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Introduction générale & résumé des chapitres en langue française

Le développement durable a longtemps été considéré comme une mode ou une idée abstraite. Cependant, au fil des dernières décennies, cet enjeu s'est révélé être l'un des plus importants si ce n'est le plus important défi du XXI ème siècle. En effet, de nombreuses études ont prouvé la capacité scientifique à mesurer l'impact négatif des activités humaines sur l'environnement, et ce, à travers la production de gaz à effet de serre notamment: la Figure (.0) issue du rapport du Groupe d'experts Intergouvernemental sur l'Evolution du Climat 1 (GIEC, IPCC en anglais) montre par exemple que le secteur du bâtiment est responsable de près de 20% (18,4% exactement) des émissions de gaz à effet de serre dans le monde sur un total de 49 (± 4,5) gigatonnes d'équivalent CO 2 par an (Gt éq CO2/an) en 2010. Un grand nombre de gouvernements et d'entreprises dans le monde entier sont aujourd'hui concernés [START_REF]Climate Change 2013: Fifth Assessment Report[END_REF]2 et certains s'accordent pour mettre en place des mesures contraignantes 3 ou développer des technologies innovantes permettant de répondre à ces problématiques: c'est le cas de Saint-Gobain et sa filiale Isover 4 . Saint-Gobain est l'une des plus anciennes sociétés françaises: fondée en 1665 par Jean-Baptiste Colbert, ministre de Louis XIV, la "Compagnie royale des glaces" devenue Saint-Gobain représente aujourd'hui 179000 employés à travers 67 pays dans le monde. Il y a quelques années, le groupe a structuré sa stratégie autour de l'Habitat durable. Saint-Gobain apporte à travers ses nombreuses filiales des solutions innovantes respectueuses de l'environnement. L'une d'elles, Isover, propose une gamme large de produits d'isolation principalement phonique et thermique comprenant les laines de verre. Les laines de verre contribuent efficacement à la diminution de la consommation d'énergie dans les structures habitées car elles constituent de très bons isolants. D'autre part, les problématiques environnementales et normes de qualité de l'air ont favorisé le passage aux technologies "vertes" dans le cas des laines de verre. En effet, Isover a développé une nouvelle "colle" (le composé macromoléculaire organique permettant de maintenir les fibres de verre de la laine les unes avec les autres est aussi appelé liant, ou encore "binder" en anglais) qui offre des réponses concrètes aux enjeux de développement durable : ce liant est biosourcé (issu de produits de la biomasse) et à faible émission de formaldéhyde (production de formaldéhyde < 10 µg.m 3 sur produit fini: classé A+ dans le cadre des étiquetages sanitaires pour les produits de construction destinés à un usage intérieur). Ce nouveau liant est appelé en interne GB4 pour "Liant vert (Green Binder en anglais) de 4 ème génération". Les laines de verre comprenant ce liant se caractérisent par des performances thermiques et acoustiques identiques à celles produites à partir de liants formo-phénoliques pétro-sourcés. Le liant apporte aussi un confort de pose de la laine plus important pour l'opérateur. Enfin, ces nouvelles laines sont produites et distribuées en France depuis 2017 5 . aujourd'hui encore sur cette laine de verre GB4 afin d'améliorer les propriétés de ce produit et en particulier la résistance au vieillissement humide. En effet, des études internes ont montré quelques points à améliorer notamment en ce qui concerne la mécanique du produit biosourcé dans certaines conditions de stockage parfois extrêmes alors que l'ancienne gamme de laine de verre produite à partir de liants formo-phénoliques n'en présentait pas à ce niveau. Dans ce contexte, le but ultime de cette thèse a été d'identifier les origines de ces défauts macroscopiques en sondant la structure chimique macromoléculaire du liant, qui, il faut le rappeler, joue un rôle clef dans la mécanique du matelas de laine de verre.

Pour définir le cadre de l'étude, l'analyse du procédé de fabrication de la laine de verre (appelé "TEL") a été menée. Elle a permis de mettre en évidence que la cuisson du produit, réalisée dans un four à convection d'air vers 215 °C pendant un temps de l'ordre de la vingtaine de minutes maximum, est une étape déterminante influant sur la réticulation du liant et donc sa structure finale. En effet la réaction des deux principaux constituants du GB4, l'acide citrique (un polyacide carboxylique) et le maltitol (un polyol) est censée conduire à un polyester thermodurcissable. Cette étude a pour but: de vérifier que les conditions particulières de cette réaction conduisent bien à la formation de ce réseau, de connaître les structures occasionnées lors de la formation de ce réseau, d'avoir connaissance de l'impact du "catalyseur" (hypophosphite de sodium, HPS, ou SHP en anglais) sur celleci, de connaître la nature et les proportions relatives en fonctions résiduelles dans le réseau.

De cette façon, le projet de thèse s'est rapidement construit autour d'une méthode visant à comprendre la formation du réseau et les différents phénomènes chimiques en jeu pendant ce procédé. Une méthodologie a été établie, elle se divise en 3 axes: la stabilité des réactifs de départ, leur réactivité mais aussi celle de leurs dérivés à travers un certain nombre de réactions modèles et enfin la comparaison de ces résultats avec l'étude du système GB4 complet dans les mêmes conditions. Ainsi, à travers cette étude, plusieurs approches ont été développées: elles représentent des voies à approfondir, des idées à creuser qui, selon l'intérêt porté par Saint-Gobain, pourront déboucher sur des optimisations plus pertinentes des formulations ou du procédé. En effet, les analyses qui suivront dans ce manuscrit répondent à un certain nombre d'interrogations que Saint-Gobain s'est posé sur son liant mais aussi et surtout elles posent d'autres questions, témoignage d'un nouvel éclairage sur le sujet qui permettra sans doute d'optimiser plus sereinement ce matériau.

