMS based polyrotaxane with -cyclodextrins.

Approaches

There are several approaches for polyrotaxanes (PR) syntheses. PRs are generally synthesized by threading CDs on the chain and then attaching bulky end groups on both ends of the chain extremities, but the synthesis can also be managed by other paths showed in Scheme 11.

Scheme 11 : Reaction scheme of the different syntheses ways to obtain PR

Slipping

PRs can be synthesized by threading CDs on a chain which has already large groups on both ends 54 . In most cases, the supra molecular complex is not stable enough to be considerated as a true polyrotaxane because partial dethreading may still occurs.

Clipping

This hypothetical method would be a ring closure of the cyclic molecule around the chain. Since this method has been experimented with specifics cyclic molecules, such as cyclophanes 55,56,57 or crown-ether 58 , it is not feasible for the self-assembly of the CDs.

Inclusion polymerization

It is usually used when an assisted polymerization is needed 59,60 . A cyclic molecule can trap a monomer in its cavity, and helped with the interactions between the cyclodextrins, the polymerization occurs with more efficiency. When the polymerization is done, a pseudopolyrotaxane is synthesized, and still need end blocking.

A bulky competitor can be added in order to keep statistically the cyclodextrin on the chain. Another way to block the cyclodextrins is to funtionalize the extremities of the monomer with a bulky group before or during polymerization 61 . The disadvantage is that the cyclodextrin cannot move along all the chain using this way of synthesis.

Threading

The most common way to obtain a PR is to first synthesize a Pseupolyrotaxane by threading CDs (or other cyclic molecules) on the targeted polymer chain. However, the end capping by large groups is a second step needed in order to obtain a stable polyrotaxane.

Synthesis

The threading synthesis has been retained since this way is the most explored those last years in the polyrotaxane domains. Lots of informations has been obtained to optimize the synthesis, especially the blocking reaction.

Some physical strains have to be respected during the synthesis of a polyrotaxane.

First, the polymer must be adapted to the macrocycle to allow the formation of a favorable complex. In parallel, it has to be bifunctionalized to be able to attach a bulky group on each extremity. It could be noted that the solvent used during the formation of the pseudopolyrotaxane or during the rotaxanation reaction must not have a better complexing ability with the macrocycle than the polymer threaded.

In the case of the cyclodextrin, polar solvents, such as H 2 O, DMSO or DMF interact less with the hydrophobic cavity of the CD than organic solvents and are the most typically used. In contrary, common organic solvents, such as benzene, toluene or tert-butyl alcohol should not be used.

It is worth avoiding a too much acidic (cleavage of the PDMS and the CD acetal bonds) or a too much alkaline media (deprotonation of the CDs).

The extremities of the polymer should be more reactive with the bulky agent than the countless number of alcohol functions borne by the cyclodextrins, threaded on the polymer.

The rotaxanation should rapidly occur before the natural dethreading of the pseudopolyrotaxane in a diluted media. A large excess of blocking agents is often used to prevent this phenomenon.

Of course, the blocking agent has to be bulky enough to prevent dethreading of the CD, and it must be soluble in the solvent used for rotaxanation.

Synthesis of the PseudoPR

As previously exposed, the aim is to obtain a Polyrotaxane made out of PDMS as the axial polymer and CDs as the cyclic molecules.

These molecules are prepared using conventional reactions where interlocked structures were statistically formed in quite low yields. Rotaxane yields are generally low in the absence of any specific interaction between the chain and the macrocycle. Here, the hydrophibic characteristic of both the PDMS and the cavity of the cyclodextrin favor the interaction.

As previously explained, PDMS/ CDs Pseudopolyrotaxanes are spontaneously formed in water by introducing the linear polymer chain in a saturated aqueous solution of CDs.

The resulting complexes precipitated in water but CDs could be dethreaded if the solution is too diluted.

In parallel, if the solvent used has a better affinity than the polymer with the cavity of the cyclodextrin, the complex dissociates. That's why the pseudopolyrotaxane is more easily soluble in organic solvents such as DMSO or DMF.

Scheme 12 : Pseudopolyrotaxane synthesis

In order to stabilize pseudopolyrotaxanes, reactive telechelic functions of the polymer chains are still needed to be modified by bulky groups to create polyrotaxanes.

End-capping reactions

There is a lot of processes to end block the polyrotaxanes.

The complexes under the form of pseudopolyrotaxane may be blocked by the polymerization of the functionalizable chain ends of the polymer 62,63,64 . But it is only effective when the end-capping agent is self reactive and forms an entity large enough to prevent the dethreading.

Another approach is the statistical capping, consisting of attaching the blocking agent randomly along its length 65 . But the conditions are too limiting. The CDs have to be thread on a functionalizable polymer along its length, but the CDs borne will limit its reactivity. Additionally, the threaded segments will have a random length.

The chain ends are much more accessible than the polymer chain when it is densely covered by CDs. So the terminal capping of pseudopolyrotaxanes is by far the most used process.

Several rotaxanation reactions protocols have been studied since the first synthesis of polyrotaxane, as explained below. This synthesis brought the first X-ray diffraction, NMR 1 H and [START_REF] Mock | [END_REF] C characterizations of polyrotaxanes. 67

The mass yield seemed to be high, but obtaining the pure polyrotaxane still needed a purification via column chromatography, so the exact yield is not given in the paper. In addition, X-ray diffraction showed the three populations (PR, Polymer chain and free cyclodextrin), confirming incomplete yields. Many works followed this synthesis and optimizations were carried out by several laboratories. Fleury and co., using this synthesis way, were able to isolate and characterize polyrotaxanes with an high amount of cyclodextrins 68 (3 to 125 cyclodextrins threaded on a 20k PEO polymer) and permitted to study different gel architectures 69 .

Succinimidyl esters

Succinimidyl esters are reliable reagents for amine modification because the amide bonds they form are as stable as peptide bonds. 70

Yui and co. proposed to cap with 2-naphthylamine-6,8-disulfonic acid monopotassium salts a pseudopolyrotaxane with N-hydroxysuccinimidyle ester ends. 71

Scheme 14: End capping protocol proposed by Yui and co. 1996.

The final product was analyzed by IR and 1 H NMR to estimate the mass yield to be about 10%, but the data are not shown in the paper. However, even if the product showed an interesting temperature responsive behavior (a shoulder of the transmittance with the increase of the temperature), the proof of the complexation between the polymer and the CDs was not clearly evidenced. Although, fluorescence measurements were made on both pseudopolyrotaxane and polyrotaxane, indicating a difference between the two complexes but the data were not shown neither.

Isocyanate reaction with a carboxylic acid

In 1999, Yui and Co. chose to realize a polyrotaxane copolymer-based (with a tribloc PEO-PPO-PEO).

The polyrotaxane has been synthesized by a reaction between pseudopolyrotaxane and 4isothiocyanatefluorosceine (FITC) in DMF at 5°C in the dark. 72 Yui and co. proved that the variations of the temperature and the pH of the solution allow the motion of the CDs along the chain, and the cyclic compounds can be retrieved on the PEO fragment or on the PPO fragment.

The yield in the publication is calculated to be 8%, but in fact, this yield does not include all the components. If looking in the details, the polyrotaxane yield is very low (40mg left after purification process from the 3g of pseudopolyrotaxane initially added).

Reaction between aldehyde and amine

Liu and co. managed to use -CD as chain ends for polyrotaxane. The pseudopolyrotaxane synthesized from -CDs and poly(propylene glycol)bis(2aminopropyl ether) is dissolved in DMF and 6-deoxy-6-formyl--CD is added (No information is specified concerning the fact that a cyclodextrin could react with several polymer chains). After been refluxed for 7h, the mixture is purified with cold water washing and the polyrotaxane is extracted at a 50% mass yield. C 60 (diameter: 0.7nm) can form inclusion complexes with two CDs (sandwichlike). C 60 was added with the PR product in order to form complex between two CDs grafted on the polymer chain ends. The purified product is analyzed only after the addition of C 60 by STM and TEM, showing the complexes between the cyclodextrins on the polyrotaxane extremities and the C 60 . The polyrotaxane presence confirmed by TEM and STM is questionable because free cyclodextrins can aggregates under channel forms 73,74 .

Similar experiments were carried out in water solution.

A strong nucleophile can attack the amine group directly. For a weak nucleophile, an acid catalyst is needed so that the carbonyl carbon is prepared to share a pair of electrons for a new covalent bond.

It is an experimental fact that the imine formation is acid catalyzed. But the amine is a base; if the acidity is too high, there is formation of an ammonium ion (-NH 3 + ) with the amine group that cannot react with the carbonyl function.

During this reaction, there is a compromise if the pH is controlled (equal to the pKa of the amine), so that half of the amine molecules are available to act as nucleophiles and the other half is present as the conjugated acid. 75 Yui and co. used this way in order to obtain biodegradable polyrotaxanes. They made up a pseudopolyrotaxane from a triblock copolymer (PEG-PPG-PEG) and -CDs. The capping element was mono-aldehyde -CDs.

Their protocol allowed to finally extract polyrotaxane with 95% mass yield. 76 The ability to shift cyclodextrin along the chain (copolymer properties changing with pH) allowed the obtainment of 72.6% of mass yield. The utility of the chromatogram is questionnable because the peaks of the polyrotaxane sample are clearly cut after the peak of the high molecular weight and prevent the quantification of the remaining free cylodextrins (purity).

Alcohol elimination

Base induced eliminations of alcohols may be achieved if their sulfonate ester derivatives are used. This has the advantage of avoiding strong acids, which may cause molecular rearrangement or double bond migration in some cases. 78 According to this Scheme, Beckham and co. produced a pseudopolyrotaxane made from PEO and -CDs. The observed mass yield after purification (precipitation in multiple steps in different solvents) was 39%. 79 The polyrotaxane was characterized by NMR 1H, DOSY and bipolar pulse pair and longitudinal eddy current delay (BPP-LED) sequence. 80 The DOSY characterization permits to show interactions between hydrogen borne by the chain and hydrogen borne by the cyclodextrin, proving the polyrotaxane formation. But this characterization is qualitative, and not quantitative. In this case, even if the rotaxane structure was verified by DOSY in DMSOd6, the purity of the polyrotaxane was not indicated.

BOP reagent

In 2005, Araki and co. proposed to synthesize Polyrotaxane using the same way of peptides synthesis, in particularly with the use of the BOP-reagent as a catalyst.

The BOP-reagent (Benzotriasole-1-yl-oxy-tris-(dimethylamino)-phosphorium hexafluoro phosphate) is a reagent commonly used in the synthesis of peptides.

Scheme 20 : BOP-reagent

The endcapping reaction takes place between a pseudopolyrotaxane with carboxylic acid endings (PEO and -CDs based) and the amine borne by an adamantanine derivative.

The pseudopolyrotaxane is dissolved in a large amount of DMF and BOP-reagent and EDIPA (Ethyliisopropylamine) are added within the solution. The reaction is maintained at 4°C overnight. The mass yield was calculated to be around 85% in the best runs and was then analyzed by NMR 1 H to calculate the number of CDs borne by the PEO chain. 81 However, on the NMR spectrum shown, there was no clear evidence whether the CD was borne on the chain or not.

Click chemistry

The click chemistry speeded up new drugs discoveries by making each reaction in a multistep synthesis fast, efficient and predictable. One of its most popular reactions is the azide alkyne Huisgen cycloaddition using copper catalyst. 

DMF +BOP

The yield (w/w) varies from 13 to 89% between different blocking agents, and the observed threading was around 60% for all the experiments.

Final product is characterized with NMR, GPC, XRD, and atomic force microscopy (AFM). GPC results (not shown in the paper) confirmed the presence of free CDs, but the ratio [CD]/[PR] (purity of the product) is not specified. The results in AFM are not really pertinent because there is no AFM with cyclodextrins alone for comparison.

Radical course

Fend and co. managed to synthesize a triblock polymer based polyrotaxane from a thiolated pseudopolyrotaxane.

The pseudopolyrotaxane is formed between -CDs and thiolated PEO and its formation is immediately followed by the addition of the monomer and the initiator. The reaction is exposed under an UV lamp during 30 min, and then the product was purified. 84 This fast blocking reaction allowed for the first time to get the pure polyrotaxane in high yield (95% yield). A rodlike structure of these densely packed polyrotaxane in solution was evidenced by neutron scattering. 87

Paving the way

The synthesis of a new polyrotaxane specie (PDMS polyrotaxane) was impetuous because no publication support was available on the subject.

The hydrophobic characteristic of the PDMS make difficult the transposition of an already proved synthesis applied on a hydrophilic polymer. Whatever the choice of an end-blocking reaction, most of the process would be adapted especially for PDMS. In order to avoid time consuming experiments to adjust protocols, we had to focus on only one protocol and specialize it for the PDMS polymer through adapted adjustments.

The endcapping protocol had to present:

-a kinetic of reaction that prevents most of the dethreading.

-characterizations that permit to conclude that the complexation between the polymer and cyclodextrins is achieved.

-a high yield

The radical course applied to block pseudopolyrotaxane is the only way presenting a kinetic of reaction fast enough to prevent most of the dethreading, and with really high yields. The radical course was the way chosen to synthesize polyrotaxane from PDMS and cyclodextrins.

As evidenced from the multiple synthesizing ways for PR exposed in the literature, few characterization protocols allow affirming the unquestionable presence of PR. In order to precisely show the different characterization difficulties to analyze PR, the following Techniques and Devices chapter will be detailed with accuracy, starting with the different reactants and apparatus used during this research. In the procedure, the use of IPDI was needed (3-isocyanatomethyl 3,5,5trimethylcyclohexyl-isocyanate). The NMR spectrum of the diisocyanate PDMS proved its purity and evidenced traces of IPDI residues which will be important to consider for MALDI TOF characterization of microwave assisted experiments. 

II. EXPERIMENTAL PART

Solvents

Solvents used for extraction, purification or Chromatography were supplied by Carlo Erba-SDS.

Water was purified with a Milli-Q device (Millipore).

Products table

Products used during this research are described in the following table. (0.8869mg in the case of n M = 10000 g.mol -1 ) was added to a saturated aqueous solution of CD (23,2g/100mL). The reaction was mixed at room temperature for 24 hours. ( 7days in the case of n M = 10000 g.mol -1 ). According to Harada's findings, the stoechiometry the PDMS based pseudopolyrotaxanes is 1.5 siloxane units = 1 CD (1.5n DMS = n -CD ). At this stoechiometry -CD should be almost closely packed from end to end of the dimethacrylate PDMS chain. The mixture became turbid, and the complexes were obtained as a white crystalline precipitate. The precipitate was collected by lyophilisation or filtration and then dried under vacuum at room temperature, to give the pseudopolyrotaxane. synthesis). In order to optimize this coupling reaction DMSO was then substituted by other solvents. The reaction mixture was stirred under magnetic stirrer for 1 hour and then freeze dried to remove the solvents.

To purify the functionalized PDMS, we found good solvents for reactants which did not react: first, rinsing the dried reactional media with CH 2 Cl 2 allowed to remove the PBS residues and the non-functionalized PDMS. Then H 2 O was used to remove the salts residues. The remaining powder was collected on the sintered glass filter, and then collected with 2-propanol before being dried to give the functionalized PDMS, ready for characterization.

Scheme 28: protocol of the radical course applied on the PDMS polymer. ). 12 hours after the addition of the solvent mixture, the reaction is quenched by dipping the reaction flask in liquid nitrogen followed by freeze-drying.

Silylated Cyclodextrins

Trimethylsilylimidazole (TMSI) was used to react with alcohol functions of the CDs. The substitution of all hydroxyl groups with trimethylsilyl radicals was carried out following the protocol exposed in the following scheme.

Scheme 31: Silylation of free Cyclodextrins

The organic phase was then washed several times with water. After this purification process, the Silylated cyclodextrins are left in the organic phase. Yield was observed being around 100%.

Methacrylated and silylated PR

Proved to be efficient on CDs alone, another protocol had been developed parallely on Polyrotaxane products. In this case the addition of TMSI was preceded by the addition of 2-isocyanatoethyl methacrylate (IEM) in order to obtain methacrylate functions on the cyclodextrins borne on the polyrotaxane.

Scheme 32 : Protocol for a silylated and methacrylated Polyrotaxane product.

-Organic and aqueous phases are separated by addition of an excess of H 2 O and CH 2 Cl 2 in order to break the emulsion.

-The organic phase is then dried

Device and protocols for

Microwave assisted syntheses This microwave equipment can control temperature and pressure during the reaction. 

Alcoholysis assisted by Microwave

The first parameter in the synthesis protocol is the entity of the blocking agent, but other parameters could influence the reaction.

Since the power of the microwave cannot be fixed with this device, the temperature was instead set at 150°C or 200°C, and the time at this temperature varies from 5 to 10 minutes. Taking into account that the microwave power is not function of exposure time but to the temperature to reach (as observed in Figure 2, the temperature chosen determine the power amplitude), the temperature set is more significant than the time exposure. In the case of the 200°C experiments, the time exposure was reduced to 5min to limit the degradation of the reactants.

The presence of DMF as a solvent for the reaction was tested in several cases, in order to compare the results with the bulk experiments.

In some cases, the quantities of bulky agent has been increased (quantity of bulky agent increased from 5 times the number of PDMS extremities (molar) to 15 times)

In the first experiments, the bulky groups had an hydroxyl or amine group in order to react with the isocyanate function borne by the PDMS chain ends of the Pseudopolyrotaxane (Scheme 33 : Alcoholysis assisted by microwave, the isocyanate function is borne by the PDMS polymer).

In further experiments, the PDMS was diamine on its chain ends and reacted with iscocyanated or isothiocyanated bulky groups (Scheme 34). 

Extraction protocol

The extraction of the PR process consists of :

-First, an elimination of the excess blocking groups by extraction with a good solvent of the blocking group used.

-Second, an extraction of the polyrotaxane by rinsing with a good solvent for PDMS and Persilylated GammaCDs (In that case, Acetone)

Scheme 35: Extraction process scheme for micro-wave experiments

The experiments had the same extraction process. Theoretically, the polyrotaxane should be in the pf phase (Scheme 35).

The products were then analysed by SEC characterization, and NMR. Some had MALDI TOF characterization to obtain more information.

Characterizations

Mass yield, functionalization ratio and "yield"

Most of authors estimate that the mass yield is sufficient to give the yield of polyrotaxane experiments. But the mass yield is inappropriate when the product is not proved to be pure. Polyrotaxane have the ability to absorb solvent and inflate.

The PR products are hard to dry and this ability lead to a wrong estimation of the mass yield.

Mass yield can be used when no other quantification is possible to compare experiments, but must be avoided when estimating the efficiency of a single experiment.

Sometimes, the yield of the reaction given by authors is in fact a functionalization yield. This yield takes into account the amount of polymer that is efficiently blocked.

The functionalization yield is pertinent when the goal is to evaluate the quality of the blocking reaction. On another hand, this yield does not bring information about the dethreading, which is one of the most important threats when synthesizing polyrotaxanes.

For exemple, if a polyrotaxane synthesis has a 100% functionalization yield, it means that all the polymer is functionalized by end capping. But we don't know how many cyclodextrins are still threaded on the chain.

This calculated yield is interesting to determine the efficiency of a blocking reaction, but not enough precise to evaluate a polyrotaxane synthesis.

As explained before, the information of "yield" in the case of polyrotaxane cannot be a single number. A polyrotaxane synthesis deserves to have a functionalization ratio (end capping reaction), to determine the efficiency of the synthesis, and the average number of cyclodextrin threads on the chain, to evaluate the quantity of dethreading.

Many characterization tools are available to characterize polyrotaxane. The most used during this work are exposed below.

Nuclear Magnetic Resonance

NMR Spectroscopy is one of the main techniques used to obtain physical, chemical, electronic and structural information about molecules.

Furthermore, 1 H NMR analysis is the tool used the most by chemists to analyze

Polyrotaxanes and majorly showed on publications about polyrotaxanes.

NMR Spectra permit to determine the number of Cyclodextrins per polymer units.

Then, it is theoretically possible to obtain the number of cyclodextrin borne on the polyrotaxane macromolecule. This quantification can only be made if the polyrotaxane is pure.

Different elements composing the polyrotaxane have to be analyzed separately in order to find the characteristic peaks.

Devices and protocols

It can provide detailed information on the topology, dynamics and 3D structure of molecules in solution.

Analyses carried out by proton ( 1 H) or carbon ( 13 C) Nuclear Magnetic resonance (NMR)

were carried out with a Bruker Advance Spectrometer at 300MHz equipped with a dual 1 H/ 13 C probe ( 13 C 75MHz).

Other specific analyses, especially 2D NMR homonucluear coupling (NOESY) as well as experiments using the Saturated Transfer Difference (STD) technique were carried out on a Bruker Advance Spectrometer at 600MHz.

All characterizations took place at room temperature.

Chemical shifts are calculated from different deuterated solvents (Supplied by Eurisotop), notably Chloroform (CDCl 3 ; =7.26ppm) and Dimethylsulfoxyde (DMSOd 6 ;

=2.50ppm) for the 1 H NMR. For the [START_REF] Mock | [END_REF] C NMR, Chloform is used (CDCl 3 ; =77.1ppm).

For analyses runs, 1 H NMR needs a concentration of about 10mg for 0.5ml of solvent; 13 C NMR needs an higher concentration (50mg of product for 0.5ml of solvent).

Data acquired are analyzed with TopSpin 2.0 TM . peak because of the ability of the cyclodextrin to be moistened easily, especially after several synthesis processes.

-CD

PDMS

The PDMS used, as shown on Figure 4, have to be functionalized on the extremities to permit the capping reaction. The characteristic peaks of the extremities can be quantified to check the quality of the functionalization process.

In parallel, in order to obtain accurate characterizations, the main chain must present a low molecular weight to evidence the characteristic peaks of the chain end functions. If not, the peaks of the polymer units would be too large, saturate the spectra and would not permit to give a correct quantification of the extremities. On the dimethacrylate PDMS, the dimethacrylate functions can be evidenced by peaks of the double bonds localized at 6.0 and 5.5 ppm. This spectrum reveals the total functionalization of the PDMS because of the adequation of the quantification of methacrylate functions and because of the absence of peak characteristic of PDMS with another extremity. As described with the assignements detailled on the above spectrum, all characteristic peaks of the extremities (a to e) are multiple of 2, and so when we use integration of dimethylsiloxane units' protons we obtain 372 protons divided by 6 for one monomer unit ( -Si-(CH 3 ) 2 ). The DP n is equal to 62. According by the supplier, the molecular weight is given for 4000 g.mol -1 and with our estimation, we find Mn = 4600 g.mol -1 . This result is in correct agreement with supplier information.

Quantification of threaded CDs

The product must be pure (without free cyclodextrins) because cyclodextrins borne by the polymer and free CDs have the same characteristic peaks. The purity has to be proved by another technique of characterization (chromatography).

When analyzing a pseudo or a polyrotaxane, the characteristic peaks of the polymer and the cyclodextrins can be quantified by 1 H NMR.

The comparison of the anomeric peaks of the CDs (4.8-5.0ppm) versus the peaks of the polymer (siloxane units of the PDMS : 0.0ppm) can give the average number of cyclodextrins thread on one polymer (if the DPn is known).

If the peaks of the main chain polymer cannot be quantified, the quantification of the characteristic peaks of the extremities (aka in the case of PR, the grafted groups) could be made instead.

Modification of cyclodextrins alcohols

The alcohol cyclodextrins can be functionalized by various groups. In order to control the ratio of functionalization, an NMR characterization can be managed. For exemple, the cylodextrin below endure a silylation of its alcohol functions. 

Limitations and details

However, this method has its limitations. The 1 H NMR cannot bring information on the structure of the molecule: we cannot know whether the cyclodextrin is threaded or not by the polymer.

Another limitation observed is the lack of movement of the atoms trapped inside the cavity of the cyclodextrin. The signals of the polymer units inside the cyclodextrin disappear function to the threading ratio of the polymer with cyclodextrins.

This means that the quantification of the cyclodextrin borne on the polymer cannot be done by comparing the signals of the polymer units and the cyclodextrin signals.

However, the quantification can still be made by quantifying the bulky groups functionalized on the chain ends, to the condition that the functionalization results are exactly known.

2D NMR can bring information about the hydrogen bonds that occur inside the cavity of the cyclodextrin, but has the same limitations as the 1 H NMR. In addition, even if publications about polyrotaxane mention the NMR analysis, in most of the cases, the spectra are not showed.

In all cases, NMR still needs a pure product. The residues of the reactants can mostly be detected by chromatography.

Size Exclusion Chromatography

Size exclusion chromatography analyses, are usually named "SEC analyses".

Size exclusion chromatography is a chromatographic method in which soluble molecules are separated based on their size, or more precisely, on their hydrodynamic volume.. The resulting chromatogram gives information on the different reactants still present in the product after purification steps.

Elements are regularly quantified by their refractive index, and when available, other analysis techniques such as UV detection, viscosity or Dynamic Light Scattering (DLS) can be used.

DLS could give molecular weight of the analysed product. But in our case, polyrotaxanes are only soluble in DMF, and present a low dn/dc in this solvent : a high amount of product could be needed. Column cannot withstand high amount of product without separation and retention problems. The DLS would lose accuracy and need a column cleaning too frequent to be efficient.

Devices and protocols

SEC analyses were carried on a dual detection column.

The stationary phase, which is a gel with pores of variable sizes, may interact with a molecule, and influence retention time, though great care is taken to use stationary phases which are inert, minimizing this issue.

The system is continuously supplied with Dimethylformamide (DMF) by a WATERS 515 HPLC pump with a flow of 0.3ml/min. Analyses are carried out by a Styragel HR4E DMF column 5 m (4.6 x 300mm) supplied by Polymer Lab.

Injections (50 l -1mg/ml) are carried out manually at 30°C.

Datas acquired are analyzed with OmniSEC 4.6 TM .

Two detectors are chained to the device in series. The first one is an UV detector set at 345nm. The second is a WATERS 410 refractometer (thermostated at 35°C).

For the case of Preparative Chromatography, the Styragel column is replaced by Two Ultrastyragel 10 3 A 19x300mm columns, mounted in series. This technique allowed the use of injections more consequents (400 l) and more concentrated (60mg/ml).

Average molar mass

The molar mass can be calculated from the elution time by SEC using a standard elution curve. But the specific ability of the SEC is that the elution time depends of the hydrodynamic volume of the molecule (in the selected solvent) function to the porosity of the column. In the case of polyrotaxanes, their specific rod shape prevents the measure of a precise value for the molecular weight, which is much overestimated. Viscosimetry could be used to bring information on the molecular mass, but only if the distribution is thin. In the case of polyrotaxane, the distribution is huge (for example , around 4k for the polymer alone to 50k with a full CD threaded polymer) and the result would be inaccurate.

Quantification using the refractive index

Each element has its own refractive index (RI) . If the cyclodextrin, or other elements can be quantified by their RI, this is not possible with polyrotaxanes.

Indeed, each polyrotaxane (poly [2]rotaxane, poly [3]rotaxane, etc…) have their own RI, and have their signals very close to each other. Furthermore, in order to quantify PR, its exact RI must be know, which is not the case for the PDMS/ CD polyrotaxane. The alternative way was to compare the chromatogram peaks areas. The resulting yield is not accurate and gives not the exact yield of PR. However, it allows experiment comparison from each others with a quicker analysis.

Another technique is to obtain the RI of all the reactants (CD, pyrene, solvents), if we can quantify all the elements other than PR, then it is possible to deduce the quantity of polyrotaxane.

Modification of cyclodextrins alcohols

Modifying alcohol functions of the cyclodextrin leads to a change of the RI of the molecule. In the case of silylation of the alcohol functions, the RI difference between DMF and silylated CDs is so small that the peak is almost visible, as shown on Figure 7. It is clear that when checking the purity of a polyrotaxane, the modification of cyclodextrins could alter significantly the quantification.

Although the fully silylated cyclodextrins are not visible, partially silylated cyclodextrins see their RI growing with the number of non modified alcohol functions. The presence of partially desilylated cyclodextrin is identifiable even if not quantifiable.

Limitations

One of the problems occurring during the quantification is the DMF used for the chromatography which contains adventitious moisture. The additional peaks of solvents make the quantification more difficult.

Another problem occurs when the chromatography is loaded with LiBr salts. LiBr is used in order to break hydrogen bonds between cyclodextrins and to dissociate aggregates, leading to a better separation during chromatography.

The problem is that the use of LiBr prevents the quantification of cyclodextrins. LiBr has its RI signal at the same elution volume as cyclodextrins, and even a little amount leads to a saturation of the chromatogram, as showed in Figure 8. When LiBr salts are used, the purity of the product can't be calculated. In this case, comparison between experiments would be made using mass yields, which is a limitation.

Matrix Assisted Laser

Desorption/Ionization, Time Of Flight

5.4.1.

Polyrotaxane profiles

MALDI TOF device is frequently used for the analysis of polymers showing their polydisparity. The MALDI TOF technique is not a quantitative analytical method analysis, but specific populations can be detected.

In the case of polyrotaxanes, we can observe typical spectra (Figure 9). A series of multiplets showing the different polyrotaxane entities (poly [2]rotaxane, poly [3]rotaxane, etc…) is clearly visible. The difficulty is to find the specific conditions (matrix used, laser power,…) to obtain the polyrotaxane desorption, and even when correct conditions are found, the high molecular weights (over poly [20]rotaxane) may prevent desorbtion because lower molecular weights saturate the signals. This instrument was equipped with a nitrogen UV laser ( =337nm) pulsed at a 20Hz frequency. The mass spectrometer was operated in both the positive and negative ion

Device

reflector mode with an accelerating potential of plus or minus 20kV and a grid percentage equal to 70%.

Mass spectra were recorded with the laser intensity set just above the ionization threshold (2800 in arbitrary units on the instrument) to avoid fragmentation and labile group losses, to maximize the resolution (pulse width 3ns) and to result in a strong analyte signal with minimal matrix interference. Time delay between laser pulse and ion extraction was set to 450ns.

A set of parameters in the linear mode was also tested consisting of an accelerating potential of plus or minus 25kV, a grid percentage of 93%, an extraction delay of 800ns and a laser power adjustment to 3200 in arbitrary units.

Typically, mass spectra were obtained by accumulation of 200 or 800-1000 laser shots in reflector or linear mode, respectively; and processed using Data Explorer software (Applied Biosystems)

Crystalline and Ionic liquid Matrixes

Different matrixes and products used for MALDI TOF MS characterization are described in the following table. All solid matrixes were made at 20mg/ml in DMF. Preparation of ionic liquid matrixes used in this research was already published 88 .

Briefly, preparation of Ionic Liquid Matrixes (ILMs) was made as follow:

All matrixes (except IAA and RA) were mixed with either BUT, AN or TMG at a molar ratio of 1:2 in methanol. Other ILMs were made by mixing an equimolar amount of solid matrix and amino compound in methanol.

The solution was then sonicated for 15min at 40°C.

After removal of the methanol by centrifugal evaporation in a SpeedVac for 3h at room temperature, ILMs were left in vacuum overnight. Final solutions were then prepared at a concentration of 90mg/ml in DMF for use as a matrix. Once prepared, DMF solutions of ILMs could be stored at 4°C up to one week and were used without further purification.

MALDI TOF MS Polyrotaxane samples

The exact molecular weights of the polyrotaxane can't be accurate because of the double polydispersity of the molecule (polymer + number of CDs). Consequently, molar solutions could not be prepared.

The Pure Polyrotaxane analyzed by MALDI TOF MS was solubilized in DMF at a final concentration of 76mg/ml.

Samples were prepared by mixing 0.5 to 1 l of sample and an identical volume of ILM.

Sequential dilutions of samples were directly achieved in matrix from 1:1 to 1:80 (v:v analyte:matrix) to find the optimal analyte:matrix ratio.

Then 1 l of the mixture was deposited on the polished mirror stainless steel MALDI target and allowed to dry at room temperature during 5 to 20min (respectively for ILMs and solid matrixes).

According to sample dilution, amounts of purified extracts from 34 to 0.48 g per spot were analyzed.

Summary of the characterizations

In order to clarify the characterizations applied on the further experiments, a summary is exposed below.

Numerous methods have been used to characterize synthesized polyrotaxanes. However, even if SEC can reveal the purity of the product, it cannot be used as a reference. In order to compare and optimize the polyrotaxanes syntheses, the techniques of characterization were joined to others, in order to give a better signification of the "yield".

Mass Yield

The mass yield is used only when other techniques are not possible to carry out (because of the presence of perturbing salts, for example).

SEC -Polyrotaxane yield:

Cyclodextrins, on the polymers that did not react, dethread. Functionalized PRs are not necessarily threaded fully (dethreading of cyclodextrins during reaction process).

The percentage of PR is calculated via the refractive index area ratio of PR and cyclodextrins observed by SEC.

-Functionalization yield:

When an experiment needs a saturation of the medium, the addition of free cyclodextrin prevents the comparison with other experiments.

The ratio of free cylodextrins added in the reactive media is calculated, its refractive index is evaluated, and then removed for the calculation of the polyrotaxane yield. It correspond to the Peudopolyrotaxane conversion to polyrotaxane.

-Quantified yield

When an accurate yield is needed, the quantification of each reactant is made via their refractive index or UV detection (CDs, PBS, DMSO). Once all the residues have been quantified, the PR portion is deduced.

The product need before a perfect drying in order to prevent the solvents presence, and a knowledge of all residues presents in the sample (DMSO presence is still observed in most cases).

NMR -Number of CD per chain ( 1 H NMR)

The quantification of the cyclodextrins threaded on the polymer can only be estimated on a pure product.

Since the signal of Siloxane function is perturbed when stuck in the cavity of the cyclodextrin, the quantification cannot be made through the ratio CDs units/ siloxane units.

The quantification is made with the pyrene endings. In further experiments, we'll see that there could be 2 to 4 pyrene group per chain.

The estimation of cyclodextrins on the chain is then comprised between x and 2x.

SEC can determine the purity of the polyrotaxane, NMR brings informations about the average chemical composition, and MALDI TOF MS presents polyrotaxanes structure.

Functionalization

As explained above, the goal is to make polyrotaxane from polydimethylsiloxane as axle and gamma cyclodextrins. Most of the ways of synthesis described previously in chapter 2 (3.2.2-p46) were studied by Menicon Japan but could not bring the expected results.

An efficient blocking reaction had to be found. It would be efficient at high concentrations, taking place at low temperature and a reaction kinetic that prevents most of the dethreading (reaction kinetic faster than the dethreading kinetic); and in parallel, had to be efficient in heterogeneous medium.

We chosed to use the radical course described previously as a model.

In order to prove the feasibility, we first had to demonstrate that the functionalization of PDMS chain ends was possible by the radical course in specific conditions. Conditions used for this coupling reaction are similar to conditions used for the functionalization of Polyethylene glycol (PEO) as published by Jarroux and al. 89,90 . The radical coupling reaction takes place between -dimethacrylate polydimethylsiloxane and 1-Pyrenebutyric acid N-hydroxysuccinimide ester (PBS) is described on Scheme 37. In our study, as the toxicity of the molecule was still not important, the pyrene endings grafted on the polymer were not a problem. 

Results and Discussions

As described on Table 5, the first run FB1 (Table 5) realized using the publication conditions 90 Finally we chose to use 2-propanol rather than Ethanol for a better control of the medium concentration (no solvent evaporation during the reaction).

Run FB2 (Table 5) was then carried out in a mixture of H 2 O and 2-propanol using same solvent ratio as for FB1 run. The product of this reaction insoluble in Dichloromethane was soluble in 2-propanol (Yield: 16% in weight). NMR Analysis showed the disappearance of the protons characteristic of the dimethacrylate functions (at 5.5 and 6.0 ppm), proving the reaction of the PDMS chain ends. The average number of pyrene groups per PDMS chain was estimated from the integration ratio of the peaks characteristic of pyrene groups versus the peaks characteristic of methyl groups on PDMS chain units. One could estimate by this method an average number of 4 pyrene units per PDMS chain.

In the aim to improve the yield of functionalized PDMS, we tried to increase the solubility of the PDMS by increasing the proportion of 2-propanol without changing reactional media concentration. In Run FB4 (Table 5), H 2 O/2isopropanol volume ratio was just reverted. Even if the proportion of H 2 O is still high, decreasing H 2 O volume led to a lower ratio of functionalization which can be attributed to a lower number of radical species generated in these conditions. In all following reactions, the volume of H 2 O is at least equal to 1.6 ml to avoid this phenomenon.

Nevertheless, always with the goal to increase the yield of functionalized PDMS, we chose Acetonitrile as cosolvent replacing the DMSO in FB12 (Table 5) (Acetonitrile is often use in industry to purify PDMS). In our case, the low molecular weight dimethacrylate PDMS and PBS are too poorly soluble to react. Those reaction conditions are not adapted. We can conclude, at this step, that conditions used in FB2 run are presently the best to favor the functionalization of PDMS by radical coupling reaction. FB13 (Table 5) run was carried out in order to prove the reproducibility of this reaction. The fraction of functionalization was calculated to be around 80%, but is not specified in the table because the chain ends seem to be functionalized with more than one pyrene making the quantification inaccurate.

According to the results of FB13, the efficiency and reproducibility of the reaction in 2-propanol/ H 2 O was considered as established.

It appears that solvent conditions for the functionalization of PDMS are different from the optimized polyrotaxane synthesis based on POE. Nonetheless we proved that the functionalization takes place when the solubility of PDMS in the reaction mixture is favored by choosing a good solvent. Still the yield is low and the effect of the mixture concentration was studied in order to improve it, and the different runs studied are showed in following Table 6.

Table 6: functionalization of PDMS, concentration

As previously mentionned above, the amount of water must be at least 1.6 ml for a minimal production rate of radicals. In the aim of finding conditions allowing the improvement of the solubility of the reactants while maintaining minimum H 2 O volume needed for radicals formation, the volume ratio of solvents (2-isopropanol/ H 2 O) was reverted in FB5 (Table 6). The decrease of reactant concentrations led to the decrease of the reaction rate, and the reaction efficiency is expected being lower if the reaction time is not increased. The reaction cannot be longer than one hour because the goal is to find the fastest reaction protocol : the reaction time was not changed and only the concentration effect was investigated. PDMS was not functionalized in these low concentration conditions.

In FB9 (Table 6) run, optimized volume ratio was maintained (H 2 O / 2isopropanol: 66/33 in volume) but the volume of H 2 O was doubled by a factor of 2 in comparison to FB2 run, in order to increase radical species production rate and so the kinetic of the reaction. In this case, the functionalization yield increased (around 40%), but NMR analysis showed that all chains did not bear the same number of pyrene groups.

In the last experiment (FB11 -Table 6) of these series, we tried to use 1.6 ml of water and 1.6 ml of 2-propanol to solubilize efficiently the reactants (more 2propanol) with an appropriate production rate of radical formation.

Functionalization of PDMS was not observed. It seems that the proportion 2propanol/H 2 0 have to be kept at 33/66 to allow the observation of a chain end reaction of the PDMS.

In conclusion, the yield of functionalization couldn't be improved in the time scale devoted to of this part of the work. Further studies will be necessary to fully understand the mechanisms involved in this coupling reaction.

Nonetheless, the feasibility of this reaction was proved and preliminary trials to synthesis the polyrotaxane could be carried out.

In order to support the results, functionalized PDMS underwent several characterizations, detailed in the following part.

Characterizations and results

NMR characterization

Using extraction method described in the results and discussions part (6.1) and, the product named FB2 was first characterized by 1 H NMR The FB2P 1 H NMR spectrum shows characteristic peaks of PDMS polymer and Pyrene groups, precisely at 0 ppm and around 8 ppm respectively. The complete assignment of this radical reaction is difficult because different isomers (4.2.2-p67) could be present in solution and influence proton environment. In the aim to complete the characterization, [START_REF] Mock | [END_REF] C NMR is realized and then compared with the reactants. We can see on these spectra (Figure 11) that around 40 ppm, the characteristic peaks of PDMS have been shifted. We can see at around 130 ppm characteristic peaks of pyrene extremities and at 165 ppm peaks characteristic of ester formation. According to these attributions, we can conclude that functionalized PDMS occured. So we tried to quantify the amount of pyrene groups borne by the PDMS chain, for this reason the number of methyl was set to 128 for the DPn of 62 (We made the hypothesis that the recovery of the modified polymer did not modify the mass distribution). We concluded that we have an average of 3 pyrene groups by chain.

The NMR results were not sufficient to give an accurate determination of the purity of the product. Additional analyses were then necessary.

SEC Characterization

It has been verified that PDMS is not soluble in DMF, but PDMS functionalized by PBS is soluble. The reactants and the product were so compared by Size Exclusion Chromatography (SEC) in DMF. Overlaying SEC chromatograms of -dimethacrylate PDMS, PBS and FB2p shows that functionalized FB2p PDMS comes out at shorter elution times than PBS (Figure 12).

In conclusion, the functionalization of PDMS is visualized and confirmed. But still some information could be obtained about the elements functionalizing the PDMS chain ends (succinimidyl group, pyrene group, hydrogen). It's the reason why MALDI-TOF analysis was carried out.

Functionalized PDMS Solvent PBS

MALDI TOF Characterization

To characterize the product by MALDI-TOF, the concentration of polymer was 10 -3 M in THF in the blend with a matrix solution, 10 -1 M DHB (2,5-dihydroxybenzoic acid) in THF, fifty/fifty in volume. The sample preparation was spotted on the target by a method usually called "dried-droplet" with a droplet of 0.5 µl.

In these conditions, we obtained desorption of the sample. Peaks could be assigned after calibration, done with PEO standard studied with the same protocol of analysis. However, those conditions were not optimized; the goal was just to examine some populations to have an idea of the chain end functionalizations. The first analysed PDMS (FB9p -Table 6) presented functionalization of its chain ends (according to NMR and SEC). But in this case, the experimental conditions could only allow desorption of initial dimethacrylate PDMS; the different peaks are attributed to PDMS population according to a space of 74 uma between each peak (SiC 2 H 6 O). pyrene groups on PDMS chain. Other populations desorb too weakly to be revealed over the higher signals.

All these characterization results confirm the possibility to functionalize the PDMS with bulky groups using radical course. The synthesis of the pseudopolyrotaxane and polyrotaxane could be carried out.

Polyrotaxane synthesis

The first step of polyrotaxane synthesis consists in the pseudopolyrotaxane synthesis.

These supramolecular assemblies result of the CDs threading onto the PDMS chain.

These assemblies are governed by an equilibrium which leads to the possiblity to dethread in diluted aqueous solution or in organic solution.

Pseudopolyrotaxane synthesis

As described in the bibliographic part and shown on Scheme 39, pseudopolyrotaxane is formed by adding PDMS in a saturated solution of CDs in 

Results and Discussion

Aiming at controlling the composition of the polyrotaxane, the pseudopolyrotaxane based on CDs and PDMS synthesized at Menicon has been characterized by NMR. The number of CDs versus the number of dimethylsiloxane units was higher than expected (1.5n DMS = n -CD is the correct ratio). This effect was then explained by the loss of PDMS on the filter or in reaction flask during workup.

In order to understand this phenomenon, the pseudopolyrotaxane was synthesized and extracted by either filtration or lyophilisation, as schematized in Scheme 40.

Scheme 40 : lyophilisation and filtration paths used to extract pseudoPR

Yields are exposed in Table 7. As observed, pseudopolyrotaxane collected by freeze drying presented a mass yield between 90 and 93% and pseudoPR collected by filtration presented a mass yield around 75%. However, NMR analysis shows that the ratio of the number of CDs compared to the number of dimethylsiloxane units is too high when the pseudopolyrotaxane is lyophilised (1.5n DMS < n -CD ). This result shows that free CDs are present in the sample. The loss of PDMS could be due to the lack of dispersal behavior of the PDMS in H 2 O, for instance due to its affinity with vial glass.

Another assay, FB14P (Table 7, above), collected by filtration had also been analysed by 1 H NMR as shown on Figure 16. By filtration, we can see that the signal of siloxane units (~0.0ppm) is higher as expected. The loss of free CDs during the filtration explains the difference between the 2 spectra. A part of the cyclodextrins is still not borne by the PDMS chain after the pseudopolyrotaxane synthesis, according to the ratio 1.5n DMS < n -CD . Teflon flasks for PseudoPR synthesis

The lyophilisation should give a 100% mass yield, since all the reactional medium is lyophilized. In parallel, the loss of cyclodextrin during the filtration process means that not all the PDMS was available to form the pseudopolyrotaxane.

The hypothesis was that the PDMS have a high affinity with the glass; and during the pseudopolyrotaxane reaction, a part of the PDMS would form a thin film against the glass, preventing its inclusion within the cyclodextrins.

In order to find out whether the yield with lyophilisation was limited because of PDMS properties, Teflon PFA (Perfluoroalkoxy) flasks were used instead, reducing the affinity of the PDMS with the vial glass walls. FB19 and FB20 (Table 7, above) were prepared in PFA flask by lyophilisation and filtration respectively. Nevertheless, using

Teflon PFA flasks did not allow to improve the yield. Also, the pseudopolyrotaxane sample compositions were not affected. At this time, NMR showed that compositions after lyophilisation were not identical to the initial composition; an excess of CDs versus PDMS units being observed. This loss, attributed to the loss of PDMS on the reaction flask, was estimated at 17% in weight. On the contrary, NMR analysis of filtrated pseudopolyrotaxanes gave the exact stoechiometric ratio of CDs versus siloxane units.