Ce manuscrit, rédigé en anglais, s'articule lui en six chapitres, dont un chapitre introductif, faisant l'état de l'art de la laine de verre Saint-Gobain et des polyesters thermodurcissables biosourcés d'intérêt dans la littérature; quatre chapitres quant à eux présentent les résultats des travaux réalisés pendant cette thèse et enfin un dernier chapitre détaille les conditions expérimentales ayant permis d'aboutir aux résultats présentés. Un résumé en français de chaque chapitre de thèse anglophone est exigé par l'école doctorale EDA 034; voici donc un résumé du contenu de chacun d'eux.

Chapitre I -"Contexte et État de l'art"

Le premier chapitre de ce manuscrit reprend de manière détaillée les éléments de contexte abordés dans l'introduction précédente. L'idée est tout d'abord de présenter la laine de verre Saint-Gobain Isover, sa fabrication, ses propriétés mais aussi et surtout sa composition qui a varié ces dernières années suite au développement de liants biosourcés (GB4). Ensuite, une partie intermédiaire s'attarde sur quelques définitions importantes concernant les polymères et notamment les polyesters thermodurcissables puisque le liant GB4 appartient à cette catégorie a priori. Enfin, une dernière partie détaille les travaux existants dans la littérature sur les polymères thermodurcissables polyesters biosourcés et notamment ceux contenant de l'acide citrique ou du maltitol (les deux principaux constituants du GB4). En conclusion, ce chapitre illustre l'intérêt des travaux présentés dans les prochains chapitres au regard du contexte industriel et académique.

Chapitre II -"Étude préliminaire du point de gel"

Le chapitre II est construit en deux parties. La première partie introduit la théorie de la formation d'un gel pour un polyester thermodurcissable en insistant bien sur l'importance des fonctionnalités effectives des monomères du mélange réactionnel pour obtenir un réseau 3D. Cette étude se base sur les hypothèses et démonstrations du modèle de Macosko et Miller. La deuxième partie s'attache à démontrer combien l'étude expérimentale directe de la formation du gel dans le cadre de la synthèse du GB4 s'avère délicate. Elle souligne aussi la difficulté à obtenir des informations structurales précises et complètes sur un système qui se décompose en une partie soluble (sol) et une partie insoluble (gel): l'enquête structurale se concluant souvent comme un puzzle où manqueraient certaines pièces. Malgré cela, un certain nombre d'informations a pu être récolté à propos de l'effet du catalyseur (HPS) et de sa concentration sur la formation du gel et sur sa solubilité.

Chapitre III -"Stabilité & dégradation des matériaux de départ"

Dans ce troisième chapitre, la stabilité des réactifs de départ (acide citrique, maltitol mais aussi hypophosphite de sodium, le catalyseur de la réaction d'estérification) a été sondée devant l'extrême sévérité des conditions qu'ils subissent pendant l'étape de "cuisson" du liant. En effet, les fibres de verre, enduites du liant passant dans un four à 215°C pendant 20 minutes, il a été suspecté que les matériaux de départ subissent quelques dénaturations structurales pendant cette étape. Un panel de méthodes analytiques, constitué majoritairement de techniques spectroscopiques, a été mis en place afin de connaître précisément la nature et l'ampleur de ces changements et des phénomènes leur étant liés. Les molécules décrites précédemment ont donc été étudiées séparément et l'influence de la présence du catalyseur a été questionnée. L'acide citrique a été identifié comme présentant les plus importantes dénaturations notamment en présence de catalyseur alors que les deux autres molécules se sont globalement montrées stables dans ces conditions. Cette étude a généré de nombreuses questions notamment au regard des considérations théoriques du chapitre précédent.

Chapitre IV -"Réactivité du GB4"

Dans ce chapitre, divisé en deux parties, la réactivité de plusieurs molécules réactives présentes dans le GB4 ou représentatives de ces dernières considérées comme modèles, est discutée. Premièrement, une approche probabiliste mettant en jeu données de la littérature, a permis de remonter à des distributions de structures esters de l'acide citrique. Ensuite, une série de systèmes réactifs composés d'acide citrique et de propanediol (un diol modèle supportant les conditions extrêmes du GB4) a été étudiée sous l'angle de la faisabilité de la formation d'un gel. Les mesures expérimentales ont pu être vérifiées, validées et valorisées de manière annexe mais néanmoins intéressante dans l'étude de la réactivité des produits de dégradation de l'acide citrique identifiés dans le chapitre précédent. Dans une seconde partie, la réactivité de l'hypophosphite de sodium a été testée à travers l'étude de l'évolution de sa structure dans plusieurs cas: en présence d'acide citrique, de molécules imitant ses produits de dégradation, en présence de maltitol ou de propanediol. Ces deux derniers cas ont pu démontrer l'existence de greffages de l'hypophosphite de sodium sur le maltitol dans les conditions du procédé Isover.

Chapitre V -"Une étude du GB4 inspirée des précédents chapitres"

Dans ce dernier chapitre de résultats, l'accent est mis sur la comparaison des analyses et interprétations découlant des chapitres précédents avec celles effectuées sur la laine de verre GB4 directement ou avec certains matériaux modèles (tissus de verres, "mousses" de GB4). Pour cela, les méthodes développées dans les chapitres précédents ont dû être adaptées aux composites et matériaux sus-nommés de façon à pouvoir en tirer le plus d'informations possibles: des techniques de lixiviation ont été utilisées pour les composites alors qu'une simple extraction par voie solvant suffit pour les mousses de GB4. Les techniques d'analyses ont servi l'étude de l'évolution de la structure du HPS (SHP en anglais) mais aussi de l'acide citrique et plus anecdotiquement du maltitol au cours de la formation du liant GB4 dans les différents matériaux utilisés. Ce chapitre a donc permis de conclure sur le niveau de probabilité des hypothèses formulées dans chacun des chapitres précédents et de proposer un schéma bilan pour la structure macromoléculaire du liant GB4.