This result suggests that free CDs remaining in the sample can be removed by filtration of the aqueous solution. Accordingly, the pseudopolyrotaxanes would be filtrated in further experiments.

These preliminary results showed that the pseudopolyrotaxane yield can't be improved because of the difference of solubilities between CDs and PDMS, but the poor solubility of the PDMS in DMSO makes the NMR analysis of the pseudopolyrotaxane not accurate.

Nevertheless, this step of the polyrotaxane synthesis is not a limitating step as the pseudopolyrotaxane was already obtained with a 75% mass yield.

However, Polyrotaxane was synthesized from lyophilised PseudoPR or filtrated pseudoPR for comparison in several initial experiments.

Polyrotaxane synthesis -

Optimization of the coupling reaction

The radical coupling reaction on the PDMS based pseudopolyrotaxane was first conducted under the same experimental conditions optimized for the PEO-based polyrotaxane synthesis as shown on Scheme 41.

Scheme 41 : polyrotaxane synthesis

Estimation by SEC -Reminder

As explained above (5.2.4-p81), NMR spectroscopy cannot be used to quantify the purity of our samples. Each sample of synthetized PR is analysed by SEC. This way, we can observe the quantity of high molar mass products which are assignated to PRs, and that of the low molecular weights (free CDs, residues).

For our experiments, the amount had been increased proportionally in order to have more product for analyses. FB15 and FB17 (Table 8) were synthesized using pseudopolyrotaxane isolated respectively by lyophilization and filtration. After the same purification processes, consisting of multiple rinsing by good solvents of the reactants and LiBr solution (see appendix 2 -p244), both product were analysed. FB15 shows a 0.2% mass yield and FB17 shows a 0.7% mass yield.

Despite the low yield, the use of filtrated pseudopolyrotaxane presents a lower quantity of free CDs and leading to a better purification and yield.

The experiments FB21 and FB22 (Table 8) were carried out using pseudopolyrotaxane synthesized with the Teflon PFA flask. FB21 with the freeze dried one and FB22 with the filtrated one. Mass yields are rather low, and positive effect of the Teflon flask on the polyrotaxane yield couldn't be evidenced. FB22 still shows by SEC a higher proportion of PR than in FB 21.

In both cases, PR made from a lyophylizated pseudoPR showed a higher amount of free CDs, confirming the conclusion to use exclusively filtrated pseudopolyrotaxanes. The pseudoPolyrotaxane was soluble enough in DMSO but the radical reaction was not favored because of the non-solubility of the PDMS in H 2 O or DMSO. The reactivity of the extremities of the polymer was really low, giving low mass yields.

Obviously these conditions defined by the publication 90 are not yet optimal for the synthesis of PDMS-based Polyrotaxane. Indeed, the yield of reaction drops from 95% for the PEO based polyrotaxane to less than 10% for PDMS based polyrotaxane synthesis.

In the case of PDMS, the radicals of pyrene derivative generated in H 2 O phase must be accessible to the PDMS without leading to dethreading of the supramolecular assemblies.

This low yield attributed to the difference of solubility of the polymers, the influence of several co-solvents and co-agents has been examined to improve the solubility of the PDMS-Based polyrotaxane and consequently improve the accessibility of the PDMS extremities.

The protocol conditions have been used as control, following the optimization of the reaction.

Co-solvent effect of acetone

The first series was carried out to verify the influence of co-solvent in the reaction.

Acetone was chosed because of its miscibility with both DMSO and H 2 O, and its ability to solubilize PDMS.

As detailed in Table 9, the FB25 experiment was realized using a successive addition of the solvents (H 2 O, Acetone then DMSO). And FB26 was carried out adding at first H 2 O then a mixed Acetone/DMSO solution. The last reaction FB27 of this series used the same conditions as FB25, with a higher dilution coefficient fixed at 2. Each synthesis had to be compared with FB28 conducted using publication conditions 90 .

The mass yield is given after the same purification process for all samples. It appeared that the mass yield was higher for the reaction carried out in H 2 O/DMSO (23% for FB28 versus 4% for FB26 where an Acetone/DMSO mixed solution, 50/50 in vol., is used). It seems that when acetone is added before the DMSO, the yield of reaction is even lower (1% for FB25) probably due to the dethreading of the PDMS chain before the blocking reaction. To avoid dethreading of the pseudopolyrotaxane before the blocking reaction, the reaction medium must be very concentrated.

To verify the effect of concentration on the yield, the medium concentration was diluted by a factor of 2 in FB27 run. And the mass yield of the latter was a factor of 2 (2%) lower than that reported from FB26 run.

Accordingly, the best conditions of this series are the ones with the initial protocol, without co-solvent.

It can be conclude that the acetone seems to have too much affinity with PDMS, leading to its dethreading before its reaction with the PBS. A co-solvent with appropriates properties has to be found.

Co-solvents investigation

Three co-solvents have been tested along a second series of assays. We have chosen three good solvents for PDMS, miscible or non miscible with H 2 O and DMSO. 10 where different conditions are compared with the FB29 run, carried out using already published conditions 90 as reference.

Each sample went through the same purification process. The product is then analysed by SEC and the quantity of PR is quantified. In this second series, the mass yields are globally lower (even if FB28 of the precedent series and FB29 have the same protocol). This phenomenon could be explained by the change in the purification procedure (detailed in appendix 2 -p244).

By adding 2-propanol (FB30 run), the proportion of polyrotaxane is almost inexistant. In fact this solvent is miscible with water and DMSO and leads to the dilution of the reaction medium allowing PDMS dethreading before blocking reaction can take place. 2-propanol has too much affinity with PDMS.

By using pentane (FB32 run) which is not miscible with H 2 O and DMSO, PDMS included in the pseudopolyrotaxane and PBS are not in the same phase and the blocking reaction cannot take place.

According to SEC analysis, only the addition of the diethylether (FB31) allows the increase of the polyrotaxane yield versus the model reaction. The non miscibility of diethyl ether with others solvents used could lead to a higher concentration media in water and DMSO phase, limiting the dethreading. In addition, of PBS seems to have a higher solubility in diethyl ether. 

Effect of Et2O and surface active agents

From experiments above, the best solvents conditions (used now as control reaction)

to synthesize PDMS based polyrotaxane are (for 3ml)(FB31 and FB35):

-2 ml. of H -The use of a surface active agent. Its abilities are to obtain more finely dispersed solvent phases present is the reaction media.

-The use of a larger amount of Et 2 O independently of the quantity of solvent FB40 run is the optimized model reaction. Polyrotaxane was synthesized using same protocol as for FB35 experiment (see appendix 4 -p249).

The following experiments were synthesized simultaneously to FB40 in order to evidence:

-In FB41 run, the effect of SDS (Sodium Dodecyl Sulfate). SDS addition was already tested in parallel experiments, with another species of PDMS where the influence on the reaction yield seemed promising (Appendix 6 -p252). It is expected that SDS could overcome the problem related to the non homogeneity of the reaction media.

-In FB42 run, the effect of solvent ratio. The goal was to determine if a higher proportion of Et 2 O would increase the solubility of PDMS, and so the reactivity of PDMS end-function.

-In FB43 run, the effect of SDS with the optimized conditions of FB35. It is expected to observe the co-effect of Et2O and SDS.

-In FB50 run, the effect of PEO which is, as SDS, a surface active agent. PEO (1000g/mol) is added at the same proportion used for PEO PR synthesis (publication protocol 90 ). In order to compare the experiments, each product was purified using the same protocol:

PBS and PDMS were first removed with an Acetone rinsing before washing the polyrotaxane product with a LiBr aqueous solution (LiBr treatment permits to disaggregate the CDs and polyrotaxanes by breaking the hydrogen bonds) before dialysis with a mass cut off of 1000 which is efficient to remove free CD and salts (controlled by NMR analysis). This purification process is explained more precisely in the next chapter (8.4, p152).

The products obtained were then analyzed by SEC characterization to quantify the polyrotaxane. According to the results of the blocking reactions exposed in Table 12, best polyrotaxane yield is obtained with conditions of FB40, the initial protocol. 

FB50 14%

In the case of FB50, the yield reaches 14%, approximately the same value as that of FB40. It seems that the addition of PEO do not improve the reaction in this conditions, and probably generate an inclusion competition between PEO and PDMS.

Considering that these different parameters, using surfactants or more Et 2 O, could not favor significantly the yield of the polyrotaxane reaction, we investigated a new study in order to avoid the dethreading before reaction. The idea consists to saturate the reaction media.

Saturation with CDs and Pyrene

In order to improve the yield of polyrotaxane synthesized during the reactions, we defined several experiments to find news ways to prevent dethreading. For instance, saturating the medium with free CDs could be an obvious solution.

Following experiments were carried out using FB35 experimental protocol with some differences indicated in Table 13:

-FB44 was a run with the same quantity of solvents and reactants used in FB40 run.

But the reaction medium was saturated with free CDs (here, 696 mg of GammaCDs)

to theorically prevents the dethreading of the CDs borne on the pseudoPR.

-FB45 keep saturated medium with CDs, but with a larger amount of solvents because of the too high viscosity of FB44. So there is 10 ml of H 2 O and 5 ml of a blend of DMSO/Et 2 O 50/50 in FB45 and 3.48 g of GammaCDs are needed to saturate the media.

After reaction, all crude products are freeze dried, and directly characterized by SEC. FB44 showed a polyrotaxane yield of 15%. Considering that we added free CDs, the percentage has to be adjusted to allow the comparison with FB40. We withdraw the SEC area corresponding to the extra GammaCD by substracting the RI corresponding to the CD added to saturate the medium, and we obtain the functionalization yield, 21%. In conclusion, this result is better than FB40 result.

For FB45, as for FB44, free CDs were added before the reaction. The functionalization yield is 13%, which is lower than with FB44. This result is obtained because the increasing of solvents amount leads to a dilution of the reacting medium, and the initiator concentration, decreasing the kinetic of the reaction. Increasing the amount of radical initiator to increase its concentration could be a solution to improve the yield.

Other experiments were then carried out.

-FB53 conditions are the same as in FB45 run, except the fact that the quantity of initiator had been increased to fit to the previous concentration of initiator used.

On the other hand, to avoid the trapping of the blocking agent PBS into the cavities of the free CDs, the use of a saturate media with the complex made of pyrene and CDs could improve the efficiency of this method.

-FB55 conditions are the same as in FB53, but instead of adding only GammaCD, we also add pyrene to form the complex pyrene/CD. The goal is to keep the concentration of CDs to avoid dethreading, and also to obstruct the cavity of the CD in order to limit its interaction with PBS capping agents during the reaction (To permit the formation of Pyrene/CDs complexes, the free CDs and pyrene were stirred for 24 hours in 10ml of H 2 O, before adding in the reaction medium).

Raw products are then analyzed by SEC. FB53 showed a polyrotaxane percentage of 12%, and once we remove the free CDs area signal added for the reactions, we obtained 30%. Comparing those results with the yield obtained with FB45, this last reaction confirmed our hypothesis: the initiator concentration has to be high enough to keep an adapted reaction rate to prevent dethreading.

FB55 showed 18% of polyrotaxane, and without the amount of free CDs and pyrene added, we caldulated a percentage of 50%. This run demonstrated that once we complex the free CDs used to saturate the media, the reaction has an increased yield of 13%. In fact, the capping of the blocking agents by the CDs was a limiting factor of the blocking reaction.

Those results proved the efficiency of saturating the media in order to prevent the dethreading which was obviously one of the major problem of the yield synthesis. On the other hand, the complexation between PBS and free CDs (from the dethreading of the pseudo or added for saturating the media) had an impacting factor on the yield too, as explained in the Scheme 43. FB58 gave 32% of functionalization yield. The media is still too viscous with a dilution of two and do not permit the medium to be stirred more efficiently than with a dilution of five.

FB57, with a percentage of 71% offer a great improvement of the yield. A longer reaction time led to a synthesis with a high yield, providing a larger amount a polyrotaxane.

After the result obtained with FB57, the result of 55% for FB61 is quite disappointing even if it still increase the yield previously obtained for FB35.

This loss of yield could be explained from the pseudopolyrotaxane used. Two different pseudoPR have been synthesized for the blocking reactions of FB57 and FB61 even if the reaction protocol was the same.

The protocol of FB57 is retained as the model protocol to obtain the better yield for the polyrotaxane synthesis. The use of a PDMS with longer chains length could also prevent the dethreading before the reaction process (Indeed, the longer the chains, the longer the dethread mechanism.)

and was tested in parallel.

The pseudopolyrotaxane made from PDMS and CDs have a kinetic of dethreading depending on polymer chains length. Since dethreading seemed to be the most important limiting factor, the replacement of the previous PDMS 4600 by a longer polymer as the PDMS 10000 could favor the stability of the pseudopolyrotaxane complex. The synthesis of pseudopolyrotaxane from PDMS 10000 and -CDs were managed on seven days (24h with PDMS 4600) to permit the full threading of the chain.

FB51 is synthesized from a pseudopolyrotaxane made of PDMS 10000 (X22163). In this experiment, the concentration of pseudopolyrotaxane is kept the same (identical to FB40 run, 10.10 -3 mol.L -1 of pseudo). So, instead of 1.69g of pseudo (PDMS 4k), we will use 2.589g of pseudo (PDMS 10k). This reaction will be our model reaction.

-FB56 was synthesized using same conditions as in FB55 run, using complex of CD and pyrene to saturate the reaction media. The same amount of pseudopolyrotaxane made from PDMS 10000 is used.

-FB59, as previously, used FB57 protocol, to see whether a better way to synthesis polyrotaxane from PDMS 4600 can be found with PDMS 10000. FB51 shows an even lower result than with the PDMS 4600. It appears that to have the same chain ends concentration in the over-concentrated media, the solubility of the reactants could reach its limit.

FB56 used the optimized conditions, previously demonstrated with PDMS 4600.

However, the percentage obtained (31%) is still lower than the PDMS 4600 in the same conditions. This phenomenon is due to the use of an higher viscosity because of the high molecular weight of the pseudoPR. It leads to a higher viscosity of the product which reduces the stirring efficiency, and so the reactivity of extremities. This phenomenon is also observed on the results of FB59 experiment where we have 56% of polyrotaxane.

The utilization of a longer chain did not brought the awaited results, maybe because of the concentration of the reactants that was still too high. The conditions have to be adapted and optimized for each species of PDMS. 

Controling the number of cyclodextrins

One of the goals of these syntheses was to control the quantity of cyclodextrin borne on the PDMS chain in order to control the properties of the polyrotaxane.

We previously saw that the major problem was dethreading of the chain during the synthesis. This problem was mainly solved with the saturation of the medium with cyclodextrins. In order to control dethreading, different degrees of saturation of the medium were managed.

The protocol of FB53 was used : diluted medium, saturated with free cyclodextrins, and not saturated using free pyrene. This choice has been made because the saturation with only free cyclodextrin brought an acceptable PR percentage without the presence of the CD/Pyrene complex.

Three different saturations had been studied.

-A low saturation, 86% of the full saturation with CDs. (FB110)

-A standard saturation, a full saturation at 100% (FB125)

-A larger saturation, with more cyclodextrins than the 100% needed (FB126) Quantification by SEC shows that the more the saturation, the lesser the yield.

In this case, the excessive concentration leads to a lower interaction between reactants and inevitably to a lesser yield. The results by SEC cannot permit to quantify the number of CDs borne by the chain without a preliminary purification. In fact, the quantification by NMR cannot be made if there was still free cyclodextrins in the samples (fact explained in chapter 3, 5.3.5 -p87).

Those experiments took advantage of the specific purification protocol, described in further chapters.

Optimized PR Synthesis

Through the investigations to obtain the best yield for polyrotaxane, saturation of the reaction media with CDs allowed to increase the yield to more than 70%.

This protocol is schematized in Scheme 44 and was exposed previously (4.2.4-p70).

Scheme 44 : Final protocol of polyrotaxane synthesis

The use of the radical coupling once applied on PDMS could not use the parameters optimized for the POE based polyrotaxanes. PDMS in aqueous solutions presented

Purification

The polyrotaxane samples synthesized in this study still contain many residues which need to be removed. On the other hand, a totally pure product is not the goal since free CDs in small amount with the polyrotaxane could still lead to interesting mechanical properties. But the purification of the polyrotaxane is a very important clue to determine its real composition, especially by NMR characterization.

Different ways of purification were carried out.

First, we managed to wash the final product with water to solubilize CDs. Taking into account that the polyrotaxane could also be solubilized in aqueous phase, we investigated other ways with both aqueous and organic phases to separate free CDs from the polyrotaxane, followed by experiments using Lithium Bromide (LiBr) as breaking agent disassembling aggregates. Filtration methods have been tested to understand the behavior of each component in solution.

Second, elimination of the free CDs by the help of an inclusion complex formation has been tried.

Third, dialyses extraction with LiBr salts have then been investigated. Following the purification using SEC analysis, different dialyses methods have been tested (dialysis in water, with or without breaking up agent ; in DMF, with or without breaking agent and at different concentrations, ultrafiltration).

Finally, after multiple purification tests with column devices, SEC extraction was investigated to obtain pure polyrotaxane.

Purification of polyrotaxane by water washing

The first method explored was a multiple rinsing by H 2 O, several times, to see whether we could eliminate the free CDs detected by following SEC as described in the Scheme 45.

H2O washing protocol

Schematic representation

Scheme 45 : Schematic representation of FB6 water purification

Results and discussion

After washing one time polyrotaxane with water, 1 H NMR of the filtrate shows characteristic peaks of CDs, but no PDMS nor pyrene peaks.

Unfortunately, a large amount of free CDs is still present in the sample according to SEC analysis. The product was washed once more with water. 1 H NMR of the filtrate revealed characteristic peaks of the pyrene groups and the PDMS. And SEC analysis showed that the polyrotaxane was present in both the filtrate and the precipitate (as shown below). This method is not efficient to purify polyrotaxane. And three new ways were conducted on the same product issue, FB6P3.

Phase separation

In order to prevent aggregation of CD generated by using different solvents during purification, the product was first solubilized in DMF and washed with a mixture of H 2 O and CHCl 3 . This mixture has been chosen because H 2 O is a good solvent of free CDs and CHCl 3 is a good solvent of free PDMS and PBS residues. Thus, 2 phases were obtained:

The organic phase, in fact a mixture of CHCl 3 and DMF, which revealed the presence of PBS and PDMS residues according to NMR characterization.

The aqueous phase, more precisely composed of H 2 O with DMF traces, presented polyrotaxane with residues of free CDs according to SEC characterization. After evaporation of this phase, A low amount of DMF and H 2 O was added, and the precipitation of the polyrotaxane by the addition of Et 2 O was managed. Thinking that in presence of water, free CDs couldn't easily precipitate, the formation of precipitate would supposedly be the polyrotaxane product. After separation of the precipitate, aqueous and organic phases, each product was characterized.

o In the organic phase, only a low amount in weight of PBS and pyrene residues have been removed (evidenced by NMR)

o In water, we obtained the majority of the product characterized by SEC as polyrotaxane with still a large amount of free CDs.

o The precipitate is a polyrotaxane with a large amount of free CDs.

It appeared that large amounts of free CDs have the potential to aggregate and change of solubility along the treatment.

This way (which appears under the green color in the Scheme 46) could not improve the purification. To increase efficiency, the use of good solvents of polyrotaxane (DMF) were avoided, which trap polyrotaxane in soluble part as previously seen in water.

Only good solvents of residues of reaction were used to give the precipitation of polyrotaxane alone.

The second way (in blue color on Scheme 46) conducted purification with only solvents of PDMS and Pyrene (i.e. acetone and Et 2 O) and solvent of free CDs (H 2 O). In this new case, we obtained a precipitate, an organic part (Et 2 O) and an aqueous part which contains acetone, as analyzed and discussed below:

The precipitate evidenced polyrotaxane with a large amount of free CDs according to SEC results.

The organic part revealed pyrene and PDMS residues proved by NMR and SEC.

The aqueous part still contained polyrotaxane and free CDs.

These two different ways showed us that polyrotaxane and free CDs have affinity with the same solvents. Aggregation of free CDs and polyrotaxane have the same solubility and it seems that polyrotaxane could be trapped in aggregates of CDs.

The third way (in red color on the Scheme 46) used LiBr salt in water to break aggregations of CDs and release polyrotaxane. After this treatment, we obtained in water only free CDs and salts and in the precipitate we obtained polyrotaxane with a lower amount of free CDs.

In the aim to remove the excess of PBS and PDMS residues, we rinsed with Et 2 O this precipitate and obtained polyrotaxane with low amount of free CD and a lower amount of PDMS and PBS residues.

The use of LiBr leads to problems at the step of characterization (in SEC). However, NMR characterization showed a small peak of PDMS at 0ppm in the filtrate LiBr solution.

Even if this path of purification showed interesting mass yields, the way of purification without the use of an agent that influences characterizations is needed.

The specific properties of polyrotaxane do not permit to separate with efficiency free cyclodextrins and polyrotaxane by phase separation, because polyrotaxane was found in all phases: PR and CDs have the same affinities.

The behaviors of free CDs and polyrotaxane in water were investigated in order to study its solubility properties.

CD and polyrotaxane behavior in water

The purification process by filtration suffered the drawback that part of the polyrotaxane was lost in the water phase. But complementary series of purifications by filtration was still examined to demonstrate the properties of the polyrotaxane in water, as the different populations of PR could have different solubilities.

As previously reported, Et 2 O permits to remove residues of PDMS and PBS; accordingly, an Et 2 O rinsing was carried out in all experiments before the washing process with water.

All precipitates were then dried and then analyzed by SEC chromatography. The same raw polyrotaxane, FB40, was used in all these runs (Scheme 47)

In the first run (named FB40_2) 200mg of the product FB40 has been purified by rinsing with Et 2 O and then with H 2 O. As reported in the Table 18, in FB40_2, we observed in the precipitate phase called FB40_2_p a very low signal of polyrotaxane (6%). We concluded that a large part of the polyrotaxane was solubilized in the water filtrate, as expected.

Then, in next run (FB40_3), 200mg of the product FB40 was rinsed by Et 2 O and then with a mixture of DMF/H 2 O 40/60. This mixture was used because it could lead to the formation of a precipitate with another ratio of PR. For FB40_3, the use of the rinsing with a mixture of DMF/H 2 O 40/60 led to the same phenomenon with around 7% of polyrotaxane in the precipitate part (called FB40_3_p). The mixture of solvent did not really increase the solubility of the PR in the water phase.

In the last run (FB40_4), 200mg of the product has been purified by rinsing with Et 2 O and then with H 2 O at 65°C. This run must be compared with FB40_2 run. Rinsing with hot water (65°C) in the run FB40_4, allowed to solubilize more of the PR product. So the precipitate FB40_4_p contained less polyrotaxane (5%) than in FB40_2_p (Rinsing with water at ambient temperature).

Table 18: SEC results on FB40 rinsings

In addition of all the precipitate analysis, the filtrate solution of FB40_4 was also dried and characterized to find a quantity of polyrotaxane significantly high (SEC : 17%).

In fact, residues of reaction such as PBS and CD could interact to form complexes which are extremely insoluble in hot water, and are retrieved in the precipitate. The water phase contains only PR and free cyclodextrins.

This way of purification allowed to isolate a part of the polyrotaxane from the complex CD/Pyrene which is not soluble in water.

Solubilisation of the PR in water

The rinsings and separation phases in order to remove free GammaCDs were not satisfactory because some of the GammaCDs precipitated with the polyrotaxane. Another observation showed that a part of the polyrotaxane was soluble in the water phase along with the CDs.

Experiments were deepened because it was observed that the fraction of polyrotaxane soluble in water was increasing if the temperature was higher (observed in FB40 filtrations).

For instance, if we solubilise a bulk product (ex . FB58purity 16%PR) in hot water (60°C), 73% of the mass with a final purity of 24%PR is extracted in the water phase.

% of polyrotaxane

FB40_2_p

(H2O) 6% 

LiBr and AgNO3

The efficiency of the process wasn't totally determined, and the elimination of the LiBr before the characterisation was needed.

The addition of an excess of AgNO and, after evaporation, added it into a 0.1M LiBr solution which led to the formation of a precipitate. The precipitate was isolated from the filtrate and was subjected to the LiBr elimination described above (Figure 19). Both were then characterized by SEC. The precipitate contained 33% PR and the filtrate contained 43% PR.

Scheme 50 : Protocol to determine LiBr efficiency for the separation.

The LiBr salt can gave access to a relative purification of the polyrotaxane. But the loss of a part of the polyrotaxane soluble in water and the steps needed for the process are still a drawback.

We concluded that the LiBr salt was not worthly enough to separate with efficiency the polyrotaxane from the free CDs.

Precipitation of the free CDs by complexation

Pseudopolyrotaxane precipitation

A part of the polyrotaxane is soluble in H 2 O (along with free Cyclodextrins), as reported previously. In that case the product contains only polyrotaxane and free CDs.

In order to purify the polyrotaxane from the free CDs, we decided to introduce a polymer to form a pseudopolyrotaxane with the CDs. This one would precipitate, isolating the polyrotaxane (in solution) from the pseudopolyrotaxane newly formed (precipitate).

First, PEO was used. For this polymer, 2 units of POE can include an CD. In the case of the CD, two chains can be included in the cavity, so we can consider that 4 Ethylene Oxide units could be included in the GammaCD.

Second, Polyisobuten (PIB) was used, which presents a higher affinity with the GammaCD. In that case, 3 Isobutene units could be included in a CD.

The solution was saturated with FB572ff1 in water (extracted by H 2 O -60%PR) 5.11mg/21.5 l. and we introduced 1mg (theory 0.72mg) of PEO 1000

In parallel, a saturated solution of FB571ff1 (extracted by H 2 O -54%PR) 5.38mg/23.1 l is used and we introduced 1mg (stoechiometry : 0.74mg) of PIB 2500.

In both cases, the precipitation of the pseudopolyrotaxane led to the precipitation of the polyrotaxane. In the case of PEO, the precipitate contained 59%PR and in the case of PIB, the precipitate contains 57%PR.

This effect observed is probably due to the hydrogen bonds between GammaCDs borne on the added polymer and those borne on the PDMS.

Pyrene Inclusion

Using the same principle of the pseudopolyrotaxane precipitation to eliminate the free CDs, this time Pyrene was introduced. This small molecule with high affinity with

GammaCD cavity permits the complexation with the free CDs, forming a complex that precipitate in water.

In a solution containing FB57_2_f (extracted by H 2 O 35%PR) 104mg/1ml is introduced 10mg of Pyrene. The solution is heated to 60°C during 1 hour under sonication. The precipitate is then isolated from the solution. The purity of the polyrotaxane was then 40%PR and a part of polyrotaxane still precipitated with the complex (in the precipitate, 3%PR). Further processes (by Pyrene inclusion) brought the purity up to 46%PR.

The efficiency of this purification process is not as good as expected. The purification by precipitation is maybe limited by the hydrogen bonds.

The results exposed before present the chemical properties of the polyrotaxane and the CDs. Polyrotaxane and CDs have the same chemical behavior in solution, or form complexes which could not be easily separated. Those results lead to another method, the dialysis, which is a physical separation of the molecule, making use of the main difference between PR and CDs, the molar mass (the size). It could prevent the polyrotaxane loss by water washing and also an easier elimination of LiBr.

Dialyses

Although the addition of LiBr salts in water permits to avoid the loss of PR into the aqueous washing solution, the presence of LiBr salts in the sample disturbs SEC quantification of free CDs (refractive index detector). In order to remove residues of salts, purification by dialysis was investigated. Accordingly removing salts, free CDs and other residues is hoped.

The purity of the samples obtained was followed by Size Exclusion chromatography (SEC).

Dialyses in water

In this study, the batch FB35 was used to investigate various dialysis conditions. This batch was used to investigate different purification methods. FB35 reaction is detailed in appendix 4(p249). In this work, the dialyses were conducted on FB35p2. FB35p2 was the precipitate product of FB35 first washed in Et2O to remove PBS and PDMS and then in LiBr aqueous solution (purification path exposed in Scheme 48, p147).

The choice of LiBr as breaking-up agent was made because this salt is currently used in DMF chromatography to avoid aggregation. But its use leads to an undesirable effect during characterization conducted by SEC and the elimination of salts via precipitation (8.2.3, p149) were not worthy enough compared to the loss of PR.

Nevertheless the use of a breaking up agent is the best method so far to remove free CDs However, a series of dialyses in water were made to compare the effect of LiBr, Urea and Morpholine. The dialysis tube cutoff was 1000uma.

MNR Results

->Presence of CDs in the filtrate of the dialysis made with morpholine ->No traces of PBS or PDMS According to SEC characterization, all products obtained before and after dialysis steps (out and inside the dialysis tube), present approximatly the same proportion of polyrotaxane and free CDs whatever the breaking-up agent used.

The dialysis did not seem to be efficient (compared from the initial FB35P2 results). In this case, raw product was used and presented a lack of solubility in water, preventing its purification by dialysis.

Polyrotaxane is however totally soluble in DMF, and running a dialysis in DMF could be more efficient. In this case, the dialysis tube made of cellulose esters couldn't be used. In order to make a dialysis in DMF or in DMSO, regenerated cellulose membranes were used.

DMF dialysis

In this study, the batch FB40 was used. This polyrotaxane sample was prepared using same protocol as for FB35 experiment.

The first advantage of doing the dialysis in DMF is the possibility to work in homogeneous solutions where the PR sample seems to be totally soluble. The separation could be favored.

A 1000 MWCO dialysis membrane could be appropriate in order to remove the free CDs and residues of PBS. (Since a cutoff of 3500 MWCO could let go the polyrotaxane out of the dialysis tube) 250 mg of crude product was dissolved in 5 mL DMF. The solution was then injected into a 1000 MWCO cut-off dialysis tube that was then set in a 250 mL DMF bath.

Stirring was maintained for 20 hours. The remaining solution in the dialysis tube was the taken out and DMF removed under vacuum. After DMF evaporation, the product was characterized by SEC in order to estimate the purity of the extracted polyrotaxane. In order to control the dialysis, the filtrate solution was also analyzed. The product isolated after dialysis step presented 15% of polyrotaxane suggesting that the dialysis didn't allow enhancing significantly the PR purity. Furthermore the proportion of polyrotaxane in the filtrate is close to the proportion in the dialyzed product. Thus even if dialysis in DMF was more efficient than dialysis in H 2 O because all the product was soluble, the polyrotaxane could go through the membrane and the dialysis conditions must be improved.

In order to improve purification efficiency by dialysis, the effect of dialysis concentration was studied with the effect of the addition of hydrogen bonds breaking agents, such as morpholine.

Influence of concentration and/or the presence of Morpholine

A parallel dialysis has been conducted on the same product (FB40). The concentration of FB40 is different in each dialysis to investigate the effect of product concentration. In some dialysis, Morpholine was added to observe the effect of addition of breaking-up agent (Table 20).

Each test was done in 5 mL DMF in order to work in similar conditions. FB40250 run: 250mg of product (same as for FB40) but one drop of morpholine (around 15 mg) was added.

FB40100 & FB40100m: 100 mg of product were used in both experiment but the latter contains one drop of morpholine.

FB4025 & FB4025: 25 mg of product were used in both experiment but the run contains one drop of morpholine.

Table 20: Concentration and morpholine effect during DMF dialysis

Once finished, the dialyzed product and the product contained in the filtrate of the dialysis were analyzed by SEC.

It appears that the use of lower concentrations of product (FB40) inside the tube favor the isolation of a polyrotaxane with a better purity (Table 20 ). In addition, this analysis showed that the dialyses conducted with low product concentration and containing morpholine have more PR in the dialysed product than the filtrate of dialysis (Table 21 ).

Table 21: Comparison of polyrotaxanes obtained by dialysis

To conclude this part, the best parameters to apply for dialyses to purify the PR product could be summarized by FB4025m conditions (such as 25mg of product in 5 mL of DMF with a drop of morpholine). Dilution of the medium prevents the aggregation and diminishes the osmotic pressure.

In other hand, the PR Wt% present in the product (dialyzed + dialysis filtrate) is almost identical in all experiments (Table 21 ). So, this series of experiments suggests that no de-threading takes place during purification; this study permits to prove that the pyrene group seems to be a good blocking agent.

The PR is a linear molecule. The molecule can form a coil if there is a few cyclodextrins, but the molecule can still go through a hole of a size of a cyclodextrin.

That's why the PR can go through the membrane. This phenomenon can be slow, that's why ultrafiltration has been tested to prevent this effect.

Ultrafiltration

Ultrafiltration uses the same principle as dialysis, but ultrafiltration can be performed more rapidly. The aim is the separation of small molecules from polymers with a porous membrane.

Figure 21 : Ultrafiltration

The device was lend by Millipore. The membrane 3000 NWL could separate the molecules which had a molecular weight lower than 3000 g.mol -1 from the others. In this case, other cutoffs were not available at chemical suppliers.

First, we made an ultrafiltration in water. We added 330mg of FB58fPyff (31%PR) in 70ml of H 2 O, this product is fully soluble in water.

In this case 95% of the mass went through the membrane. The polyrotaxane presence is observed on both sides.

Secondly, we added 500mg of FB59 (15%PR -bulk product) in 70ml of DMF. In that case only 20% went through the membrane, but the polyrotaxane is also found on both sides.

The ultrafiltration is made quicker than the dialysis, but leads to the same limitations: the linear conformation of the polyrotaxane still led it to go through the pore.

The other physical separation of the CDs and the PR is the SEC.

The Column separation has the same principle, but instead of analysis, it is used for purification processes.

Columns

Since SEC permits to separate the pure polyrotaxane from the free CDs, we decided to try columns to carry out separation.

Two gels have been tested. Silica Gel and Amberlyst15 (cation exchanger) in both H 2 O or DMF. The column size had a length of around 10cm.

Each phase brought high and low molecular weights according to SEC. Those devices did not permit to separate the freeCDs from the polyrotaxane.

The styragel, used in preparative columns, from now is the only gel that could separate the PDMS based polyrotaxane from the residues of reaction.

The need to obtain a pure polyrotaxane for characterization leads us to the SEC device, to make a Preparative Chromatography.

Polyrotaxane isolation by

Preparative Chromatography

The Size Exclusion chromatography (SEC) is a technique used to separate different molecules according to their hydrodynamic volume. SEC Chromatography may be preparative or analytical:

-Preparative chromatography: Method used to isolate one or more components from a mixture for the purpose of identification, purification, or further use.

-Analytical Chromatography: Method used to determine the existence and possibly also the concentration of analyte(s) in a sample.

Size exclusion Chromatography Principle is represented below: As the pure polyrotaxane has a higher hydrodynamic volume than other reactants (free CDs, Pyrene, etc), the preparative chromatography must allow to extract pure polyrotaxane at shorter elution time.

In this experiment, Preparative Chromatography (stationary phase : styragel) is used to isolate the Pure Polyrotaxane. We used two large diameter columns in series in order to inject more product to separate than with only one small analytical column.

Protocol

The solvent used was DMF, which allows to solubilize almost totally our polyrotaxane at high concentrations. A solution of 400 l of FB57 (60 mg/ml) is injected in the preparative column (24mg of FB57 by injection). The polyrotaxane fractions are then collected and pure product was obtained after removing the solvent under vacuum.

Each session is time consuming taking approximately 2 hours to collect the polyrotaxane fractions.

Limitations

A part of the product gets trapped inside the column finally leading to bad separation efficiency. After several injections, no separation would take place as shown on Figure 23. The high concentration used was not the cause for the column saturation. Indeed, tests at lower concentrations lead to the same problem (from 10mg/ml to 50mg/ml), even if this phenomenon occurs slowly. Anyway the amount pure polyrotaxane collected in those cases is so insignificant that it was not worthly to work at low concentrations. Saturation was actually explained by the affinity of the Polyrotaxane with the gel which is easily trapped into the column Cleaning the gel column must be done just after 2 or 3 injections using successive injections of water/DMF or THF/DMF at different ratios (but with a minimum of 50 vol% DMF) to regenerate the column.

Results

Each injection contains 1 to 4 mg of pure polyrotaxane. According to SEC characterization, a total of 80 mg of pure product could be collected in 30 injections. The dialysis uses physical difference between PR and free CDs, but the specific linear shape of polymer molecules led the PR to go through the pores as well as the CDs.

The only purification process that permits to obtain pure polyrotaxane is using the physical difference between PR and free cyclodextrins, i.e. the preparative chromatography.

The obtainment of pure polyrotaxane must allow correct NMR characterization, and must lead to numerous optimizations in PR characterization, including by MALDI TOF MS.

These results are exposed in the next chapter.

Characterizations after

Radical course

The characterization techniques described in the last chapter (p77) were used on the synthesized polyrotaxanes.

SEC Characterization

SEC characterization is used to determine the quantity of reactant residues versus the quantity of polyrotaxane in the crude product obtained after synthesis. It permits to determine the yield of the synthesis, or the purity after a purification phase, by determining the proportion of pure polyrotaxane.

As explained previously, high molecular weight compounds (such as polyrotaxane) show their signals before low molecular weights residues (CDs, Pyrene residues, solvents).

Every experiment was characterized by SEC.

There were several attempts to compare the efficiency of experiments by comparing the chromatography of the products, as explained previously. First, each reactant has been analyzed by chromatography and its calibration curve generated. This procedure allowed to know the exact composition of residues in the product by the determination of the weight percentage of each residue. The mass of Polyrotaxane in the sample was then estimated by subtracting the weight of residues to the weight introduced in the injection. The method was limited by the presence of solvents that couldn't be evaporated and which could interfere with our estimations. In order to have a more accurate knowledge of the composition, only severe lyophilization (with a pressure of 10 -5 bars) could lead to a dry product. Using this method however, leads to problems resolubilizing the product in DMF for SEC.

Finally, another method was used.

The Wt% of PR, Wt% of free CDs and Wt% of residues were estimated from their ratio of SEC peak areas given by refractive index detection.

Actually the polyrotaxanes have different refractive index values depending on

the number of CDs borne by the PDMS chain. Nonetheless, the refractive index of polyrotaxane and free CDs were estimated to be the same, in order to make easier the comparisons between experiments SEC permitted to estimate the purity of the polyrotaxane isolated by preparative chromatography to 95%. The purity of the polyrotaxane was enough to make an NMR characterization.

NMR Characterization

As explained previously, NMR was used to determine the average number of CDs threaded on one Polyrotaxane PDMS polymer chain.

In order to present here the method to define the composition, described in the last chapter (5.2 -p78), attribution of peaks is summarized below. In order to obtain a good quantification, the pure polyrotaxane had to be characterized.

The 1 H NMR spectrum of pure polyrotaxane shows the all characteristic peaks with the exception of the PDMS characteristic peaks which is too low in intensity (Figure 26) Assuming that the polymer chain has the Py(Py)-Si(CH 3 ) Using higher field NMR (600 MHz NMR) the peak at 0 ppm attributed to the hydrogen borne by the methyl groups of the siloxane units of the PDMS is finally detected. As expected, the characteristic peaks of PDMS chain are larger on the polyrotaxane spectrum than on the free functionalized PDMS spectrum. In order to prove the inclusion of the PDMS chain in the CDs, an experiment called Saturated Transfer Difference (STD) was carried out with a 600 MHz NMR spectrometer.

Saturated transfer Difference -STD

Saturated Transfer Difference (STD) is a "special sequence" of NMR characterization. It is used mostly by biologists to detect binding of small molecule ligands to macromolecular receptors (eg: Protein)) [START_REF] Mayer | Characterization of ligand binding by saturation transfer difference NMR spectroscopy[END_REF] . In principle, the NMR signals of the macromolecule are irradiated in the spectral region free of signals of the smaller molecules. The saturation of the macromolecule quickly propagates across the entire receptor and can eventually be transferred to the smaller molecules ligands when bound to the receptor. Using the difference method, we obtain a spectrum in which only signals of molecules that have binding affinity with the macromolecule are seen. The ligand protons that are in close contact with the receptor macromolecule receive a higher reverberation of the saturation, and as a result, stronger signals can be observed. Protons that are either less or not involved in the binding process give no signals. Therefore, the STD method is an excellent tool to investigate how a binding ligand interacts with a receptor macromolecule.

In our case, this technique was used to confirm the presence of the PDMS chain enclosed in the cavities of CDs by revealing the closeness of the protons of the polymer chain to those of the CDs.

Protocol

First, there is a need to use a high precision NMR instrument. In this study, we used a Bruker 600MHz NMR spectrometer.

The following step is to make a 1 H NMR spectrum of the macromolecule (the polyrotaxane) mixed with an excess of a small molecules which interact with the macromolecule (here: CDs). The amount of small molecules shall be around 100 times the amount of the macromolecule (molar). In order to obtain good results with this technique, the macromolecule need to be around 100 times heavier than the small molecule (molar). Thereafter, as explained on Scheme 53, one proton the macromolecule is chosen and saturated by irradiating the corresponding spectral region. Subtraction of resulting spectrum (2) from the reference spectrum without saturation (1) gives the STD spectrum showing the 1 H NMR peaks of binding protons revealing the interactions of the macromolecule with the small molecules, the spectrum obtained is negative, and is switched positive for study (3).

Scheme 53 : STD protocol

Results

As previously reported, the characteristic peak of the polymer chain (around 0.0ppm) is not clearly shown ( 1 H NMR 300MHz). This could be due to the enlargement of this peak explained by the lack of mobility of the polymer units inside the CDs cavities. According to the 1 H NMR (600MHz), a small broadening peak at 0 ppm is attributed to the PDMS units. In order to prove the inclusion of the PDMS inside the CDs cavities, an NMR sequence called saturated Transfer difference (STD) was carried out.

The STD has been tested on both the crude (Figure 27) and the pure polyrotaxane (Figure 28): The crude product:

Irradiation at -2ppm (-1200 Hz): No characteristic peak is observed in this area of the spectrum. As expected this "blank" experiment shows no influence on the NMR spectrum (No characteristic peak at -2ppm).

Irradiation at 0.008ppm (5Hz) on the characteristic peak of the PDMS siloxane units: Although the peaks at 0ppm characteristic of the PDMS siloxane units are not observed on the 1 H NMR spectrum, we assumed the presence of the polymer chain and irradiated at 0 ppm. The resulting STD spectrum reveals the presence of PDMS in the sample and the interaction of PDMS protons of the -CDs at 4.8ppm

with the anomerics H 1 . This result is surprising taking into account that the anomeric proton is at less proximity that H3 and H5 which are inside the cavity.

Nevertheless using the STD sequence which deletes the water peak could disturb the evidence of H3 and H5 CDs peaks (peaks close to the water peak).

Irradiation at 8.13ppm (4880Hz) on the characteristic peaks of the pyrenyl groups:

Resulting STD spectrum reveals that the transfers to the anomeric H 1 of the -CDs. Indeed, most of the pyrenyl groups are represented by Pyrene complexed with CDs.

These first experiments were carried out on the crude product which presents a large amount of free CDs, following the conditions currently used for STD sequence using sample with a large proportion of ligand making sure that a part of ligand is not in interaction with the proteins.

In order to be sure that the interpretation is not disturbed by the presence of free pyrene and CDs, other characterizations are carried out on the pure product. Irradiation at 8.13ppm (4880Hz) on the characteristic peaks of the pyrenyl groups:

Resulting STD spectrum reveals that the saturation propagates across the entire PDMS polymer chain and transfers to the anomerics H 1 of the -CDs. The multiple peaks of the anomeric H 1 of the -CDs evidences the shifts of this proton because of the conformation induced by the complexation. To prove this point NOESY experiments were carried out.

STD NMR characterization proves the presence of the PDMS chain inside the CD cavities by the interaction between the PDMS polymer chain and the CDs in the crude product, but also in the pure polyrotaxane.

In order to obtain more informations about this complexation, other characterizations were carried out.

NOESY characterization

The 1D NMR spectra of the pure polyrotaxane showed clearly the Gamma CDs protons except the H-3, H-5 and H6a,b affected by the suppression of the residual water at 3.6 ppm (Figure 29). Concerning PDMS methyl protons, the characteristic peak of the polymer chain is not clearly observed on 1D spectrum contrary to that observed for the pseudopolyrotaxane. The PDMS methyl groups present different broadening peaks around 0 ppm. This observation constituted a first proof that PDMS chain inside GammaCDs.

Indeed, the use of a higher field NMR (600 MHz) revealed different peaks for PDMS methyl groups showing that the PDMS chain protons are in different environments. As explained previously, the enlargement of these peaks could be explained by the lack of mobility of the polymer units inside the CDs cavities. 

PDMS methyl protons -CD protons

OH-2/OH-3 H-1 OH-6 H-3/H-5/H6a,b H-2/H-4
However, in order to confirm that the inclusion of the PDMS inside the CDs cavities, a NOESY experiment was carried out to demonstrate the closeness of the polymer chain protons to those of the CDs. The NOESY spectrum showed correlations peaks between PDMS methyl protons and GammaCDs protons (Figure 30). Three different populations of PDMS methyl protons (0.43, 0.1 and -0.8 ppm) in close proximity with either primary (OH-6) or secondary faces (OH-2/OH3) of GammaCDs are observed.