"Section expérimentale"

Ce dernier chapitre n'est pas numéroté et est situé après la conclusion générale: l'ensemble des protocoles et méthodes expérimentales ainsi que les différentes analyses y sont présentées de manière précise. Les produits utilisés, les matériaux de départ ainsi que l'ensemble des échantillons produits sont référencés dans ce chapitre. Ainsi dans ces travaux, des réactions modèles en ballon, en coupelle ont été mises en place ainsi qu'un protocole d'extraction de solubles d'un thermodurcissable en formation pour le point de gel. De nombreuses méthodes spectroscopiques ont été utilisées: la spectroscopie infrarouge FTIR en absorbance ou en analyse de gaz en transmittance (quantitative) dans le cadre d'un couplage en analyse thermogravimétrique (ATG, ou TGA en anglais), la spectroscopie de Résonance Magnétique Nucléaire (RMN) du proton, du carbone, du phosphore couplées et découplées ainsi que des techniques en deux dimensions en solution ont été réalisées afin de définir de manière complète et précise la structure des molécules étudiées. Des analyses thermogravimétriques (TGA) couplées IR ainsi que des analyses de thermodésorption couplées chromatographie en phase gazeuse elle-même couplée à un détecteur de spectrométrie de masse (GC-MS), et enfin plus succinctement l'XPS (Spectroscopie de Photoémission des rayons X) sont aussi présentées.

Introduction

Sustainability is often considered a trend even if it is one of the main if not the most important concern of humanity for the XXI th century and after. Actually, studies have already shown the ability of science to measure the reality of negative impact of human activities on earth and its global warming. The role of science should consists of development of innovative solutions to limit this negative impact. This can be achieved by reducing housing energy consumption for instance (it reprensents 12% of CO 2 anthropic emissions as presented in Figure .0): that is one of the aim of Saint-Gobain.

Saint-Gobain is one of the oldest French companies. Established in 1665 by Jean-Baptiste Colbert, minister of Louis XIV, this company is nowadays present in 67 countries with more than 179 000 employees and comprises a lot of different companies: Glass, Weber, Isover... The group has built its strategy around the sustainable habitat and provides through its entities a range of solutions for buildings that are comfortable, more energy efficient, earth-friendly and more pleasant to live every day. Isover is one of the Saint-Gobain companies which designs and produces a wide application-range of insulating materials comprising of course biobased glasswools.

The aim of this chapter is to introduce the context and challenges of this thesis work. To do so, a first part will be dedicated to a presentation of Isover biobased glasswool. Its composition and manufacturing process will be detailed as well as current challenges. In a second part, thermosetting polymers and polyesters definitions will be introduced. Finally, a short review of Isover biobased glasswool raw materials uses in literature will be presented; its role is to make an overview of previous work done on comparable materials.

Glasswool & green binders 2.1 Glasswool: a basic definition

Isover glasswool is a material mainly constituted of glass and air, the latter corresponding to more than 95% of the total volume. Indeed, manufactured through the melting and fiberizing of natural raw materials like sand, volcanic rock and recycled glass, final products are glassmats (usually stored as a roll and used as a panel as shown inFigure I.1), trapping air into their glass fibers entanglements. Thanks to its original structure, glasswool shows interesting acoustic and thermal properties: motionless air will act like a powerful thermal insulator while elastic structure of fibers allows better absorbing acoustic "air-born" noise (born and propagating through the air: e.g. voices, music, etc.) and "impact-born" noises (coming from a contact with the building structure: e.g. footsteps, object dropping, door slaming, etc.). Finally as a material for building, it must respect environmental standards, indoor air quality and fire regulations 4,[START_REF]D Chapter IV appendices: "Reactivity" D.1 Model reactions involving CA & mPEG-OH[END_REF] . Glasswool" is here defined to be the material and "glassmat" or "glasswool panel" the final product.

Glasswool production: composition & process

The glass manufacturing industry has lived a technical and industrial revolution since the early XX th century 7 . In Saint-Gobain, glasswool has been produced since the 1930's: at that time, manufacturing processes were evolving quickly and Saint-Gobain has waited the second world war to develop his own process. This process, developed by a young engineer Pierre Heymes between 1945 and 1950, is based on centrifugal force and the action of a jet of hot gas to fiberize glass. The name of this process is "TEL": in fact, at the beginning, a first machine was invented during the second world war and it was called the LET machine which took the initials of the "Laboratoire d'Etudes Thermiques" where process developments took place. Unfortunately, this machine was not working well and the idea of turning the spinner over allowed a new centrifugal fiber producing machine to be developed: the LET machine was turned into TEL by a physical, as well as an acronymic, reversal. Nowadays the full production line can be simply described by Figure I.2 [START_REF]D Chapter IV appendices: "Reactivity" D.1 Model reactions involving CA & mPEG-OH[END_REF] in several steps which will be detailed below. 

Glass composition (step 1)

Glass used in glasswool is mainly made of sand, soda-ash, limestone and recycled glasses from home and industrial waste. This recycled glass is called "calcin" (as shown in 

Glass melting (step 2)

Melting of the raw materials mixture is obtained at a temperature exceeding 1400 °C, usually in an electrical furnace. Indeed, melted glass is an electrical conductor while "cold" glass is an insulator. A glass furnace has thus to be always warm in order to avoid irreversible damages. Then, through a feeder, the glass flows to the fiberizing machine as shown in 

Fiberizing, binder spraying (step 3) & binder composition

Fiberizing. When flowing so, the glass reaches the required temperature to be converted into fibers. The main part of the TEL fiberizing machine is the centrifugal spinner rotating around a vertical axis. The band of this spinner is made of refractory steel and is drilled with a distribution of holes of about 1 mm diameter each. 100% of the glass is centrifugally pushed through these holes and divided into a multiplicity of primary streams. A strong jet of hot gases realises then the final "stretching" of the fibers. is also sprayed automatically on the fibers by spray nozzles distributed around a belt just below the spinner. This process step is presented in Figure I. 6. The binder formulation is prepared in a separated chemical formulation room. The binder being sprayed, it has to be diluted in a solvent, water (which represents 95wt% of the formulation). Due to the high temperature of fibers during this step, water evaporates after this step.