These results proved that the hydrogen neighbourhood of the siloxane units are depending of the PDMS conformation function to the proximity of the -CD. As previously reported, the modification of the solvents used for MALDI characterization influences the type and proportion of products and also because MALDI TOF is a qualitative and not a quantitative characterization.

In our case, the type of the second pair of radical recombinaison (Hydrogen, succinimidyl or Pyrene) is not very important taking into account that one pyrenyl group grafted at each extremity is enough in order to block the CDs borne by the PDMS chain. These identifications were next completed by acquisitions carried out in reflector mode under positive detection (Figure 32). As attempted, this last spectrum shows many peaks, attributed to the different populations. The studies of the PDMS based polyrotaxane synthesized by radical route permits to learn more precisely on its properties. The STD protocol based on NMR characterization proved the complexation between the cyclodextrin and the PDMS, demonstrating the inclusion and the polyrotaxane architecture.

In addition, for the first time, the polyrotaxane entity was characterized by MALDI TOF.

The optimization of MALDI TOF experiments by the use of ionic matrixes at different concentrations allowed evidencing the presence of polyrotaxane entities up to 18 cyclodextrins by polymer chain (THAP (2',4',6' trihydroxyacetophenone )/TMG 2

(1,1,3,3-tetramethylguanidine) matrix with 90mg/ml with a sample:matrix ratio of 1:20).

These works were subject to a publication in Macromolecules 93 .

The pure polyrotaxane has been successfully characterized but the synthesis way was not optimized for the purification of large amount of pure polyrotaxane.

In order to avoid the time consuming steps of purification, a new way of polyrotaxane synthesis was studied. The goal was to prevent dethreading by the use of no solvent and keeping the efficiency of the formation of the polyrotaxane using another kind of reaction. Micro-wave synthesis was selected.

Microwave investigation

As described previously, the radical course has been optimized to obtain a functionalization ratio (end capping reaction) up to 70%. However, even using the radical course in concentrated medium, the dethreading is predominant.

In order to prevent the dethreading, bulk reaction could be a solution. Nevertheless, in literature, the currently used bulk reactions take place at high temperature to favor condensation reaction. In our case, condensation reaction is theorically too slow to obtain an efficient end capping reaction.

In another hand, the modification of polymer extremities by condensation could be managed by microwave. As reported by Lin-Gibson and co., the dimethacrylation of POE occurs easily with high yields than with usual methods. [START_REF] Lin-Gibson | Synthesis and characterization of PEG dimethacrylates and their hydrogels[END_REF] In this case, no solvent were used.

In order to avoid the addition of solvents, we used the same reaction way as described by Lin-Gibson and co. (i.e. Alcoholysis using isocyanate derivative and alcohol derivative) applied on PR end capping reaction.

Feasibility

Before the application of the Microwave synthesis, we had to find the basic conditions of the reaction and its feasibility.

Generalities

The reaction studied is the alcoholysis of isocyanate functions assisted by microwaves to block the diisocyanate chain ends of a pseudopolyrotaxane. The first step is to use a PDMS with isocyanate chain ends for pseudopolyrotaxane synthesis.

However, this reaction needs a chemical protection of the alcohol functions of the CDs to prevent their reaction with the isocyanate functions. 

Preparation for the Syntheses

Silylated Cyclodextrins

The Persilylated Cyclodextrins were synthesized following the experiment presented in following chapters, and briefly schematized in the following Scheme 54.

place in conditions where the complex is dethreaded and permits the quantification of the ratio PDMS/CDs. In this case, it was not possible to know whether the cyclodextrins were borne or not on the polymer chain.

Radical way applied on Persilylated CDs

In order to prove the formation of the pseudopolyrotaxane even if there was no precipitate, a synthesis of polyrotaxane following the optimized radical way (presented in previous chapters, 7.3 -p134) has been managed. The protocol was the same, except the regular -CDs were replaced by silylated -CDs, as explained below.

The same protocol (presented before) was used to perform a pseudopolyrotaxane synthesis with PDMS and Si-CDs.

The applied radical route was the same descripbed as "optimized PR synthesis" ( 

Blocking groups

Different bulky groups were selected and studied.

First, GammaCyclodextrin was selected as blocking group in order to obtain a totally biocompatible polyrotaxane. Secondly, blocking agents which are large enough to block pseudopolyrotaxane, and in the same time in liquid state, were researched in order to have a better accessibility of reactant (since no solvent is used in several experiments).

These blocking agents must bear an amine or an alcohol function, in order to react with isocyanate functions. The chosen blocking agents were the followings.

-GammaCyclodextrin. 

γ-CD as bulky group

Experiments with -Cyclodextrins as bulky group were managed at different temperature (120°C-150°C -200°C), with different quantity of CDs (13mg -20mg) and with or without presence of solvent (0 l -200 l). Results obtained are summarized in Table 22 and fully exposed in appendix 9 (p261). Product was analyzed by SEC to bring the high molecular weights ratio (PR). Contrary as expected, the polyrotaxane product was not collected as a precipitate (pp)

after the rinsing protocol (Scheme 35-p75). In fact, the heating by microwave led to a high ratio of cyclodextrin desilylation which made most the product (PR included) to be soluble in the water phase (f). In order to extract the effect of different parameters, the discussion of the results is based on the characterization results of these water soluble phases (f).

In a first time, the increase of the temperature led to a higher mass yield which was linked to the higher desilylation. Nevertheless, the characteristic peaks of high molecular weights observed by SEC increased too. So, the blocking reaction seems more efficient with a higher temperature.

Secondly, the addition of solvent led to a decrease of the yield in f phase because the presence of DMF limited the desilylation. In addition, the decrease of the high molecular mass ratio (PR) observed by SEC proved the dethreading due to the presence of solvent.

The characterisation results exposed thereafter are those of FB78 (200°C in bulk), the experiment that presented the higher high molecular mass ratio and in higher mass yield.

FB78f 1 H NMR Spectrum (Figure 35) is recorded in DMSOd6 in order to evidence the OH groups. Characteristic peaks of CDs (silylated or not) and PDMS are observed. Detailed analysis evidenced the desilylation of the CDs certainly due to the heat generated in the microwave. In this case, we estimated 59% of desilylation of the cyclodextrins (comprising 90% of desilylation of the OH 2 -OH 3 functions of the CD).

FB78f

As described previously, as the desilylation ratio is high, the characterization by SEC would be more pertinent (5.3.4, p86).

-FB78f chromatogram by SEC in DMF (Figure 36) shows the presence of high molecular weight compounds and free γCDs (silylated or not). Because of the partial desilylation of the γCDs, the quantification of free γCDs could only be roughly estimated. Nevertheless, the presence of polyrotaxane is proved.

In addition of those results, MALDI-TOF has been used in order to observe different populations of polyrotaxane.

-MALDI TOF MS of FB78f in reflector mode permitted to precisely assign the peaks of low molecular weight compounds in the sample and to confirm the blocking reaction leading to the formation of the Polyrotaxane structure.

Even if spectra present many characteristic peaks of the polyrotaxane, leading to bad signals/noise, some peaks were still assigned.

Some populations corresponded to the reaction between the residues of IPDI (10. The MALDI-TOF mass spectrum shaped into broad "humps" is characteristic of Polyrotaxane. Detectable peaks were seen in the range of m/z 2300 to 40000 with an averaged inter-peak spacing of about 2000 m/z corresponding to the molecular weight of partially persilylated GammaCD (silylation around 50%).

This analysis clearly evidenced the synthesis of polyrotaxane with various number of silylated γCDs threaded on the PDMS polymer.

The microwave efficiency for end capping reaction of polyrotaxane have been proved, as well as the reaction without solvent. Polyrotaxane presence have been evidenced in MALDI TOF MS and confirmed by SEC.

In order to obtain a more efficient reaction, liquid blocking agents have been tried, looking for a better reactivity with the solid pseudopolyrotaxane. The branched polyethyleneimine (bPEI) is a polymer of high molecular weight (about 25k g.mol -1 ). The bPEI is liquid with a high viscosity, and present amine functions, which have a better reactivity with isocyanate than alcohol functions.

Experiments with bPEI as bulky group were managed at different temperature (120°C-150°C -200°C), and with or without presence of solvent (0 l -200 l). Results obtained are summarized in Table 23 and fully exposed in appendix 9 (p261). In the case of the bPEI as bulky groups, following the purification protocol exposed previously, a precipitate has been isolated (pp). A part of the product is still collected in the water phase (f) as in acetone phase (pf).

The obtainment of a precipitate after water rinsing proved that the desilylation ratio was lower than with cyclodextrins as bulky groups. This effect could be explained by the use of a liquid bulky group.

In order to compare the characterisations results with those obtained with cyclodextrin, FB81 characterizations are described thereafter (200°C in bulk).

FB81 1 H NMR was difficult because even if bPEI and desilylated CDs are soluble in DMSO the product was partially soluble. So, the upperlayer analysis would not be representative of the product.

The precipitate formation could be due to the formation of an inclusion complex between freeCDs and bPEI or because of an high silylation ratio on most of the product.

-Chromatogram of FB81pf by SEC presented characteristic peaks of high molecular weights and specific peaks bPEI.

- 

PDPS-PDMS as bulky group

We choose a derivative of PDMS as bulky group named Polydiphenylsiloxane-Polydimethylsiloxane co-polymer (PDPS-PDMS) permitting to block the CDs with the diphenylsilane groups. Its Mw is around 1000g.mol -1 and have alcohol functions on each extremity.

Experiments with PDPS-PDMS as bulky group were managed at different temperature (120°C-150°C -200°C), and with or without presence of solvent (0 l -200 l). Results

obtained are summarized in Table 24 and fully exposed in appendix 9 (p261). As for the cyclodextrin and the bPEI, the same protocols were applied to PDPS-PDMS.

There was no desilylation observed by NMR or with a low ratio (at high temperature).

The use of a liquid blocking agent (with low viscosity) could be the reason why the desilylation did not occur.

The characterization by SEC permits to see high molar mass. In this case, the high ratio of silylation left did not permit to quantify the free cyclodextrins. (5.3.4, p86) Characterisations of the run 11 (FB86) are described thereafter (200°C in bulk) in order to permit the comparison with the results based with other blocking groups. In the case of PDPS-PDMS, the characterization of all phases (f (pentane), pf (acetone), pp(precipitate)) were managed.

-1 H NMR / SEC:

-The Pentane phase (FB86f -63% in mass): NMR showed the presence of a large amount of PDPS-PDMS. This analysis permitted to estimate the ratio of CDs desilylation to 64%. The product was analyzed by SEC in DMF, in which PDPS-PDMS is not soluble. Presence of high molecular weights was evidenced, and free CDs were present in the sample.

-The unsoluble part (FB86pp -3% in mass) contained mostly free desilylated CDs (90%).

-The acetone phase (FB86pf -4% in mass): The characterizations of the product by NMR (Figure 39) and SEC (Figure 40) are shown thereafter. Polyrotaxane presence is confirmed. MALDI TOF MS was then investigated in order to evidence the impact of PDPS-PDMS.

-MALDI ToF MS: MALDI ToF characterization of the product of FB87pf conducted in DMF was possible but only with the use of an ionic liquid matrix. The use of a liquid blocking agent with a low viscosity allowed working in media with better homogeneity. The accessibility to PDMS extremities was increased and the reactivity was better. So we targeted blocking agents that are liquids at the temperature of the reaction. Liquid triphenyl blocking agents were examined.

Triphenyl derivatives as bulky group

Two triphenyl derivatives bulky groups have been studied because of their ability to be liquid at reaction temperature (Triphenyl silanol (TPOH) is liquid at 150°C, and

Triphenyl aminosilane (TPNH 2 ) is liquid at 60°C.)

Amine and alcohol reactivity could be compared.

Experiments were conducted at different temperatures (150°C and 200°C), at different exposition times (5min and 10min) and with different proportion of blocking agents (x5 to x50 versus the molar quantity of extremity). The presence of solvent was also tested.

The reaction product was washed with acetonitrile after reaction to remove the bulky agent excess.

FB87pf Except some details exposed below, the two blocking agents showed the same tendencies:

The exposure time was first compared. It seems that if the temperature is kept longer after the short power application, the yield decreases. In the experiments where the time is set at 10 min, the quantity of desilylation and degradation is increased. In the other cases, when the temperature is set at 200°C, the same observation is made.

The microwave power increases the temperature only on the first minutes of the reaction (Figure 2-p73). The best conditions used seems to be at 150°C for 5min, in order to prevent a long and high temperature exposure that leads to the degradation of the products.

The increase of the blocking group quantity (the number of extremity to block x5

(molar) increased to x50) did not permit to increase significantly the yield. In the case of TPNH 2 , presenting a high volatility in the reaction conditions, its reactivity with the pseudopolyrotaxane is limited.

The addition of solvent previously showed the increase of the reactivity and so the dethreading. In the case of TPNH 2 , the presence of solvent limited its escape in the vapour phase, and increased significantly the presence of high molar mass, observed by SEC.

The increase of the quantity of bulky groups coupled with the addition of solvent leaded to a large high molar mass quantity observed by SEC. However, this effect can also be attributed to desilylation that occurred less in presence of solvent. The preparation of the CDs and their protection to prevent their reactivity with PDMS isocyanates was time consuming. So was the preparation of diisocyanate PDMS. The use of blocking agents with isocyanate functions instead of a PDMS isocyanate was investigated.

Switching roles

To prevent the difficulties exposed above, a di-amine PDMS/natives γCDs pseudopolyrotaxane was prepared. The isocyanate functions are on the blocking agent. The isocyanate can still react with the OH of the CDs. But the reactivity of isocyanate with the NH 2 groups is known to be higher. The blocking agentsy an isocyanate group functionalized bshould react first with the NH 2 at the extremities of the PDMS chains to give polyrotaxane.

The used blocking agents were the Diphenyl isocyanate (DPNCO), Trityl isothiocyanate (TITC) and fluorescein isothiocyanate (FITC).

10.4.2. DPNCO as bulky group.

DPNCO (liquid at 110°C) was used as capping agent using the parameters of the microwave that presented the best results (5min at 150°C).

The different experiments were carried out with different amounts of solvent in order to seek the influence of the solvent on the reactivity, and with different diamine PDMS Mw to limit the dethreading (dethreading of a longer chain takes more time).

The reaction product was washed with pentane after reaction to eliminate the excess of DPNCO. Every product that precipitated in Pentane (p) was mainly composed of free CDs. The presence of high molecular weight compounds was not evidenced by SEC.

For exemple, the SEC chromatogram of FB115P is shown on Figure 45. The product extracted in the pentane phase was analysed: it couldn't be characterized by SEC because of its non solubility in DMF, but the products were analysed by MALDI TOF MS. FB116p presented a spectrum with several interesting populations (Figure 46). 

CDs

PDMS ended by Diphenyls have also been observed, with a 74 uma space between the peaks, corresponding to a dimethylsilane unit.

The spectrum evidenced the reactivity of the DPNCO with the OH borne by the CDs, but also with the NH 2 of the PDMS.

Yet the PR were not obtained because two phenyl groups could be insufficient to block a CD.

Other bulkier groups had to be investigated. In addition, the use of a more selective functional group could be used to prevent secondary reaction with alcohol of the CDs, such as isothiocyanate functions.

TITC and FITC as bulky groups

Trityl isothiocyanate (TITCliquid at 138°C) and fluorescein isothiocyanate (FITCliquid at 315°C) were then used as bulky group, showing a better ability to block the cyclodextrin compared to the DPNCO used before. In addition, the isothiocyanate function is known to be more selective than the isocyanate function in order to reduce the reaction with hydroxyl groups.

The different experiments with TITC and FITC were carried out using the same protocol (150°C for 5min) with different ratios (bulky group = molar amount of extremity x5 and x15) , and with and without the presence of solvents.

In the FB133, the spectrum shows different populations of CDs modified by FITC groups (up to 6 FITC attached to the cyclodextrin).

The evidence of the secondary reaction (isothiocyanate function reaction with alcohol functions) brings the proof of the feasibility of the principal reaction (isothiocyanate function with amine function). But in this case, the PR cannot be desorbed with this specific matrix.

The developement of a new way of PR synthesis using alcoholysis assisted by microwave succeded. The use of multiple species of blocking agents with different properties under microwave conditions allowed the optimization of the syntheses.

In conclusion, this polyrotaxane synthesis assisted by microwave allowed obtaining a raw polyrotaxane yield around 50% in 5 min whilst other polyrotaxane synthesis which were more expensive and time consuming (36-48h) for a raw polyrotaxane yield around 20% in the better cases.

Moreover, the polyrotaxane synthesis assisted by microwave takes place without solvent which is interesting for industrial applications.

Cyclodextrins Modification

Screening the possibilities to attach different functional groups on the cyclodextrins borne by the polyrotaxane was essential at this stage. It would allow investigation of the use of these molecular necklaces into the formulation of gels. The modification with methacrylate groups was especially important to study because of this modified PR integration with other methacrylated gel components.

In addition, the possibilities to modulate macromolecule solubility could open the route to get pure polyrotaxane.

Different ways have been investigated on non-purified polyrotaxanes. First, microwaves were explored. Then, a classical way for silylation, and then methacrylation and silylation were carried out. Finally, the possibilities of extraction of the modified product were examined.

Methacrylation by micro-waves

It has been proved in several studies that the alcohol functions borne by a polymer chain such as PEO could be methacrylated under micro-waves irradiation [START_REF] Trotta | Efficient regioselective functionalizations of cyclodextrins carried out under microwaves or power ultrasound[END_REF][START_REF] Trotta | Recent advances in the synthesis of cyclodextrin derivatives under microwaves and power ultrasound[END_REF] .

The study realized by Patricia Choppinet demonstrated the possibility to attach methacrylic and silylic groups to the hydroxyl groups of the native CDs using microwaves (Appendix11, p265). In this experiment, the same method was used to modify the CDs on the polyrotaxane.

As explained before, alcoholysis by microwave activation could be very efficient.

The idea was to use isocyanate derivatives (methacrylated and silylated components) to react with alcohols of the CDs.

As detailed in appendix 11, it appeared that silylation could be obtained by microwave. However, the CD could not be methacrylated by microwave because of the high temperature generated by the microwave power. In this case, the methacrylate functions generated an uncontrolled gelation.

In order to modulate the ratio of silylic and methacrylic groups attached to the PR, the application of a conventional modification route was managed.

Silylation

11.2.1.

Silylation on cyclodextrins

Silylation reaction of -cyclodextrins was already successfully attempted as previously reported 96 . Protocol is exposed is the Techniques and Devices chapter.

Silylation on Polyrotaxane

The silylation on polyrotaxanes had been studied in previous experiments in the lab.

Those experiments showed interesting results such as the differences of solubilities between silylated polyrotaxane and free silylated cyclodextrins. The polyrotaxane CDs and freeCDs could undergo different ratios of silylation and could be separated via their different solubility.

The experiments were applied to a new batch of crude polyrotaxane (FB37) and prepared using the protocol described before on Scheme 31 (p70). The extracting protocol is showed below.

11.3.

Methacrylation and silylation 11.3.1. Principle Methacrylation of some alcohol functions borne by the cyclodextrin is a part of one of the Menicon process to synthesize gels. In order to obtain good mechanical properties for gels, a specific modification ratio has to be respected. The aim is to obtain a ratio of methacrylation about to 5%. It corresponds to the methacrylation of around an average of one OH group modified of the 24 OH groups on the -CD.

Taking into account the reactivity of the primary OH 6 versus the secondary OH 2 and OH 3 , a low amount of methacrylation must be in major proportion on OH 6 (which are more reactive and more accessible 96 )

The other alcohol function left have to be silylated following Scheme 61.

Scheme 61 : Methacrylation and silylation of a cyclodextrin

The introduction of reactants was studied as well as the duration of the reaction. The best path of reaction was studied by Jonathan Guiard during his training period in the laboratory.

The results of this study permits to obtain the intended ratio of methacrylated and silylated derivatives, and optimized conditions has been set.

Those conditions, exposed thereafter, were use to obtain PR with expected modifications to be introduced in gel formulations.

Polyrotaxane methacrylation and silylation

The protocol of methacrylation and silylation of the CDs has been then applied and optimized successfully for the polyrotaxane products. This protocol gave Cyclodextrins in polyrotaxane product with around 5% of methacrylation and mostly 90% of silylation.

A protocol with a larger amount of product has been developed. The product obtained was named FB92org.

Characterization and purification

FB92org was analysed by NMR to determine the extent of modification, and also by SEC to find the purity of the polyrotaxane. According to NMR (Figure 47), the product presented 77.5% modification (2.5% methacrylation and 75% silylation). SEC (Figure 48) showed methacrylate coupling due to reactions between the modified polyrotaxanes.

The modified cyclodextrins have different refractive indexes (5.3.4, p86). For exemple, a fully silylated cyclodextrin do not present a RI signal by SEC: consequently, it is not possible to quantify the purity of the polyrotaxane.

A purification process was necessary to extract the modified polyrotaxane. The dried organic phase was introduced in a relative limited quantity of DMSO and kept under agitation during 1 day.

The precipitate formed (FB92orgp) is isolated by centrifugation and then characterized by 1 H NMR and SEC.

The product was characterized by NMR at each step in order to evaluate the quantity of methacrylates functions and data are stored in appendix 12.

Storage in solution, heating and sonication did not influence significantly the amount of methacrylate functions.

On the contrary, after the evaporation process, almost all methacrylate reacted leading to gelification. Most of the product was no more soluble.

In the furthers studies of the degradation of methacrylate functions, the comparison of methacrylated ratio is studied after evaporation.

Stabilizers

Several stabilizers were used : hydroquinone, Q1301 and Cupferron , presented on Scheme 63.

Scheme 63: Stabilizants for methacrylates

These different stabilizers have been selected because of their efficiency in industrial processes and their availability.

They were added in different experiments (FB106org1, FB106org2 and FB106org3) between 5 and 9% molar (versus methacrylate functions).

Their efficiency has been tested following the same steps done before with the bulk product. A NMR characterization has been managed at each step of the processes, and summarize below (complete study is shown in appendix 12). Experiment made with hydroquinone evidenced the non efficiency of this stabilizer in those conditions. As without stabilizer, the same behavior of the methacrylate functions was observed (uncontrolled gelation).

Hydroquinone Q1301 Cupferron

In the case of the use of Q1301, the results showed correct ratios of methacrylates functions, showing stability. The problem was the high amount of acidity demonstrated by the shift of hydroxyl groups in presence of Q1301. It leaded to the perturbation of the peaks integration, and could endanger the PDMS ester links. Q1301 was no more used for these reasons.