Binder spraying & binder composition. A binder (see composition in

In fact, the organic binder is one key element in mineral wool since it enables to hold together glass fibers in order to form an insulation product displaying required mechanical and thermal properties. It represents 5wt% of the total mass and is composed of several organic molecules refered as an organic resin but also additives (catalysts, process additives or final properties improving agents...). The organic resin is called a "structural agent" since its structure gives the maintaining properties to the binder and thus to the final material. This resin represents almost 80 wt% of the binder formulation. 

Forming & curing (step 4)

The obtained material forms then a kind of blanket (shown Figure I.7) which is taken on a conveyor belt to a curing oven where the material composed of resin-impregnated fibers are cured at high temperatures for several minutes: the chemical reaction between resin components is hypothetized to occur here. According to product types and density, classic curing conditions are the following: 215 °C during 20 minutes. Thess curing conditions are key for the understanding of this thesis issues. During this step, the product gets its final aspect, mechanics and color (given by the binder). 

Cutting (step 5)

Just after the oven, circular saws (or high pressure water jets depending on the plant) split the blanket according to its final dimensions. The final product aspect varies from rolls to panels according to the end-use application. It is to be noted that all the off-cuts are reinserted into the production process.

The belt then transports the blanket to a gluing station where it can receive specific facing depending on the final application: a vapour barrier facing paper, aluminium, bonded mat, or even a PVC coating.

Packaging (step 6) & storage (step 7)

The end of the line is generally equipped with a rooling machine for mats as shown in Figure I.8 (or a stacking machine for boards) which compresses the glasswool to up to a tenth of its volume, considerably reducing transport and storage expenses, energy and carbon cost but also wastes on plant sites. This also means that the glasswool panel shall show very good mechanical properties to recover its original shape after storage.

Units are finally gathered on pallets of 36 rolls improving efficiency of logistics operations: pallets are finally stored in indoor or outdoor sheds awaiting to be used. 

Biobased binders for glasswool 2.3.1 The green binder story in Saint-Gobain

As a worldwide leader in insulation products, Saint-Gobain Isover is fully involved in the development of new solutions answering nowadays society challenges in terms of sustainability. A successful example is the development and industrialization of mineral wools (glasswool and rockwool essentially) manufactured with new generations of "Green Binders" in order to propose more environment-friendly products allowing good indoor air quality, while maintaining process ability, final products mechanical and thermal performances at a comparative cost. Indeed, the idea of developing a sustainable binder for glasswool was born in the middle of the 2000's in order to replace historical formaldehydebased ones and a project effectively started in 2007 to do so. Two criteria were particularly important in the specification for the future binder: (i) it should not negatively impact indoor air quality and (ii) take its origins from renewable and widely available resources. Several technologies have been screened and sugar-based materials have been selected, developed, patented 8-10 and optimized [START_REF] Chenal | GB 4 Optimization: 2013 Key Results[END_REF][START_REF] Chenal | GB 4 Optimization: 2016 Key Results[END_REF] .Commercial products have been launched since 2015 in some countries around the world and the last generation of products made with the GB4 binder have an ivory white good looking aspect as shown in Figure I.9. 

Organic resin in GB4 formulation

Concerning Isover glasswool, the currently used binder is called GB4 standing for "Green Binder of the 4 th generation". Its chemical organic resin (see full formulation Table I.1) is composed of two main monomers: maltitol syrup (48 weight parts) and citric acid (52 weight parts). One catalyst is used to reach the good level of curing (matching with targeted final properties) in the TEL process window: sodium hypophosphite as known as SHP (5 weight parts). A summary of raw materials structure and properties is shown in Table I.2. 

Maltitol chemical & physical properties

Maltitol, or 4-O-α-glucopyranosyl-D-sorbitol (C 12 H 24 O 11 ), is a sugary alcohol very well known in the food industry and produced from corn or tapioca starch. Indeed maltitol is usually considered a bulk sweetener and has been used to replace sugars in food for at least 25 years in the US, Europe and Japan because of its interesting tasting properties [START_REF] O'donnell | Sweetener and Sugar Alternatives in Food Technology[END_REF][START_REF] Mitsuhashi | US3741776: Process for prerparing food and drinks[END_REF][START_REF] Toufeili | Synthesis and taste properties of maltose and maltitol analogues[END_REF] . It has also been used to synthesize biodegradable polymers [START_REF] Heesen | Method for the preparation of esters of polyalcohols[END_REF][START_REF] Bruggeman | Biodegradable poly(polyol sebacate) polymers[END_REF][START_REF] Bettinger | Synthetic biodegradable elastomers for drug delivery and tissue engineering[END_REF][START_REF] Auvergne | Biobased thermosetting epoxy: Present and future[END_REF] .

Maltitol is manufactured by the catalytic hydrogenation of either maltose or its syrups in which the free reducing aldehyde groups on the maltose are converted into less reactive alcohols. The typical reaction for the syrup is shown 

Citric acid chemical & physical properties

Citric acid, 2-hydroxy-1,2,3-propanetricarboxylic acid (C 6 H 8 O 7 ), is a well described, inexpensive, widely-used, non-toxic tricarboxylic and biodegradable acid which is found naturally in plethora of fruits comprising of course lemon (from citrum in latin). This natural abundance may be explained by its role in different chemical and biological natural processes such as the Krebs cycle permitting the oxidation of sugars, fatty and amino acids to carbon dioxide and water, in order to release energy for physiological functions [START_REF] Verhoff | Citric Acid. Ullmann's Encyclopedia of Industrial Chemistry[END_REF][START_REF] Meléndez-Hevia | The puzzle of the Krebs citric acid cycle: assembling the pieces of chemically feasible reactions, and opportunism in the design of metabolic pathways during evolution[END_REF] .

In the origins, citric acid was isolated from unripe fruits mixed with lime (CaO). Nowadays, and from the 1930's it has been economically more interesting to synthesize it by a fermentation of sugar using microorganisms like Aspergillus niger or other funguses even if it is possible of course to synthesize by various classical methods that are known in organic chemisty (starting from acetone or glycerol for example) [START_REF] Verhoff | Citric Acid. Ullmann's Encyclopedia of Industrial Chemistry[END_REF] . Citric acid is nowadays well known in industry : widely used as acidifier, flavoring, chelating and anti-oxydizing agent in the food industry [START_REF]Citric Acid[END_REF] , citric acid has been found useful in textile application to improve the performance properties of cellulose and proteins [START_REF] Yang | Formation of Cyclic Anhydride Intermediates and Esterification of Cotton Cellulose by Multifunctional Carboxylic Acids: An Infrared Spectroscopy Study[END_REF][START_REF] Yao | Durable Press Finishing of Cotton Fabrics with Citric Acid: Enhancement of Whiteness and Wrinkle Recovery by Polyol Extenders[END_REF] but also in biodegradable elastomers for medical applications [START_REF] Bettinger | Synthetic biodegradable elastomers for drug delivery and tissue engineering[END_REF][START_REF] Yang | Novel Citric Acid-Based Biodegradable Elastomers for Tissue Engineering[END_REF][START_REF] Tran | Recent developments on citric acid derived biodegradable elastomers[END_REF] : these two last applications will be developed in section 4 of this chapter.

SHP chemical & physical properties

Sodium hypophosphite (NaH 2 PO 2 ) is a phosphorus derived salt related to the Hypophosphorous acid (H 3 PO 2 ): this acid/base couple is characterized by a pKa of 1.2.

As a phosphorous derivative, it is known for its high reactivity and is thus used in various ranges of synthetical applications 29 : its structure favors complexation and that is especially why it is mostly used to reduce metal salts and inorganic compounds but also organic molecules. It can also be used as an intermediate for the synthesis of phosphorous precursors, in the metal reduction chemical industry. But it has been cited to be used as a whitening agent (due to its reducing properties) [START_REF] Guyon | Synthetic applications of hypophosphite derivatives in reduction[END_REF] , polycarboxylic acids cellulose crosslinking catalyst [START_REF] Yang | Cross-linking cotton cellulose by the combination of maleic acid and sodium hypophosphite. 1. Fabrick Wrinkles Resistance[END_REF] (also wood [START_REF] Feng | Esterification of wood with citric acid: The catalytic effects of sodium hypophosphite (SHP)[END_REF] ) and flame retardant (in combination with polyamino carboxylic acids) in the textile industry [START_REF] Dehabadi | Durable press finishing of cotton fabrics: An overview[END_REF] or even as a bacterial growth inhibitor [START_REF] Vukušić | Cotton textiles modified with citric acid as efficient anti-bacterial agent for prevention of nosocomial infections[END_REF] .

Looking like transparent white crystals at room temperature, SHP melts at 90 °C in standard conditions and is highly hygroscopic as well as easily soluble in water. It is moreover often used as the monohydrated compound NaPO 2 H 2 • H 2 O, which is the case here in this study.

Glasswool properties & remaining challenges for

GB4 glasswool

Thermal conductivity

As mentionned previously, glasswool is a good thermal insulator and is thus a material of choice to insulate walls, ceilings or floors in industrial or tertiary buildings. To quantify the performance of a thermal insulator, its capacity to lower the heat propagation from one point to another is evaluated: this is called the thermal conductivity, λ in W.m -1 .K -1 . The lower the thermal conductivity, the higher the intrinseque insulating properties of the material. Moreover, the product thickness is also really important to consider for the material performances as shown in the following equation derived from transport phenomenon considerations (see demonstration in Appendice A.2, p.283) [START_REF] Gerl | Phénomènes de transport[END_REF] :

. Q= A.λ. ∆T ∆x = A.∆T R (2.1)
∆x (in meters) is the thickness of the insulator, .

Q is the amount of heat flowing per second through the constant surface of the sample with area A, ∆T the temperature difference between two extrema of the sample, and R the thermal resistance. From this simple equation, representing a "sample" of the insulator material, it can easily be concluded that the amount of heat will be lowered both by the thickness ∆x of the product and the intrinseque thermal conductivity λ of the given material.

To quantitatively characterize thermal properties of glasswool, let's have a look to values of λ for various materials (Figure I.11): the best insulator ever is of course vacuum, since no molecular movement is susceptible to transfer matter energy (there is no molecule to convey thermal energy). Then, the best insulator, based on matter, on earth is steady dry air at 10 °C with a λ of 0.025 W.m -1 .K -1 . Glasswool ranges of λ is between 0.030 and 0.045 W.m -1 .K -1 (depending on the final product aspect), which is quite close to air. In 10 years, Isover has developed glasswools with continuously increasing properties: nowadays, 16 cm thickness "lambda 32" (λ = 0.032 W.m -1 .K -1 ) shows the same properties as 20 cm thickness "lambda 40" glasswool (λ = 0.040 W.m -1 .K -1 ), which is highly interesting in terms of cost, energy and space saving 6 . 

Interesting new properties of GB4 glasswools

In addition to its thermal insulating properties and good global aspect, the GB4 binder confers to glasswool a new interesting property: formaldehyde emissions of the product are lower than 1 µg.m -3 which is in accordance with French and European regulation (low formaldehyde emissions in the final products are measured following standard NF EN 16516 [START_REF] Chenal | Binder Development Methodology for Isover[END_REF] ). Last but not least, the binder is biobased, meaning that both raw materials used in the resin come from renewable carbon resources called biomass [START_REF]What are bioplastics? Technical report[END_REF][START_REF]European Bioplastics & Institute for Bioplastics and Biocomposites. Report -bioplastic marked data 2017[END_REF] : GB4 glasswool is thus a more environment-friendly product.