Cupferron experiments showed a good limitation of the methacrylates self reaction, without showing disturbing degrees of acidity.

The Cupferron was the stabilizer that seemed the most efficient to prevent the uncontrolled degradation of the methacrylate functions.

The purification process will replace DMSO by DMSO 6% Cupferron (Ammonium). The protocol used is described in Scheme 32 (p212) and the purification process is the same as explained in Scheme 62 (p71) but with DMSO 6%M Cupferron.

The product is then dried and weighted. Each product was then analysed by SEC, where they were admitted to be pure even if the presence of Cupferron perturbs the quantification, as seen in Figure 51. The products synthesized with different number of threaded CDs could be used to study the effect of the incorporation of these polyrotaxanes on gelation reactions. 60% of the products obtained in these three experiments were sent to Japan for gelation experiments studies.

Gelation

As explained previously, the ultimate aim of the research was to incorporate the newly made polyrotaxane in a gel composition, and study its physical properties.

The researches were supposed to be managed in Japan. Still, some preliminary studies were made in the laboratory. A first bibliography part is presented to introduce the interest of polyrotaxanes in gels.

12.1.

Biocompatible gels 12.1.1. Hydrogels Hydrogels are polymer networks insoluble in water, but with an enormous water absorption capacity. Some hydrogels can contain up to 99%w of water.

The hydrogels have an high flexibility, easily compared to living tissues, and as they are mainly composed of water, they are highly compatible.

Lots of applications are now available on the market, especially for burns or superficial wounds. The retention ability of the hydrogel permits a long term hydration, increasing healing. Some applications include drug delivery for delicate bioactive agents such as proteins. [START_REF] Park | Biodegradable hydrogels for drug delivery[END_REF] Silicone based in most cases, they are regularly used in optical biochemistry for the synthesis of monthly contact lens, permitting oxygen and water permeability.

Sliding gels

A sliding gel is a gel in which there are mechanical interlocking instead of covalent crosslink between the molecules. The crosslinked network has the ability to slide over the polymer chains. The chain could slip but must maintain contact. In the case of polyrotaxane gels, since the cyclodextrins can slip along the chain, it is called a slide-ring gel.

Because the links between the chains are based on mobile connections instead of covalent bonding, these networks show remarkable macroscopic properties, such as high swellability and stretchability 98 . 12.1.3.

Polyrotaxane gels

Polyrotaxanes can form high supramolecular assemblies through physical or chemical crosslinking as explained before. The different CDs borne by the chain can be linked, obtaining sliding gels.

By establishing intermolecular crosslinking between threaded cyclodextrins, a slide-ring gel can be obtained. Cyclodextrins can self assemble to form stable hydrogels 99 , but various linkers, with different lengths to functionalities, can be used to link cyclodextrins.

It appears that polyrotaxane hydrogels strengthen the hydrogel network, and permit the formation of more stable hydrogels for long term, for exemple for drug release.

The quantity of CDs borne by the chain can vary, offering different number of anchor points and modifying hydrogel properties.

Gelation studies

Obtainement of a polyrotaxane gel was the accomplishment of the studies on PDMS polyrotaxanes. Gelation experiments were scheduled to be managed at Menicon, Japan.

However, technical difficulties occurred when sending samples through airplane.

The samples were exposed to extremes conditions of temperature and pressure leading to their degradation, especially the methacrylate functions. Even the addition of a stabilizer did not permit to keep the methacrylates intact. The uncontrolled gelation occurred by this degradation prevents gelation experiments with the products sent to Japan.

However, a part of the pure PRs were still stocked in the laboratory in case of degradation even after the addition of stabilizer. Still, some tests were managed upstream on crude polyrotaxanes to provide information about the gelation feasibility, and are presented thereafter. Finally, gelation conditions were applied on the newly pure PR synthesized.

12.3.

Polyrotaxanes Gels studies 12.3.1.

Polyrotaxane carrying native cyclodextrins

Precursors tests on polyrotaxane were carried out, studying the feasibility of the gelification process. Experiments concerned crude polyrotaxane (FB37 -15.5% PR), and free cyclodextrins as well.

We used 1,4 Butanedioldiglycidyl ether (BDGE) in NaOH/DMSO. The gelation went through links between alcohol functions of the Cyclodextrins.

Scheme 66 : BDGE -Mechanism applied on polyrotaxane

In both cases, we obtained a gel of similar visible properties (except the gel made with cyclodextrins is translucent where the gel made with FB37 is translucent with a strong orange color because of the pyrene groups)

At these times, FB37 contains a lot of free cyclodextrins, and the low amount of polyrotaxane (15%) could not bring specific mechanical properties. However, the feasibility of a gel at this stage was encouraging.

Polyrotaxane bearing modified cyclodextrins

Modification on the cyclodextrins were carried out in order to purify with a better efficiency but also to open the way for slide ring gel synthesis.

In our case, the modification of a part of the cyclodextrin alcohol functions allowed a controlled number of methacrylates functions per polyrotaxane.

Two different initiators were used: 2,2'-azobis(2,4 dimethyl valeronitrile) (V-65) which activate under moderate temperatures and 2-Hydroxy-2-methylpropiophenone (Darocur) which activate under UV. Gelation occurred, creating covalent links between methacrylates functions.

12.3.2.1.

V-65

V-65 was first used for gelation process on methacrylated polyrotaxanes.

Scheme 67 : V-65 -Baiting mechanism

For gelation experiments, different species of pure PR were used and specific properties, such as methacrylation rate, is indicated Table 30.

Pure modified polyrotaxane were used in the two runs. The PRs presented below have been purified by the modification way exposed in previous chapter (11.3, p212). At this stage, the addition of stabilizer was not yet set. After the addition of initiator, each sample is heated at 80°C during 2 hours. The gelation on the filtrate solution did not occur and the viscosity did not change. The explanation is maybe the high amount of solvent used to solubilize the PR giving a lower concentration than needed (3.8% of PR concentration against around 20% in mass in usual Menicon gelation conditions). Another explanation is that methacrylate functions already reacted and led to the precipitation of most of the product, so the product left in solution does not have enough methacrylate functions to form the gel.

Run 2 was managed with another PR. The rate of methacrylation is higher (5.4%) as well as the percentage of initiator.

During the solubilization of the PR in DMSO, most of the product could not be solubilized because of the high concentration needed. In fact, the product had already a gel aspect.

After addition of the initiator and 2 hours in the oven, the product did not seem to present visual aspect changes.

In order to observe the stability of the gel, 400 l of DMSO are added within the product and the gel seemed to swell in contact with the high amount of liquid. 12 days later, the gel appeared to retract itself, broken in several pieces. Shrinkage of the gel is a sign of the increase of cross linking density, which could be assigned to the large amount of initiator added, and can also be a sign of this initiator in particularly. The disassembled appearance of the gel, on the other hand, shows a premature gelation during the stirring process.

The gel formation before the addition of initiator is a problem aiming at the control of the gelation.

Methacrylate functions are not stable in high concentration media, the addition of a stabilizer was needed to control the gelation. The pure extracted PR was then stocked in presence of Cupferron (previous chapter).

In order to find the exact conditions for gelation of the PDMS based PR, other conditions were managed with another initiator.

Darocur

Darocur is a component used frequently as a photoinitiator. It has the same process principle as V-65 but is supposed to be more efficient. The removal of the stabilizer led to non controlled gelation. A presence of small flakes in the solution shows a partial gelation that occurs before the addition of Darocur (when the product is stirred for solubilisation).

The expected gelation is not observed after UV exposition, the methacrylate are mostly degraded before.

Nevertheless, the hypothesis of the non gelation in main experiments was assigned to the concentration which was too low to lead to a proper gelation between PRs.

Other experiments were managed, with a higher concentration.

Run 12 were managed with a concentration of 25mg/100 l (x2,5 in comparison with previous runs) and Run 13 with a concentration of 41mg/100 l (x4,1 in comparison with previous runs) With Run 12, after exposition under UV, the product, instead of showing a gel, presented small flakes in suspension in the solution. Even if the limit of solubility is closely reached, the formation of the gel is replaced by partial reticulation.

In the case of Run 13, the solution was so concentrated that the viscosity led to the formation of a paste. Once the exposition under UV is achieved, it appears that the product formed a paste with granulate appearance. The product is no more soluble in DMF. Even if gelification took place, the friability of the gel was too high to obtain a proper hydrogel.

The quantities of pure PR were not sufficient to deepen the gelation experiments. Further experiments are still needed to fully understand the PR gel formation.

Some conditions could limit the formation of the gel, in addition of the concentration limitation. The methacrylate rate is maybe too low to permit a proper gelation, as well as the chain length of the PDMS used to synthesize this PR. In addition, the hydrophobic behavior of PDMS leads probably to a collapse of the chain in contrast of the soluble cyclodextrin.

The size of the chain (M=4600g/mol) could also be too short to permit a gel with good mechanical properties, since most of the gels made out of polyrotaxanes (PEO based) used longer chains (>20kg/mol). The short chained PDMS is too stiff to allow the flexibility of the gel.

Furthermore, in literature, it appears that all studies leading PDMS gelation shows the same problems occurring in those experiments. Only the addition of charge (Silica) permits to obtain a proper gel.

In our case, the addition of charge could be required after synthesizing additional quantities of PR. Addition of other PR species (POE, PPO,…) in gel composition could also be an alternative to be studied.

Works managed during this thesis allowed synthesizing PDMS and CDs based polyrotaxanes. This study was investigated in collaboration with Menicon company in order to meet with the industrial needs in ophthalmic research.

The differents studies managed during this thesis permits to enlighten several points about polyrotaxanes, not limited to PDMS based ones.

In order to comply with the aim of this study, two synthesis ways have been investigated.

The first way made use of radical coupling in order to generalize an already existing and proved synthesis way for polyrotaxanes. Adapting this synthesis way for PDMS polymer and its optimization allowed the polyrotaxane to be synthesized from the corresponding pseudopolyrotaxane with high yields (functionalization yield up to 70%). The reaction applied on longer polymer chains also showed good results (functionalization yield up to 55%).

The second way consisted of synthesizing polyrotaxane by alcoholysis assisted by micro wave. As evidenced by the first way, the use of PDMS as polymer chain increased the dethreading of the pseudopolyrotaxane before the capping reaction. The condensation assisted by microwave allowed making the reaction without solvent, limiting dethreading, and leading to a high quantity of polyrotaxane (polyrotaxane yield around 50%). Taking into account that the radical course (first way) needs a saturation of its medium with cyclodextrins, the raw product (even if presenting a functionnalization up to 70%) contained 20% of polyrotaxane; the microwave assisted synthesis (with 50% polyrotaxane) had a better efficiency.

Even if the obtention of pure polyrotaxanes is not determinant for their industrial applications, numerous techniques have been investigated to totally purify the product.

The obtainment of pure polyrotaxane is needed to accurately characterize the structure of this supramolecular assembly, expecting different properties depending on the threading ratio, chemical modification ratio, etc. The specific properties of polyrotaxanes did not allow the separation of free cyclodextrins from polyrotaxane using their chemical properties (the more the cyclodextrins threaded, the more the molecule has cyclodextrin chemical behavior). However, the use of preparative SEC, exploiting their physical properties, allowed isolation of pure polyrotaxane.

As detailed in the bibliographic part, characterizations of polyrotaxanes are usually not enough deepened to evidence the exact composition of polyrotaxanes or even their presence. In our case, the isolation of pure polyrotaxane allowed the investigation of new characterization ways, even with techniques that are usually used in the realm of proteins.

The STD protocol, based on NMR characterization, proved the inclusion of the polymer inside the cyclodextrins and so the polyrotaxane architecture. Deepening the analyses allows the obtainment of new MALDI TOF profiles for polyrotaxane. These results about the optimization of MALDI TOF characterizations applied to polyrotaxane with the use of ionic matrixes were new and subject to a publication. According to these characterizations, the supramolecular assembly was evidenced with a higher CDs packing than other polyrotaxane syntheses exposed with conventional methods, as shown by others who recently published in the domain (Simionescu, 2008; and Ito, 2009).

Modification of polyrotaxanes has been realized with different ratio of cyclodextrins modification, controlling the percentage of methacrylation (as usually applied in Menicon gelation syntheses). Chemical modification has been managed on crude product, and targeted methacrylation and silylation ratios were reached, according to industrial demands. Nonetheless, the modification process allowed extracting pure polyrotaxane. In addition, the stabilization of methacrylate functions has been studied as well as gelation protocols. Because of the spontaneous gelification, difficulties have been met when trying to obtain gels from pure PDMS based polyrotaxanes. Once the stabilization of methacrylate functions being solved, the gelation process of polyrotaxanes met difficulties reminding the PDMS gels limitation, mainly because of its hydrophobic behavior. Formulation of these gels with only a part of PDMS based polyrotaxane could be a solution.

At this time, new batches of pure modified polyrotaxane must be obtained for gels investigation. For an easier obtainment of polyrotaxane, the synthesis should be focus on the microwave assisted alcoholysis. New formulations of gels with different amounts of pure polyrotaxane should be managed.

The work accomplished on the PDMS/ -CD based polyrotaxane is subject of patenting (writing in progress), applied on both radical course and microwave assisted alcoholysis, including the modifications protocols.

Even if the SEC charcterization allows us to compare the different runs, the LiBr perturbations prevent the quantification of the purity of polyrotaxane. To try to remove efficiently the LiBr salts, water washing steps were added in the second series.

This new series leads to the loss of a large amount of polyrotaxane during water washing steps. The polyrotaxane seems to be not totally pure as LiBr salts still disturb the free CDs quantification. Nevertheless, this series allowed to find best conditions of polyrotaxane synthesis.

DIALYSE EFFECT VERSUS LYOPHILISATION

Knowing that some salts can be removed by lyophilisation (such as ammonium acetate), successive lyophilisations have been performed to follow the weight loss by chromatography effect. As seen above, the effect is not clearly evidenced. So, the dialysis has been tested.

The weight loss obtained by dialysis ( cut off 1000 versus cut off 500) and the loss of free CDs intensity, allowed to conclude that the dialysis with the cut off of 1000 is the best First dialysis Second dialysis method to remove both LiBr salts and free CDs ( according to the NMR characterization of dialysis residues).

FB35 EXPERIMENT

FB35 is a polyrotaxane synthesised from 6.76 g. of pseudopolyrotaxane (FB33p), 462.6 mg. of PBS and 328.6 mg. of Na 2 S 2 O 8 .

Issue to the reaction, the crude product is removed in Et 2 O solution before washing with this solvent during the filtration step. After that, the product is dialyzed to obtain FB35p2.

Other dialyses made in Japan gave FB35p3.

The chromatogram of FB35p3 reveals a presence of 2 peaks where the CD is shown.

In fact, the chromatograms obtained by SEC reveals a shoulder on the characteristic peak of free CD at lower or higher elution time

If we consider that the CDs correspond to:

-The first peak: 30% of free CDs.

-The second peak: 42% of free CDs.

-The two peaks: 74% of free CDs.

Since LiBr had his characteristic peak overlapping with the characteristic peak of free CD, we decided to substitute the use of LiBr to improve the evaluation of the polyrotaxane purity.

Knowing that the LiBr effect consist to decompose aggregates, we try to use another molecule currently used to broke hydrogen bounds. It is the reason why morpholine and urea were used and compared to the LiBr investigations.

Taking into account the difficulties to quantify the number of free CDs in the FB35 product, we try to add morpholine directly into the solution used to SEC analysis. The advantage of the morpholine use is that its characteristic peak does not overlap with free CD peak in SEC analysis.

The injection of 0.5mg FB35p3 with 3mg of morpholine gives a single peak which corresponds to 0.37mg of CDs, means 75% of free CDs.

In parallel, the chromatogram of FB35p2 shows a presence of 74% of free CDs according to two ways of characterizations.

We can conclude that:

-The morpholine permits an easier evaluation of free CDs by SEC.

-The dialysis methods used so far in aqueous solution with LiBr was not effective enough. Characterization of products by SEC, with a refractometric detector where different products have different refractive index dependant on their chemical composition, is difficult. This means that, in order to facilitate the calculations, the use of the same refractive index for all products induces a non negligible error. Indeed, previous studies on the Polyrotaxane made from POE and -CDs synthesized with 97% yield, allowed the determination of the refractive index of the PR based on PEO compared to free -CDs (experiment NJ49,00). In this product, using the refractive index of the free CD, the yield is estimated at 97%. When using the ratio of area under curve the PR occupies only 65%

of the total area. The incertitude is then about 33%.

The analysis of the area of the product in relation with their mass permitted to determine that the PR had a refractive index 17.6 times lower than free CDs.

It is important to note also, that -CD has more hydroxyls groups than -CD and it is possible that the difference in refractive index is even larger in PR based on -CD. 

Polyrotaxanes synthesis based on MAUS PDMS

The first work was to analyze this MAUS PDMS by NMR spectroscopy to visualize the end groups and evaluated the molecular weight. Then, the pseudopolyrotaxane was obtained and the polyrotaxane synthesis tested.

Characterization of MAUS PDMS

The type of PDMS has the structure described in Scheme 69. This structure has been considered because the kinetic of the pseudopolyrotaxane formation is directly influenced by presence of larger polymer extremities. Likewise the CDs dethreading should be disadvantaged during the polyrotaxane synthesis leading to higher reaction yield.

Scheme 69 : MAUS PDMS structure. 

Polyrotaxane synthesis

The polyrotaxane synthesis is carried out with the best conditions known at the time of the experiment. The 2 steps synthesis is summarized on Scheme 70. The polyrotaxane synthesis has then been performed.

Polyrotaxane synthesis and characterization

The polyrotaxane synthesis was carried out using FB29 conditions identical to laboratory conditions 89 optimized for the synthesis of PEO based polyrotaxane (DMSO/H 2 O). This new batch is called PR076. Two purifications ways are compared in order to test a new method of purification (Method A) versus the FB29 purification protocol (second series called Method B) as described in appendix 2 .In both case the mass yield of this polyrotaxane synthesis (0,3%) is unsatisfactory compared to FB29 (7%). Nonetheless the proportion of free cyclodextrins given by SEC appears to be higher in FB29 versus PRO76. As assumed before, when the proportion of Polyrotaxane is high the product is difficult to purify. In both cases however, some polyrotaxane products are lost during the water washing steps. Reaction conditions and purification protocol have been optimized since. And the yield can still be improved using the present strategy. Nonetheless these results do not allow evidencing the efficiency of large extremities at the ends of the MAUS PDMS chain. This disappointing results could be explained by the difference of reactivity of α,ω diacrylate PDMS versus α,ω dimethacrylate PDMS. These results could also be due to the higher hydrophobicity of MAUS extremities. Addition of Et2O or another compatible agent such as SDS (sodium dodecylsulfate) in the reaction medium could favor the compatibility of reactants and improve the reaction yield.

To conclude this first approach of the polyrotaxane synthesis based on MAUS PDMS, the feasibility is evidenced.

Silylation of CD borne by the polyrotaxane

The investigation of silylated polyrotaxanes was studied in order to envisage:

The change of Polyrotaxane solubility

The control of hydroxyl function number accessible for the formation of the hydrogel.

The future modification of hydrogel in order to optimize materials properties (by anti UV for example).

The reaction is detailed on Scheme 71. OSi OSi (8) (18) Two equal fractions were stopped and treated separately. Each fraction is stopped by slow addition of 10 mL of water. The organic solution was washed 3 times with water and the product was dried. The silylation rate is calculated using 1 H NMR spectroscopy by comparison of hydrogen integration of hydroxyl function in DMSO-d6 bearing by the polyrotaxane before and after silylation.

Results and Discussion

The hydroxyl functions borne by the cyclodextrins of the polyrotaxane were silylated in the condition of the silylation polyrotaxane reported in previous chapters (Scheme 32, p71). The reaction time was adjusted to follow the modification rate of cyclodextrin sterically strained on the polyrotaxane: Reaction time is much longer in the case of the polyrotaxane than with CDs as strong hydrogen bondings between CDs borne by the polyrotaxane decrease the accessibility of hydroxyl functions (Steric hydrance). Full silylation was not evidenced by 1 H NMR characterization, i.e. we observed only the disappearance of the hydroxyl functions signal accompanied by the increase of the signal corresponding to the trimethyl silyl functions overlaid on the PDMS peaks. The effect of the reaction time on the percent of silylation per cyclodextrin was estimated by the 1 H NMR and reported in Table 34. According to NMR and SEC analysis, the synthesized products present in the organic phases contain both silylated polyrotaxane and silylated free cyclodextrins. It appears that these products cannot be dissolved totally in DMF. Knowing that the solubility of persilylated free cyclodextrins is not good in DMF, the insoluble part was separated to Actually the insoluble part in DMF of PRO77f3 (brown trace) contains higher molecular weight silylated polyrotaxane with a large amount of free persilylated cyclodextrin. And the soluble part (green trace) contains only lower molar mass silylated polyrotaxanes with a lower amount of free cyclodextrin. These cyclodextrins might be trapped into the polyrotaxane and couldn't be silylated.

MICROWAVES RUNS AND COMPARISONS

Mass yield, Desilylation and high weight proportion in products synthesized by microwave. 

NMR % of desilylation

Results

Mixing IEM and TMSIc allowed preventing IEM reticulation taking place in this microwave assisted native -CD methacrylation. PC11fAcn NMR analysis confirmed that washing with Acetone allowed to remove IEM and TMSIc residues. As demonstrated previously silylated CDs might also be present in this phase.

NMR characterization of PC11P1 clearly shows that the OHs of CDs have been modified (CDs borne by the polyrotaxane and/or free ones). Indeed peak integration shows the disappearance of OH groups as the intensities of the peaks corresponding to theCDs hydroxyl groups ( localized at 5.8 ppm for OH 2 and 3, and 4.6ppm for OH 6) decrease in comparison with the anomeric peak H1 (at around 5ppm). Integrations are detailed in Table 35. The limiting factor of the conservation of methacrylate function is the drying process, leading to the concentration of methacrylates and their self-reactivity (1% molar versus methacrylate functions). To prevent this effect, according to literature, stabilizers are usually used in industry. A study in order to test their efficiency in the present concept had been set.

Hydroquinone

FB106org1 was managed with 9% molar (versus methacrylate functions) of hydroquinone. With the addition of hydroquinone, the methacrylates had the same behavior than without hydroquinone: from the slight increase before the evaporation processes of the CH 2 /CD ratio to the decrease of the CD/DMSO ratio.

The methacrylates still self-react without control and lead to the gelification of the product.

The results obtained showed that hydroquinone is not adapted for those conditions because it had no effects on the degradation.