Mechanical properties: a challenge for GB4 products

Glasswool needs to show strong mechanical properties [START_REF] Chenal | GB 4 Optimization: 2013 Key Results[END_REF][START_REF] Chenal | GB 4 Optimization: 2016 Key Results[END_REF] . Indeed, glasswool panels are stiff materials which are usually stored several months in rolls. During all this time the material is compressed, the fibers and the binder are stressed to finally be released when the glasswool panel is unwrapped in order to be placed in walls or roofs and this without loosing any of its original stiffness.

More quantitatively, the most important specification of glasswool is its ability to reach several mechanical properties assessed by an Isover precise metrology depending on the product type (density, thickness, etc.) [START_REF] Chenal | Binder Development Methodology for Isover[END_REF] . Here are summarized some of the measured properties are summarized in Appendice A.3, p.285.

In fact, even if the mechanical properties of the GB4 glasswool are in accordance with specifications after manufacturing, the products tend to age during storage for several weaks or months depending on multiple conditions (outside, inside, temperature, humidity) whereas the reference glasswools (formophenolic-based resins) are less impacted. In order to understand the behaviors differences between GB4 and formophenolic resin, studies have been launched and attributed the likely origins of this ageing to humidity.

Some results are shown Figure I.12. Indeed, one can observe clearly that GB4 is loosing its bending properties after several months or after normalized ageing tests. °C and 55 °C and variable relative humidity). NB: The lower value is, the better (the more rigid); an increase of d means that the material is loosing its bending properties. This parameter is used mainly to characterize high density products. Taken from Chenal et al. [START_REF] Chenal | GB 4 Optimization: 2016 Key Results[END_REF] .

Definition of the general aim of the study

To summarize, GB4 glasswool is still under optimization to answer nowaday's challenges: in this frame was born this PhD project. Weathering ageing of biobased glasswools represent an issue for Isover and raises several questions: what could be the role of the monomers and catalyst? What kind of phenomena are involved in weathering? etc. This study aims at identifying and understanding the chemical phenomena occuring in the binder formation in order to elucidate its structure and better appreciate the ageing phenomenon. Another thesis [START_REF] Kulis | Mechanics of bio-based binders for insulation glasswool[END_REF] focuses on the effect of weathering on mechanics of Saint-Gobain biobased binders. Thanks to these researches, Saint-Gobain should be able to find some way to improve water resistance of GB4.

About polyesters & thermosets

Theoretically, a reactive medium containing molecules of citric acid and maltitol being thermally activated would lead to the creation of a polymer constituted of crosslinked corresponding units covalently linked together by "ester bond" and called a thermosetting polyester. This section aims at scientifically and briefly defining the terms of this sentence.

A short reminder about polymers

General definitions

Polymer is a word composed of two greek-rooting parts: poly-(or "polus") meaning "a lot of" and -mer (or "meros") meaning "part". So etymologically speaking, it is an entity composed of numerous parts or units. In the chemistry field, the definition is more precise: polymers are macromolecules made of a large number of much smaller molecules which are linked together. The small molecules that combine with each other to form the polymer (by polymerization) are known as monomers. There can be hundreds to tens of thousands or more monomers linked together in those molecules (the number of monomer units in a polymer is called the polymerization degree DP): this means that their molecular weight may also reach millions of g.mol -1 depending on the DP and molecular weight of monomers. Since polymers have high molecular weights and that synthetical routes do not always allow to produce monodisperse distributions of macromolecule sizes, it has been found interesting to describe molecular weights of polymers in term of averages:

M n , the number average molecular weight which is an average based on the number of each polymer size in the sample and M w the weight average molecular weight, which is based on the weight of each molecular size.

There are several ways to classify polymers depending on which criteria ones takes into account. These classifications are not always accurate depending on the level of precision needed to describe a polymer. Anyway, hereafter are presented some of the conventional classifications in polymer science: thermomechanical behavior (thermoplastics, thermosets and elastomers), macromolecular structure (crosslinked, linear, branched polymers...) or chemical structure (polyesters, polysiloxane, polyethylene...) or even polymerization mechanisms (step-growth versus chain-growth polymerization).

Importance of monomer functionality

In polymer synthesis, monomers functionality is one of the most important parameters to predict and describe the structure of the resulting macromolecules. But what is it exactly? Functionality f i,A is standardly defined by the number of reactive functions A in a molecule i. For example, a priori, GB4 monomers show functionalities presented in Table I.3. In the simple case of two molecules bearing each two distinct reactive functions A and B and if only A+B condensation is possible, one can easily imagine that the reaction will lead to -AA-BB-AA-BB-type chain structure which is called a linear polymer. Now, if one of these monomers owns three functions whereas the other still have two, the resulting structure will not be a linear chain anymore but might be a branched or even crosslinked structure looking like a more or less dense network. 

Molecule i Citric acid Maltitol

f i,OH 1 9 f i,COOH 3 0
Practically, this is not that simple and in polymer synthesis, monomers are usually blended into a mixture of molecules which might also have functions in common. Thus, branching/crosslinking will be effective or not depending on the functionality distribution and the molar content of the monomers in the initial resin among others. That is why it can also be defined in the following way. Effective average functionality f w,A of a mixture of monomers is a "weighted" average value of the functionality of a monomer mixture and is thus not necessary an integer (compared to f i,A ). It is described in the hereafter formula:

- f w,A = i w i,A .f i,A i w i,A (3.1)
w i,A is the weight content of species i carrying f i,A A functions. It is to be noted that equation (3.1) reduces to f i,A if w i,A is equal to 100wt% (monodisperse functional mixture) and/or if each monomer owns only one kind of function with the same functionality. Another average based on n i,A , the number of species i, can also be definied in the exact same way (replacing w i,A by n i,A ). In this chapter only simple case has been treated, specific case of GB4 and complexification will be detailed in chapter II. In the same way, gel formation will be further described in next section.

About thermosetting polymers

Introduction to thermosetting polymers

In polymer sciences, thermosetting polymers (also called thermosets) versus thermoplastics is a type of classification which is usually mentionned. In fact they are corresponding to a difference of behavior upon heating: the thermoplastics can flow whereas thermosets cannot. Fluid state can be reached (without degradation) only if individual molecules physically separate by the breakage of inter-molecular weak interactions like van der Waals, hydrogen bonding, dipole-dipole. In fact, in the case of thermoplastics, the structure (vulgarly more or less branched linear chains) permit the flow to occur over a certain temperature. However, thermosets consist of a giant molecule percolating through the sample thanks to the covalent bonding (and/or ionic bonding) of its crosslinked repeating units. This macromolecule, called a gel, avoids the material to flow. If the temperature is high enough to break covalent bonding, the molecule is degraded.

Gelation

More generally, it can be stated that a thermosetting polymer is obtained by the homopolymerization of a multifunctional molecule bearing at least 3 reactive functional groups Af (f ≥ 3); or the copolymerization of two molecules (Af and Bg, where f and/or g are ≥ 3) present in relative amounts such that a gel is formed at a particular conversion during the polymerization.

Gelation is in fact a characteristic phenomenon of thermosets and it can be assimilated to a percolating system as shown in Figure I.13. At the beginning of polymerization, the reactive medium consists of a mix of unreacted monomers (a sol phase). Then, polymerization begins and oligomers are formed, reacting together and lead to higher molecular weight oligomers etc. They are still in the sol phase a . At a very particular functional groups conversion, one insoluble molecule percolates through the three-dimensional system: this is the gel. This critical transition which is called the "sol-gel transition" or "gel point" is typical and irreversible. After this stage, the insoluble gel (gel fraction) is present in the sol phase and the system evolves until the sol disappears (in the case of stoichiometric formulation) and leaves a giant molecule of gel which is the final thermoset.

a "Sol" stands for "solution" or "soluble". [START_REF] Payamyar | Two-dimensional polymers: concepts and perspectives[END_REF] : ordered lattice of monomers (black dots) get covalently bonded (red lines). The percentages indicated under each scheme are the fraction of the formed bonds compared to all the bonds that can be built.

Examples of thermosets

Thermosets have been synthesized since the begining of last century. According to the "Product overview and market projection of emerging biobased plastics" 41 report in 2009, they have been the first plastic materials to be synthesized and this by the use of several historical chemistry bases (see Table I.4): formaldehyde-based chemistry, unsaturated polyester, or epoxies for example. In 2014, they represented less than 20% of the global polymer production [START_REF] Auvergne | Biobased thermosetting epoxy: Present and future[END_REF] . Nowadays, researches are focused on the replacement of petrosourced monomers by biobased and non-toxic equivalents [START_REF] Raquez | Thermosetting (bio)materials derived from renewable resources: A critical review[END_REF][START_REF] Mülhaupt | Green polymer chemistry and bio-based plastics: Dreams and reality[END_REF][START_REF] Ma | Research progress on bio-based thermosetting resins[END_REF] 

Esterification, polyesterification & polyesters

Esterification & reactivity

Esterification is a well-studied reaction of industrial interest [START_REF] Fradet | Kinetics and Mechanisms of Polyesterifications[END_REF][START_REF] Odian | Principles of Polymerization[END_REF] . One carboxylic acid and one alcohol react together upon heating, creating one ester and one molecule of water (see Figure I.14). During reaction, a previously formed ester can react with an alcohol to form another ester by a chemical process called transesterification (often catalyzed) [START_REF] Otera | [END_REF] . Esterification can take place without any catalyst; however, the reaction is extremely slow and several days are needed to reach equilibrium (even if it can be shifted towards ester by removing H 2 O all along the reaction). That is why either Brønsted or Lewis acids are often added: they promote esterification by mainly favoring the carbonyl oxygen protonation of the carboxylic acid. By this way, they activate nucleophilic attack by an alcohol to form a tetrahedral intermediate. It is also known that the water removal during reaction preserve the high catalysis activity since free protons are less coordinated by water molecules and more available to coordinate to carbonyls. A wide range of catalysts have been previously described [START_REF] Fradet | Kinetics and Mechanisms of Polyesterifications[END_REF][START_REF] Odian | Principles of Polymerization[END_REF][START_REF] Otton | Investigation of the Formation of Poly (ethylene terephthalate) with Model Molecules: Kinetics and Mechanisms of the Catalytic Esterification and Alcoholysis Reactions. II. Catalysis by Metallic Derivatives (Monofunctional Reactants)[END_REF] : they are mainly based on metal atoms (Ni, Cu, Fe, Li, Na, K, Zn, Co, Mn, Ti) from which depends the catalyst efficiency. According to Otton et al. [START_REF] Otton | Investigation of the Formation of Poly (ethylene terephthalate) with Model Molecules: Kinetics and Mechanisms of the Catalytic Esterification and Alcoholysis Reactions. II. Catalysis by Metallic Derivatives (Monofunctional Reactants)[END_REF] , Ti seems to be the most efficient metal and titanium tetrabutoxide, Ti(BuO) 4 , is often used since it catalyzes ester exchange during reaction.