Q1301

FB106org3 was managed with 4.5% molar (versus methacrylate functions) of Q1301. The addition of Q1301 effects on the ratio CH 2 /CD. It presents the same behavior than without stabilizer (slight increase until evaporation under vacuum), except for the lyophilization process where it seems to protect efficiently the methacrylates.

The Q1301 shows interesting results, and could be retained for further experiments of stabilization of methacrylates. The problem observed was this sample shows an high degree of acidity in NMR characterization, leading to difficulties of quantification. This acidity could also be dangerous for the Si-O links of the PDMS. 

Cupferron

FB106org2 was managed with 6.4% molar (versus methacrylate functions) of Cupferron. The Cupferron shows a linearity of the ratio methacrylate/CD as well as the ratio CD/DMSO, even under critical conditions were the concentration is at its maximum (lyophilization).

This stabilizer shows a good limitation of the methacrylates self reaction, without

showing disturbing degrees of acidity. 
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  Ltd. is Japan's one of the first and largest contact lenses manufacturer founded by Mr Kyoichi Tanaka. In 1950, He was first a 20 years old employee at a Tamamizuya opticians shop. He immersed himself in research on contact lenses, and in 1951 succeeded in developing the first corneal contact lens in Japan. Nowadays, Menicon companies have expended worldwide in ophthalmological domain, employ around one thousand persons and offer a large panel of innovating products. All the stages of the contact Lens domain are concerned; from the development to the distribution, including the post sell products.

-

  Concept for Silicone CL Material: PDMS-PR: PolyDiMethylSiloxane Poly-Rotaxane Using the knowledge gained in preliminary work on poly-rotaxane, Menicon proposed a new concept for CL material. Actually the particular structure of the poly-rotaxane gel (PEG-PR) proved to strength the material. The gel is extremely stable and easy to handle. By replacing the PEG polymer chains by Poly-DiMethylSiloxane (PDMS), Menicon expects: To obtain soft silicone material with high strength compare to current materials thanks to the Poly-Rotaxane (PR) gel structure; -To provide SCL material with adequate Dk thanks to the Silicone units of the PDMS chains; -To get hydrophilic surface layer (low tackiness) thanks to the cyclodextrins (CDs) which surround the silicone polymer chains (The outer layer of the CD is hydrophilic); -To get added value material such as antimicrobial lens. Indeed the CDs can be modified with any value-added functional groups (from colorants to antimicrobial active agents).

  Scheme 3 : glucopyranose pattern, chair conformation

Scheme 7 :

 7 Scheme 7 : Shape of the CD The diameter of the hydrophobic part of the guest has to be smaller than the minimum diameter d min to permit the formation of a stable inclusion compound (values of d min are listed in Scheme 8. Guests with a diameter larger than d min do not penetrate the cavity.They can be preferably bound between two CDs in a sandwichlike arrangement.

Scheme 13 :

 13 Scheme 13 : End capping protocol proposed by Harada and co. 1992.

Scheme 15 :

 15 Scheme 15 : End capping protocol proposed by Yui and co. 1999.

Scheme 16 :

 16 Scheme 16 : End capping protocol proposed by Liu and co. 2005.
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 1718 Scheme 17: End capping protocol proposed by Yui and co. 2005.

Scheme 19 :

 19 Scheme 19: End capping protocol proposed by Beckham and co. 2003.

Scheme 21 :

 21 Scheme 21 : End capping protocol proposed by Araki and co. 2005.

  Scheme 22 : End capping protocol proposed by Yui, Thompson and co. 2006.

Scheme 23 :Scheme 24 :

 2324 Scheme 23 : End capping protocol proposed by Feng and co. 2006.

Scheme 27 :

 27 Scheme 27 : Protocol of the PDMS based Pseudopolyrotaxane synthesis

  called Monowave 300 was generously Lend by Anton Parr for the initial runs. This opportunity allowed us to investigate this new reaction. They also accept to lend us the device several other times to permit the complement experiments.

Figure 1 :

 1 Figure 1 : Monowave 300

Figure 2 :

 2 Figure 2 : Microwave FB103 150°C 5min

Scheme 33 :

 33 Scheme 33 : Alcoholysis assisted by microwave, the isocyanate function is borne by the PDMS polymer

Figure 3 : 1 H

 31 Figure 3 : 1 H NMR of -cyclodextrin in DMSOd6

Figure 4

 4 Figure 4: 1 H NMR of dimethacrylate PDMS in CDCl 3

Figure 5 :

 5 Figure 5 : NMR 1 H Characterization of silylated cyclodextrins in CDCl 3 . The cyclodextrin alcohols signals disappear and are replaced by the peaks of the newly functionalized group. (silane functions : 0.0ppm). The total solubility of the product in Chloroform and the diseapearance of the OH peaks observed by 1 H NMR in Acetone d6 confirm the total functionalization of the CDs alcohols. The quantification of the functionalized cyclodextrines is carried out in CDCl 3 . The peak integral of the silane groups is 216, corresponding to 24 -(CH 3 ) 3 groups, indicating that 24 alcohol functions have been modified. The cyclodextrin on the Figure 5 is fully silylated.

Scheme 36 :

 36 Scheme 36 : Size based Mw estimation for SEC, depending of the elution time of the molecule through the porosity of the column.

Figure 6 :

 6 Figure 6 : Typical chromatogram of a PR SEC analysis in DMF.

Figure 7 :

 7 Figure 7 : SEC Characterization of native cyclodextrin (0.5mg/ml) and silylated cyclodextrins (0.5mg/ml) in DMF

Figure 8 :

 8 Figure 8 : SEC chromatogram of the same amount of cyclodextrin with or without LiBr in DMF

Figure 9 :

 9 Figure 9 : typical MALDI TOF spectrum of polyrotaxanes.

A

  MALDI-TOF device is a mass spectrometer coupling a Matrix-Assisted Laser Desorption/Ionisation and a Time-of-Flight analyzer. The mass spectrometer is equipped by an Eloctrospray interface (ESI, Electrospray Ionisation) associated with a Triple Quadripole (TQ). The MALDI TOF MS Device was supplied by PerSeptive Biosystems and is a Voyager-DE TM STR BioSpectrometry TM Workstation apparatus.

Scheme 37 : 3 FB1

 373 Scheme 37 : Modification of a,w-dimethacrylate PDMS with PBS Multiple possible grafting extremities on the polymer using radical course are exposed in Scheme 38.
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 10 Figure 10 : NMR Spectrum of FB2P in CDCl 3
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 11 Figure 11 : 13 C NMR Spectra of PBS/PDMS/FB2P in CDCl 3

Figure 12 :

 12 Figure 12: SEC -Refractive Index (mV) vs Retention Volume (ml)-FB2P/PBS/LSH210 in DMF

Figure 13 :

 13 Figure 13 : MALDI-TOF spectrum of FB9p in THF(10 -3 M)/DHB(10 -1 M) v:v

Figure 14 :

 14 Figure 14 : MALDI-TOF spectrum of FB2p in THF(10 -3 M)/DHB(10 -1 M) v:v

H 2 O

 2 Scheme 39: Pseudopolyrotaxane synthesis based on PDMS and CDs

  By collecting the pseudopolyrotaxane by lyophilization, neither CDs nor PDMS should be lost in the process and the pseudopolyrotaxane composition should be identical to the initial composition introduced in the reaction flask (1.5n DMS = n -CD ).

Figure 15 :

 15 Figure 15 : NMR Spectrum in DMSOd6 of pseudopolyrotaxane created via the lyophilisation way -FB3

Figure 16 :

 16 Figure 16 : NMR spectrum in DMSOd6 of pseudopolyrotaxane collected by filtration -FB14P

Figure 17 :

 17 Figure 17 : Chromatogram of series 2 samples obtained by SEC (majoration of CD signals because of LiBr salts) in DMF

FB42

  shows a lower reaction yield. If the addition of Et 2 O facilitates the accessibility of PDMS end-functions for coupling, the addition of an excess of Et 2 O leads to a faster dilution of the PDMS in the Et 2 O phase, favoring the dethreading of the pseudopolyrotaxane before the reaction takes place. In FB41 run, the PR yield is lower. In fact, if we compare FB29 with FB31 (previous experiments) the use of Et 2 O increased by a factor of 3 the polyrotaxane yield. Here, we can conclude a SDS effect. Adding SDS increases the blocking reaction of pseudopolyrotaxane, but the effect of SDS is less efficient without Et 2 O.We can see that in the FB43 run, the percentage of polyrotaxane is still low. SDS and Et 2 O acting simultaneously leads to an efficient solubilization of the PDMS, too efficient because the PDMS is dethreaded too quickly. FB47 shows a lower quantity of polyrotaxane than the control reaction FB40. In fact, in this case, PEO presence does not improve the reaction versus the adding of Et 2 O.

Figure 18 :

 18 Figure 18 : SEC characterisation of FB6 purification products in DMF

FB40_3_p

  Scheme 49: Importance of Rinsing orders -FB10

  3 to LiBr salts in solution leads to the precipitation of AgBr which is easily eliminated by filtration. The AgNO 3 left and LiNO 3 formed are removed by Ethanol washing.

Figure 19 :

 19 Figure 19 : LiBr Elimination

Figure 20 :

 20 Figure 20 : Analyses of the influence of morpholine, Urea and LiBr during dialysis.

Figure 22 :

 22 Figure 22 : Size Exclusion Chromatography

Figure 23 :

 23 Figure 23 : Separation problems with preparative chromatography (DMF)

Figure 24 :

 24 Figure 24 : Pure polyrotaxane obtainment characterized by SEC chromatography in DMF.

Figure 25 :

 25 Figure 25 : NMR spectrum in DMSOd6 of a synthesized polyrotaxane -FB6P

Figure 26 :

 26 Figure 26 : NMR Spectrum of pure polyrotaxane in DMSOd6

Figure 27 :

 27 Figure 27 : STD NMR the crude product containing PR(FB57) in DMSOd6

Figure 28 :

 28 Figure 28 : STD NMR in DMSOd6 of pure PR extracted by preparative chromatography

Figure 29 :

 29 Figure 29 : 1D 1 H spectrum of the pure polyrotaxane recorded at 298K in DMSO-d6. The inset shows a zoom of 1D spectrum between 0.6 and -1.5 ppm. PDMS methyl protons and CDs protons are labeled.

Figure 30 :

 30 Figure 30 : NMR characterization of the pure polyrotaxane in DMSOd6 . Part of the NOESY spectrum of the polyrotaxane showing correlations peaks between PDMS methyl protons and those of CD protons. PDMS and CDs protons are labeled on 1D projection.

  MALDI-TOF MS was carried out to confirm the presence of polyrotaxane. Spectrum shows an unsurprising consequence of the polymer nature and the various number of -CD borne by the polymer leads to many polymeric populations separated by around 1300 u.m.a., molar mass of the cyclodextrin. Taking into account the difficulties to desorb high molecular weight molecules, identification of species has been carried out on the first distribution which corresponds to one functionalized PDMS bearing one CD. These species are evidenced by MALDI-TOF mass spectrometry in linear mode, but not specifically shown on the figure (Figure 31). As expected, two populations, Py(H)-[OSi(CH 3 ) 2 ] n -(H)Py + 1 CD and Py(S)-[OSi(CH 3 ) 2 ] n -(S)Py + 1 CD are evidenced. The cationisation with H + , Na + , Li + , K + and NH 4 + leads to many peaks for each functionnalized rotaxane PDMS. Another population is evidenced Py(Py)-[OSi(CH 3 ) 2 ] n -(Py)Py + 1 CD which is also present with different cations.

Figure 31 :

 31 Figure 31 : MALDI-TOF mass spectrum obtained with Sinapinic acid (SA) at 20 mg/mL in methanol/water 1/1 (v/v) of the purified product by preparative exclusion chromatography of the run 5 in positive linear mode with a zoom for evidence high molecular weight.

Figure

  Figure 32 : MALDI-TOF mass spectrum obtained with Sinapinic acid (SA) at 20 mg/mL in methanol/water 1/1 (v/v) of the purified product by preparative exclusion chromatography of the run 5 in positive reflector mode (▀: (Py(S)-[OSi(CH 3 ) 2 ] n -(S)Py + 1 CD, Li + ), : (Py(S)-[OSi(CH 3 ) 2 ] n -(S)Py + 1 CD, NH 4 + ),• : (Py(H)-[OSi(CH 3 ) 2 ] n -(H)Py + 1 CD, Li + ), Ø: (Py(H)-[OSi(CH 3 ) 2 ] n -(H)Py + 1 CD, H + ), • : (Py(H)-[OSi(CH 3 ) 2 ] n -(H)Py + 1 CD, Na + ), : (Py(Py)-[OSi(CH 3 ) 2 ] n -(Py)Py + 1 CD, K + ), : (Py(Py)-[OSi(CH 3 ) 2 ] n -(Py)Py + 1 CD, H + ).

Figure 33 :

 33 Figure 33 : Alcoholysis of isocyanate function

  : H 2 O 10ml / Et 2 O-DMSO 50/50 5ml ; time of reaction : 12h). The CDs used (as well for the complex CDs/Pyrene) were SiCDs. The product obtained was then analysed by SEC characterization that showed high molar mass, confirming the initial formation of the Pseudopolyrotaxane between PDMS and SiCDs in Dichloromethane. However it was impossible to obtain the functionalization yield (end capping reaction) by SEC because of the very low refractive index of the Si-CDs in DMF (Chapter 3

Figure 35 :

 35 Figure 35 : NMR 1H of FB78f in DMSOd6

Figure 36 :

 36 Figure 36 : SEC chromatogram of FB78f in DMF

Figure 37 :

 37 Figure 37 : Polyrotaxane spectrum obtained with ILM in linear mode

Figure 38 :

 38 Figure 38 : SEC chromatogram of FB81pf in DMF

FigureFigure 40 :

 40 Figure 39 : NMR 1H Spectrum of FB86pf in DMSOd6

Figure 41 :

 41 Figure 41 : MALDI TOF Spectrum of FB87pf In reflector mode, the populations showed the presence of the PDMS diisocyanate ( polymer constituted of dimethylsilane units noted MS) functionalized by different populations of PDPS-PDMS. (Statistical copolymer noted: MS = dimethylsilane unit ; PS = diphenylsilane unit)

FigureFigure 44 :

 44 Figure 43 : SEC Chromatogram of FB95pf in DMF

Scheme 59 :

 59 Scheme 59 : diiscocyanate PDMS and silylated γCDs PseudoPR (above) / diamine PDMS and native γCDs PseudoPR (under)

Figure 45 :

 45 Figure 45 : SEC chromatogram of FB115p in DMF

Figure 46 :

 46 Figure 46 : reactivity of the extremities of diamine PDMS with DPNCO blocking agent evidenced by MALDI TOF MS in DMF

FigureFigure 48 :

 48 Figure 47: 1 H NMR of FB92org

* 4 .

 4 Ratio estimated by quantification of characteristic peaks by NMR 1H11.Stabilized modified PRThree modified PR were managed using the purification process with Cupferron.Those products were needed for further gelation experiments run by the laboratory based at Menicon.Those PR come from the experiments made previously during the control of the CDs borne by the polymer chain. The goal was to obtain pure PRs with different amounts of CDs borne to the chain to see their properties once formed as a gel. As the same protocol is set to modify those PR, the same ratio of methacrylation is expected.

Figure 51 :

 51 Figure 51 : SEC Chromatogram of modified and purified PR stabilized with Cupferron

  Scheme 64 : sliding gels -Slide ring gel principle

Figure 53 :

 53 Figure 53 : Gel aspect at different stages of the run 2

Figure 54 :

 54 Figure 54 : RI Chramatography in DMF of FB35p2 and FB35p3 with and without morpholine

  been investigated with the help of Ms Choppinet (Doctor in the R&D section of Menicon). The first idea was to synthesize polyrotaxane based on MAUS PDMS and -cyclodextrins. The choice of this PDMS was made by Menicon in order to avoid the dethreading of the CDs during the blocking reaction. The second idea was to modify the hydroxyl functions of CDs borne by the polyrotaxane to change the solubility by breaking the hydrogen bonds between the CDs.

1 H and 13 C

 13 NMR characterizations have been done to evaluate the DPn of this polymer.The DPn is equal to 59 which 4500 g.mol -1 closed to the molecular weight of the dimethacrylate PDMS (DPn=62, 4600 g.mol -1 ) used for comparison. The pseudopolyrotaxane synthesis is then carried out to investigate the polyrotaxane synthesis

Scheme 70 :

 70 Scheme 70 : Polyrotaxane synthesis on MAUS PDMS and -cyclodextrins

Figure 55 : 1 H

 551 Figure 55 : 1 H NMR characterization of the MAUS pseudopolyrotaxane in DMSO-d6

  Scheme 71 : polyrotaxane silylation

  purify the polyrotaxane. Contrary to expectation, SEC characterization of these insoluble parts shows the presence of silylated polyrotaxane in both cases. And moreover, the modification ratio of hydroxyl function borne by the CDs according to the NMR characterization is the same whatever the reaction time is. These observations could be explained by the larger solubility of free cyclodextrins in DMF when the silylation percent is low. The silylated polyrotaxane PRO77f1 is less soluble in DMF than the partially silylated cyclodextrin which could be a good purification way of the polyrotaxane according to the red trace (insoluble part in DMF) versus the black trace (soluble part in DMF) on the chromatogram presented Figure56. When the reaction time is increased the global modification ratio is not increased. This fact could be explained by the lower accessibility of the hydroxyl function on polyrotaxane bearing a larger amount of CDs (high molecular weight polyrotaxane). Indeed it seems that only low molecular weight Polyrotaxane were taken at first in the reactional medium to get PR077f1 when higher molar mass polyrotaxane did remain in the reaction flask to give PRO77f3.

Figure 59 :

 59 Figure 59: PR Microwave assisted functionalization -NMR results in DMSOd6

  Figure 60.

Figure 60 :

 60 Figure 60: micro-waves assisted functionalization of PR -SEC results
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	Polymer	Oxygen Permeability (x10 9 , cm 3 x cm/(s x cm 2 x cmHg)
	PDMS	60.0
	Fluorosilicone	11.0
	Polystyrene	0.12
	Teflon	0.0004

4. Products and Syntheses protocols 4.1. Products

  

	4.1.1.	Polydimethylsiloxane
	Different species of PDMS were available for the experiments carried out on the PDMS
	based PR syntheses.	
	Those products were supplied by Menicon Japan, the functionalization of PDMS being
	one of the numerous necessities of their researches.

The LSH210, also called PDMS 4600 is a polydimethylsiloxane , , dimethacrylate. A Molar mass of 4600g/mol is estimated by 1 H NMR.

Scheme 25 : polydimethylsiloxane , , dimethacrylate X22163, also called PDMS 10000 is a polydimethylsiloxane , , dimethacrylate. A Molar mass of 10000g/mol is estimated by 1 H NMR.

  

	KF8012 is a PDMS , diamine and called diamine PDMS. A Molar mass of 4500g/mol
	is estimated by 1 H NMR.
	The diisocyanate PDMS, named Sample 14, were functionalized by Y.Fukuda in
	Menicon (Japan) from a PDMS diOH.

Scheme 26 : PDMS MAUS isocyanate

  

	4.1.2.	-Cyclodextrins
	-Cyclodextrins were supplied by Menicon Japan, and synthesized by Nihon shokuhin
	kako Co. Ltd.	

Table 3 : Reactants
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	Reactive	M (g/mol) mp °C Purity Supplier
			PDMS	
	LSH210	4600		Menicon Japan
	X22163	10000		Menicon Japan
	Sample 14	4000		Menicon Japan
	KF8012	4500		Menicon Japan
		Cyclodextrin	
	CD	1297.12		NSK Japan
		Bulky groups	
	PBS	385.41	132 95% Sigma Aldrich
	bPEI	25000	<20	LAMBE
	PDPSPDMS	950	<20 99% Sigma Aldrich
	TPOH	276.41	150 95% ABCR
	TPNH2	275.43	60	95% ABCR
	DPNCO	242.39	152 95% Sigma Aldrich
	TITC	301.40	138 95% Sigma Aldrich
	FITC	389.38	315 90% Sigma Aldrich
	Modifications of CDs and Gelation
	TMSI	140.26		98% Fluka
	IEM	155.15		98% Sigma Aldrich
	Hydroquinone	110.11		Menicon Japan
	Q1301	155.16		Menicon Japan
	Cupferron	438.31		Menicon Japan
	BDGE	202.3		Menicon Japan
	V65	248.37		Menicon Japan
	Darocur	164.2		Menicon Japan
		Miscellaneous
	Na2S2O8	238.1		99% Sigma Aldrich
	SDS	288.38		99% Sigma
	LiBr	86.85		98% Fluka
	Pyrene	202.26		99% Aldrich
	AgNO3	169.87		99% Sigma Aldrich
	PEO	1000		98% Fluka
	PIB	2500		98% Fluka
	Morpholine	87.12		99% Fluka

Table 4 : MALDI TOF MS Characterization materials
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	Abbreviation	Full name	Supplier
	HABA	2-(4-hydroxyphenylazo)benzoic acid	Sigma Aldrich
	CHCA	-cyano-4-hydroxycinnamic acid	Sigma Aldrich
	SA	sinapinic acid	Sigma Aldrich
	THAP	2',4',6'-trihydroxyacetophenone	Sigma Aldrich
	DHB	2,5-dihydroxybenzoic acid	Sigma Aldrich
	DIT	dithranol	Sigma Aldrich
	IAA	trans-3-indoleacrylic acid	Sigma Aldrich
	RA	all-trans-retinoic acid	Sigma Aldrich
	BUT	butylamine	Sigma Aldrich
	AN	aniline	Sigma Aldrich
	TMG	1,1,3,3-tetreamethylguanidine	Sigma Aldrich
	DEA	N,N-diisopropylethylamine	Sigma Aldrich

Table 5 : functionalization of PDMS, solvents

 5 According to the solubility tests, the -dimethacrylate PDMS is soluble in Ethanol, Pentane, 2-propanol, Hexane and diethyloxide (Et 2 O). As PBS solution behavior is closed to PDMS, we avoided using solvents with low boiling points, toxicity and non-miscible in Water such as Hexane, Pentane and Et 2 O.

Table 7 : Pseudopolyrotaxane synthesis
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	Run	PDMS g . 10-3	GammaCD g . 10-3	Solvent	Isolation	Yield -weight%
	FB3	921,4	10000	H2O -43 ml freeze drying	92%
		(861,2)	(9994)			
	FB8	921,4	10000	H2O -43 ml freeze drying	90%
		(861,2)	(10007,2)			
	FB14	921,4	10000	H2O -44 ml Filtrating in order to	75%
		(827,3)	(10005,1)		remove free GammaCD	
					from the	
					pseudopolyrotaxane	
	FB19(a)	921,4	10000	H2O -43 ml freeze drying	93%
		(904,2)	(9994,9)			
	FB20(a)	921,4	10000	H2O -44 ml Filtrating in order to	76%
		(884,7)	(9995,3)		remove free GammaCD	
					from the	
					pseudopolyrotaxane	
	FB18	921,4	10000	THF -43 ml Filtrating in order to	0% (all the
		(728,8)	(10000,6)		remove non included	PDMS filtrated)
					PDMS	

(a) Experiments carried out w ith a Teflon-PFA flask

Table 8 : Polyrotaxane synthesis using publication protocol.
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Table 9 : Polyrotaxane synthesis -first series

 9 

  The last experiment was realized with pentane as good solvent of the PDMS but not of the PBS and non miscible in the H 2 O/ DMSO (run FB32). This new series is summarized in the Table

The use of the 2-propanol (FB30) miscible with H 2 O and DMSO, is compared with the use of diethylether (Et 2 O) (FB31) non miscible with H 2 O and DMSO.

Table 10 : Polyrotaxane synthesis -second series

 10 

Table 11 : Polyrotaxane Synthesis -surface active agent experiment and Et 2 O addition
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  The solvent used are of 66% H 2 O and 33% DMSO/Et 2 O (50/50) -In FB47 run, the effect of PEO, using the publication reaction solvents 90 . (66% H 2 O Na 2 S 2 O 8 (82.2 mg) in a mixture of solvents (Organic and aqueous) proportions of which are given in Table11. As previously described all reactants were stirred in the solvents at room temperature for 1 hour. The solvents were finally removed by freeze-drying.

	and 33% DMSO)
	All blocking experiments were done using the pseudo-polyrotaxane FB39p (Pseudo-
	PR isolated by filtration). In all cases FB39p (1.69g) was mixed with PBS (115.7mg) and

Table 12 : Polyrotaxane Synthesis -surface active agent experiment and Et 2 O addition -results
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Table 13 : Experimental conditions and SEC characterization of FB44 and FB45
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Table 14 : Experimental conditions and SEC characterization of FB53, FB54
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Table 15 : Experimental conditions and SEC characterization of FB57, FB58 and FB61
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	Run	Solvents Particularity	% of polyrotaxane	% of functionalized pseudoPR
		-2ml H2O			
	FB40	-1ml DMSO/Et2O	control reaction	15%	15%
		50/50			
		-10ml H2O	saturation w ith		
	FB53	-5ml DMSO/Et2O	cd + dilution + reajusting	12%	30%
		50/50	quantity of salts		
		-10ml H2O			
	FB55	-5ml DMSO/Et2O	fb53 + pyrene	18%	50%
		50/50			

Table 16 : Experimental conditions and Analysis of polyrotaxanes made from PDMS 10000

 16 

Table 17 : PRs synthesized in order to control the number of CDs borne by the chain

 17 

Table 19 : Results for dialysis test in DMF

 19 

  35% covering if considering that the functionalized PDMS is still 4600g.mol - 1 .). Nevertheless the polyrotaxane is obtained even if only one pyrene group is grafted on each extremity. So the polymer chain could also be symbolised by Py(H)-Si(CH 3 ) 2 O n -(H)Py or Py(N)-Si(CH 3 ) 2 O n -(N)Py. In this last case, the number of CDs borne by the chain is around 28 which corresponds to 70% of CDs packing. The characteristic peaks of PDMS chain (the siloxane peaks, around 0ppm), however, are not shown. This can be due to the enlargement of this peak explained by the lack of mobility of the siloxane functions inside the cavity of the CD. This point emphasizes the high covering of the polymer chain by the CDs. But this could also means that the level detection of NMR is too low, and another technique is needed to complete characterization.

2 O n -(Py)Py structure (see Chapter 4, 6 -p99), NMR analysis gives the number of CDs borne by chain, that is 109/8 13.6 CD per chain around 14 (

Table 22 : Microwave runs with -CDs as bulky group
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	Run	Pseudo-PR	Bulky	T°C	time	Solvent	Mass yield in	PR	ratio
		PDMS-	group				f phase	(SEC)	
		DiNCO/ Si-	γCD						
		γCDs (mg)	(mg)						
	FB76	200	13	120°C 10 minutes	No	45%	3.7%
	FB77	200	13	150°C 10 minutes	No	60%	8.0%
	FB78	200	13	200°C	5 minutes	No	65%	12.0%
	FB82	200	20	200°C	5 minutes	200 µl of	59%	1.3%
						DMF			

Table 23 Microwave runs with bPEI as bulky group
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	Run	Pseudo-PR	Bulky	Temperature time	Solvent	Mass yield
		PDMS-	group				in (phase)
		DiNCO/Si-	BPEI				
		CDs (mg)	(mg)				
	FB79	200	260	120°C	10 minutes	No	12% (pp)
	FB80	226	245	150°C	10 minutes	No	11% (pp)
	FB81	200	245	200°C	5 minutes	No	18% (pf)
	FB83	220	260	200°C	5 minutes	200 µl of	28% (pp)
						DMF	

Table 24 : Microwave runs with PDPS-PDMS as bulky group
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	Run	Pseudo-PR	PDPSPDMS	T°C	time	Solvent	Mass		Desilylation
		PDMS-	( l)				yield	in	ratio
		DiNCO/Si-					(phase)	
		CDs (mg)						
	Run 9	200	200	120°C 10 minutes	No	7% (pf)	0%
	(FB84)							
	Run 10	200	200	150°C 10 minutes	No	6% (pf)	0%
	(FB85)							
	Run 11	200	200	200°C	5 minutes	No	4% (pf)	39%
	(FB86)							
	Run 12	200	200	200°C	5 minutes	200 µl of	11% (pf)	0%
	(FB87)					DMF		

7, 9771] 2618.97 2852.08 2763.73 3052.63 2976.40 3156.73 3198.76 3307.55 3408.68 3457.00 2517.49 4307.63 2568.06 4523.04 4820.13 5159.37 6897.50 8583.07 10377.31 12376.33 14628.36

  

	17372.55	19680.66 21734.55	24123.46	26998.98 28997.86

Table 25 : Microwave runs with TPOH and TPNH 2 as bulky group

 25 

			SEC Characterization
	crude	Mass	% of High weigh
			molecules

Table 26 : Microwave runs with DPNCO as bulky group
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	Run	Pseudo-PR	DPNCO	T°C Time	Solvent	High
		PDMS-DiNH2/CDs	(mg)	(min)		molecular
		(mg)	(molar ratio			weight
			vs			observed by
			extremity)			SEC
	FB115	200 (PDMS 4000)	14.8 (x7)	150 5	No	0%
	FB116	205.4 (PDMS 4000)	15.2 (x7)	150 5	100 l DMF 0%
	FB117	205 (PDMS 4000)	17.9 (x8)	150 5	200 l DMF 0%
	FB118	204.4 (PDMS 10000) 16.7 (x20)	150 5	No	0%
	FB119	207.7 (PDMS 10000) 18.8 (x22)	150 5	100 l DMF 0%
	FB120	201.3 (PDMS 10000) 15.2 (x18)	150 5	200 l DMF 0%

Table 28 : =CH 2 /CD ratio estimated by NMR 1H on several experiments containing stabilizers.

 28 

Table 29 : Results of the stable pure PR runs.

 29 

Table 30 : Gelification runs with V-65 as initiator

 30 Run 1 was carried out with a low methacrylation rate (1.2%). The product had a poor solubilization in DMF, and only a little amount of product solubilized (3.8% PR concentration in mass). The analysis of the precipitate shows an unexpected gelation before the addition of V-65, as exposed in previous chapter.

Scheme 68 : Darocur 1173 -Baiting mechanism

  

	Run	PR	Methacrylation	Initiator	%w Init/PR	Solvant	concentration mg/ l	Presence of stabilisant (Cupferron)
	11	FB124orgpx 5mg	2.6%	Darocur 1mg	20%	DMF 50 l	10%	yes
								Presence of
					%w		concentration	
	Run	PR	Methacrylation	Initiator		Solvant		stabilisant
					Init/PR		mg/ l	
								(Cupferron)
		FB124orgp		Darocur		DMF		
	12		2.6%		10%		25%	yes
		25mg		2,5mg		100 l		
		FB129orgp		Darocur		DMF		
	13		0.9%		10%		41%	yes
		82mg		8,2mg		200 l		

Table 32 : Gelation runs with a preliminary remove of the stabilizer

 32 

Table 33 : Gelation runs with an higher concentration of PR

 33 

PDMS-PR end capped Pyrene

  

							OH	(18)		OH	(18)						
		CH 2	4	O	O	CH 2	Si O	Si O	Si O	Si O	Si O	Si O	Si	CH 2	O	O	CH 2	4
		CH 2	3	CH 3			OH (8)		OH (8)				H 3 C	CH 2 3
												S i					
						N2						N					
						DMF / CHCl3									
												N					
											TMSI					
											Trimethylsilylimidazole	
											nTMSI = 6 nOH				
						OSi (18)										
	CH 2	4	O	O	CH 2	Si O	Si O	Si O	Si O	Si O	Si O	Si	CH 2	O	O			CH 2	4
	CH 2	3	CH 3				OSi						H 3 C		CH 2 3
							(8)									

Table 34 : Silylation reaction time effect following by NMR characterization

 34 

	Run	Reaction time Percent	of	silylated
			hydroxylCD evaluated by
			1 H-NMR	
	PR077f1	24 hours	65%	
	PR077f3	7 days	63%	

Table 35 : PR Microwave assisted functionalization -NMR Results presenting silylation and methacrylation ratio of the cyclodextrins

 35 H NMR analysis of PC11P1 and PC11P1bis in DMSOd6 clearly demonstrated the methacrylation of the Polyrotaxane. In contrary the silylation could not be directly quantified as the silylated CDs are not soluble in DMSOd6 NMR solvent. Nonetheless, the disappearance of a part of OH groups is clearly evidenced by NMR 1 H. The total yield modified CDs is calculated as 57% and the proportion of methacrylate moieties per OH is determined as being around 15%. The proportion of the silylated OHs is easily deduced and estimated at 42%.

		I -CD	I MA--CD 100% MA	PC11P1	%OH modified	%OH modified/ %MA	PC11P1 bis	%OH modified	%OH modified/ %MA
	H1	8	8	8			8		
	OH6	8	0	5.0283	37%	Total 57%	5.1517	35.60%	Total ??%
						OH			OH
	OH2 and 3	16	0	5.1582	67%	Modified			modified
	Ha		24	3.7537					??% MA
						13.5% MA			
	Hb		24	2.7626			2.833		11.8% MA
	CH2		48	6.6208		13.8% MA	6.0869		12.7% MA
	CH3		72	6.0684		8% MA	5.7378		7.9% MA
	CH3-Si			10.6855			9.7438		

1 of

Table 37 : Hydroquinone as stabilizer

 37 

			t=0	t=48h	t=5days	t=6days + heating 2h	t=7days + sonication 2h	evaporation under vacuum	lyophylizati on
	FB106org0	rapport CH2/CD	0,38	0,45	0,45	0,42	0,47	0,36	0,10
		rapport CD/dmso	1,00	0,97	0,89	0,88	0,86		
	FB106org1	rapport CH2/CD	0,42	0,43	0,43	0,45	0,47	0,35	0,12
		rapport CD/dmso	1,00	1,02	0,96	0,92	0,93		

Table 38 : Q1301 as stabilizer

 38 

Table 39 : Cuferron (Ammonium) as stabilizer

 39 

H NMR, FTIR, GPC, Wide-Angle X-ray diffraction (WAXRD) and TGA were used to characterize the polyrotaxane. GPC results are not shown in the paper. The GPC resultswould not be really needed to prove the presence of the polyrotaxane complex because of all the characterizations already shown; but it could be interesting in order to see the purity which cannot be deduced from previous analyses.
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TECHNIQUES AND DEVICES

The reaction is schematized in the following schemes. In some cases, the raw products of synthesis were not analysed before a first step of purification, in order to avoid the degradation of the SEC column. In these cases, the different syntheses were compared at the same step of purification.

The estimation of the percentage of PR was made by comparing the relative areas observed by RI. It is the easiest way to compare polyrotaxane runs the more efficiently.

Experiments made with LiBr salts led to an overlay of the RIs observed on chromatograms by SEC. In these cases, the comparison was made with the mass yield, which is not accurate, but still permits the comparison between the runs.

General Experimental Conditions

The functionalization protocol explored in the previous chapter (6-p99) permits to prove the feasibility of the chain ends radical reaction on PDMS. However, the reaction protocol applied on PDMS could not be applied directly to the pseudopolyrotaxane because of the differences of solubility.

The chain end termination by radical course protocol applied on PDMS-based pseudoPR is similar to the optimized protocol used to synthesize the PEO-based Polyrotaxane 90 .

Scheme 43 : effects of the saturation of the media However, always seeking for improvements, we managed to make some additional experiments.

The saturated reaction medium could slow down the reaction process, so we tested two conditions.

-FB58, where we diluted the medium two times instead of five, in order to use less solvent to limit the amount of CDs saturating the medium.

-FB57 and FB61 which had respectively their time reaction increased to 12 and 24 hours instead of 1 hour, to permit the synthesis to occur more efficiently.

The crude products are then analyzed by SEC.

limitation for the reactivity of its chain ends, and needed the addition of a co-solvent.

Inevitably, the addition of a good solvent of PDMS increased the dethreading of the cyclodextrins from the pseudoPR during the functionalization by the bulky groups. The equilibrium of dethreading was mainly solved by the saturation of the medium with CD/pyrene complexes. The ratio of dethreading could be controlled by the variation of the medium saturation.

The protocol synthesis was optimized. The free CDs, Pyrene and reactants residues have still to be eliminated in order to obtain pure polyrotaxane and finally characterize the product.

Scheme 46 : Purification paths explored for polyrotaxane FB6P3 The LiBr salts are used to break hydrogens bonds. This technique was already tested in first rinsing processes to permit the elimination of the free CDs by water rinsing.

This process seems more efficient than with H 2 O alone, and the solubility of the freeCDs increased (as described in Scheme 48).

To remove PDMS and PBS residues which could trap free CDs, we made a preliminary rinsing with diethyl ether.

Scheme 48: Schematization polyrotaxane FB7 purifying steps

As expected, water treatment followed by Et 2 O treatment allowed the removal of a part of free CDs, PBS and PDMS residues, respectively, according to NMR. Finally free CDs were removed using LiBr treatment.

Since LiBr was perturbating SEC analysis, free CDs presence was evaluated according to mass yield and NMR analysis of the filtrate. The more the product was soluble, the more the elimination of free CDs was evaluated to be efficient.

The order of the washing steps seems to be very important, and to compare this order we realized the same treatment in 2 different orders on the same polyrotaxane (FB10) as described below.

8.2.2.

Purifying polyrotaxane with Et2O and H2O LiBr 0.1M

A schematization of the purification step is described on Scheme 49. Stirring was performed for 12h. In this case, the pseudopolyrotaxane did not precipitate.

MICROWAVE

The solvent was then evaporated under vacuum (Figure 34). The pseudopolyrotaxane was stocked under inert gas at low temperature.

The complex did not precipitate and so, the complex could not be isolated from free components. Usually, the NMR characterization of filtrated pseudopolyrotaxane takes The reactions made with 5 times more blocking agent than NH 2 functions (molar)

showed a lower yield than the ones made with 15 times the number of blocking agent. The proportion of bulky group used is very important when the reaction takes place in bulk because of the lack of accessibility between reactants.

The reactions in bulk present a higher quantity of PR than the runs with solvent.

The bulk reaction has the advantage to limit dethreading, mostly present in runs made with solvent which showed a lower yield.

The results obtained permits to demonstrate a higher efficiency of the FITC versus TITC as blocking agent, even if the FITC is a molecule more complex than TITC and solid at the temperature of reaction. The reactivity of FITC with amine functions seems to be higher than TITC.

MALDI TOF characterization has been managed on several runs.

In the FB131 and FB132, the characterization showed cyclodextrin and glucopyranosyls units.

The presences of FITC or TITC limit desorption of the Polyrotaxane entities. Indeed, the FITC and the TITC have a higher absorbance than the matrix usually used to desorb the polyrotaxane. This phenomenon implies that the laser sends the energy to the molecule instead of the matrix, and leads to the degradation of the molecule.

APPLICATIONS FOR POLYROTAXANES

Scheme 60: Silylation of FB37, reactional protocol and purification steps.

NMR characterization showed that the modified polyrotaxane (named FB37orgBf) is present in the DMF phase which also contained modified free CDs. In this case, the CDs and polyrotaxanes were totally modified and were found in the same solvent. It seems that this polyrotaxane was more accessible by the TMSI probably due to the lower number of CDs borne by the polyrotaxane (in FB37). All hydroxyl groups were functionalized and the polyrotaxane could not be isolated from free CDs.

The solubility of the modified polyrotaxane depends on the proportion of OH that are actually modified and on the number of CDs present on the macromolecular necklace.

However, this technique is efficient to silylate polyrotaxane, even if the goal of purification is not yet reached. The presence of methacrylate functions has been reduced since the purification process (down to 1.2%) as for silylation (down to 70%). The loss of methacrylation happened because of methacrylate coupling (partial gelation). The effect of desilylation is usally observed after drying process.

However, the SEC characterization do not show any CD signals. Taking into account the desilylation (70% of silylation left), if there were free CDs, they should be observed: in our case, this proves the presence of pure modified polyrotaxane. FB92orgp contains 500mg of pure polyrotaxane.

To obtain a higher ratio of methacrylation, another polyrotaxane modification was carried out with more IEM (0.52ml instead of 0.26ml) following the protocol described in Scheme 32 (p71). This run was named FB105.

During the purification process, the obtained precipitate was not able to be dissolved again. This observation led to the conclusion that the product was prematurely totally gelified.

The methacrylate function grafted on the cyclodextrin are not stable and can interact with each other without control. In order to limit this effect, a stabilizer had to be used.

11.3.4.

Stabilization of methacrylates 11.3.4.1.

Self reaction of methacrylate functions

The interest of a stable product is to permit to stock modified PR, and preventing the evolution of the methacrylate functions in order to control the number of methacrylate functions on the product. In fact, the aim is to control the crosslinking sites.

Furthermore, the study of gelification had to be managed at Menicon laboratories (based in Japan) and the stability of methacrylate functions during the flight was necessary.

At this stage, we had to find out how the degradation of the methacrylates takes place.

We set an experiment where the bulk product underwent through different treatments just after the modification path.

The sample was left in solution during a few days (5 days), and then heated (at 60°C for 2 hours). A sonication has been made (at 60°C for 2 hours). The product was then dryied under vacuum (around 10 -1 , 10 -2 mbar), followed by a hard drying (lyophilisation with pressure around 10 -4 mbar). Each sample contains pure stabilized modified PR which methacrylation rate is presented in Table 31.

Run 3 to 5 used different amounts of initiator, just as Runs 6 to 8 but with an higher concentration. Run 9 to 11 were managed with another PR which presented an higher rate of methacrylation. The gelation did not occur whatever the run. The viscosity changed in most cases (where the concentration is higher) but not enough to form a gel. The analysis of the product shows a disappearance of the methacrylate peaks.

The presence of Cupferron as stabilizer could disturb the gelation. In order to demonstrate this point, another experiment was carried out.

In Run 11, the PR is rinsed beforehand with acetonitrile in order to remove cupferron.

The product obtained is then dried and DMF is then added to solubilize it back. The solubilization seems not to be entirely efficient because the solution is not clearly translucent as it was before the removal of the stabilizer. Initiator however then added.

CONCLUSION APPENDIXES 1 FUNCTIONALIZATION OF PDMS (FB2 RUN) AND VERIFICATION OF THE CH 2 CL 2 PHASE

Functionalization and extraction of functionalized PDMS by PBS -FB2

FB2FF3 and FB2FF2 NMR results in CDCl 3

PURIFICATION BY SUCCESSION OF RINSING

Purification steps applied to FB15 with FB17 (Current flask) compared with FB21 with FB22( PFA flask)

FB15 and FB17 have been prepared respectively from pseudopolyrotaxane isolated by lyophilization (FB8) and filtration (FB14P). FB21 and FB22 have been prepared respectively from pseudopolyrotaxane isolated by lyophilization (FB19) and filtration (FB20). Pseudopolyrotaxane used to make FB15 and FB17 have been prepared

in glassware flask when Pseudopolyrotaxane used to get FB21 and FB22 were obtained in Teflon flasks.

Purification steps applied to two different series called respectively series 1 and series 2

To follow the optimization of polyrotaxane synthesis, series of polyrotaxane syntheses are purified using same protocol.

The first series demonstrate the effect of acetone as co-solvent.

. This new modification of non purified polyrotaxane based on PDMS and -cyclodextrins can be a purification way when the silylation rate is low. In addition, the reaction time could be optimized to control the remaining number of hydroxyl functions and further define the hydrogel properties.

CHARACTERIZATION OF MAUS PDMS

260

MAUS POLYROTAXANE PURIFICATION

As details in previous appendix, the MAUS polyrotaxane purification was done using the same method as the second series called here method B. These results are compared to FB29 obtained in the same conditions (chromatogram below). In the same time, a new method of purification is tested (called here Method A) which is shorter in time but not better. 

MICROWAVES CHROMATOGRAMS WITH TITC AND FLUORESCEIN

FITC and TITC were used as bulky groups in experiments managed with microwave device.

The FITC and the TITC show in SEC high molecular weights, with peaks at around the same molecular weight than the polyrotaxane. It was verified that the high molecular weight are not due to aggregates because SEC analyses show the same profile whatever the temperature or the presence of LiBr salts (0.1 M). The quantification of polyrotaxane (the yield calculation) requires the exact amount of bulky group added to subtract its signal from the high molecular weights. 

METHACRYLATION AND SILYLATION EVOLUTION WITH STABILIZERS

The product (FB106org0) was characterized between the different steps by NMR 1 H. We could compare the quantity of CDs, methacrylates =CH 2 and DMSO. Among 5 days, the ratio CD/DMSO has a slight decrease from 1.00 to 0.86, confirming the precipitation of 14% of the CDs (free or borne on PR).

The ratio CH 2 /DMSO is chaotic because of the slight evaporation of the DMSO during the experiment process. Although, a slight increase is observed, indicating a concentration of the methacrylate functions during the first 5 days, and under heating and sonication processes.

The ratio CH 2 /CD has a slight increase during the first 7 days (heating and the sonication included). This phenomenon is due of the precipitation of some polyrotaxanes because of the coupling reaction between polyrotaxanes, schematized in Scheme 73.