Concerning the reactivity of acids and alcohols, several trends are well known: it has been stated for a long time that the less substituted and hindered the alcohols are, the more likely the ester formation is: i.e. primary alcohol will react more easily than a secondary one [START_REF] Brandner | Relative esterifiability of the primary and secondary hydroxyl groups of glycerol[END_REF] . In the same way, the carboxylic acid reactivity depends on acyl hindrance/environment [START_REF] Fradet | Kinetics and Mechanisms of Polyesterifications[END_REF][START_REF] Bender | Mechanisms of catalysis of nucleophilic reactions of carboxylic acid derivatives[END_REF][START_REF] Takahashi | The Esterification of Carboxylic Acid with Alcohol over Hydrous Zirconium Oxide[END_REF] : the ability of carbonyl oxygen to accept a proton plays a key role in carboxylic acid reactivity. For example, CA owns two primary carboxylic acids, one tertiary carboxylic acid theoretically less reactive than the two others and one sterically hindered tertiary hydroxyl group. Maltitol shows three primary alcohols and six secondary alcohol including three cyclic alcohols.

Polyesterification

A polymer is, among other things, characterized by the chemical structure which links its monomers ones to each others. Polyesters are thus characterized by the ester linkage between a polycarboxylic acid monomer and a polyol (which owns several hydroxyl groups) or even a multifunctional acid/alcohol monomer. As a polyester, GB4 is synthesized by polycondensation which is a polymerization chemical mechanism. There is indeed several kinds of polymerizations which can be summarized into two categories: stepwise and chainwise. Unlike chainwise polymerization where polymers are obtained by a quick chain growth from an initiated active center which propagates most often from the end of the chains (species with high molar mass are thus generated from the beginning of the polymerization), polycondensation, most of the time, belongs to stepwise polymerisation family [START_REF] Odian | Principles of Polymerization[END_REF] . Stepwise polymerization consists of independent additions of monomers one to each others and network growth occurs smoothly in the following way: oligomers are first formed by simple combination of free monomers, then oligomers can combine and form bigger oligomers and finally network can be created by combination of all of them. An example for a difunctional monomer which homopolymerizes is given Figure I.15 [START_REF] Pascault | Thermosetting Polymers[END_REF] . In the special case of polycondensation, energy should be brought to the system in order to overpass the activation energy even if catalysts are generaly used to decrease this barrier. Moreover, unlike polyaddition, polycondensation is characterized by genera-tion of a by-product (usually a "small" molecule) which depends on the nature of reactive functional groups in presence: in particular, polyesterification is a specific case of polycondensation where polyacids and polyols (multifunctional alcohols) polymerize together to form ester bonds in addition of one H 2 O molecule for each bond. Otherwise, other polycondensation polymers can be cited [START_REF] Odian | Principles of Polymerization[END_REF] : polyamides, polysiloxanes, formaldehyde-based resin thermosets, etc.

Ageing of polyesters: hydrolysis & plasticization

Plasticization. Esters usually are hydrophilic because of the presence of polar groups like carbonyl or residual hydroxyl groups or acids and water could act as a plasticizer. Plasticizers are small, relatively non-volatile, low molecular weight (300-600 g.mol -1 ) organic molecules that are usually added volontary to polymers in order to improve the flexibility and "processability" of polymers.

In other terms, these substances are supposed to reduce crystallinity, glass transition and melting point, brittleness, hardness, density, viscosity of a polymer, while increasing the polymer chain flexibility and toughness, i.e. elongation at break, tensile strength yield and young modulus [START_REF] Vieira | Naturalbased plasticizers and biopolymer films: A review[END_REF] .

There are no general studies which have truly shown the plasticization mechanisms. However it exists three widely accepted and used theories explaining this phenomenon 54 :

• The lubricity theory: like in the metal and oil case, the plasticizer acts like a lubricant by increasing the mobility of polymer chains relative to each others.

• The gel theory: broadens and completes the lubricity theory and suggests that a plasticizer disrupts and replaces polymer-polymer interactions like hydrogen bonds, or Van der Waals forces for example.

• The free volume theory explains that the lubricant, when replacing the intermolecular interactions, increases the free volume (i.e. the mobility space of chains) of the polymer.

Hydrolysis. Polyesterification, as esterification, is based on equilibrated reactions: i.e.

involved chemical transformations are reversible (Figure I.14): the alcohol and carboxylic acid can produce an ester and water but water can also hydrolyse ester to give back the corresponding acids and alcohols. Because of their hydrolysis behavior, polyesters have been early selected as degradable or biodegradable plastics [START_REF] Amass | A review of biodegradable polymers: Uses, current developments in the synthesis and characterization of biodegradable polyesters, blends of biodegradable polymers and recent advances in biodegradation studies[END_REF] . In fact biopolymers have been deeply studied in order to control their degradation by hydrolysis in several conditions: enzymatic hydrolysis, acid-catalyzed hydrolysis or alkaline hydrolysis [START_REF] Hakkarainen | Aliphatic Polyesters: Abiotic and Biotic Degradation and Degradation Products[END_REF][START_REF] Hakkarainen | Degradation Products of Aliphatic and Aliphatic -Aromatic Polyesters[END_REF] . Earlier, hydrolysis has also been a topic of interest for several industrial polymers [START_REF] Bellenger | Lifetime prediction in the hydrolytic ageing of polyesters[END_REF][START_REF] Bélan | Relationship between the structure and hydrolysis rate of unsaturated polyester prepolymers[END_REF][START_REF] Bélan | Hydrolytic stability of unsaturated polyester networks with controlled chain ends[END_REF] comprising poly(ethylene terephtalate) [START_REF] Ballara | Physical aspects of the hydrolysis of polyethylene terephthalate[END_REF][START_REF] Launay | Hydrolysis of poly(ethylene terephthalate): a kinetic study[END_REF] as well as composites like glass fiber-polyester and vinyl ester composites [START_REF] Apicella | The water ageing of unsaturated polyester-based composites: influence of resin chemical structure[END_REF][START_REF] Buck | The Durability of E-Glass/Vinyl Ester Composite Materials Subjected to Environmental Conditioning and Sustained Loading[END_REF][START_REF] Boinard | Influence of resin chemistry on water uptake and environmental ageing in glass fibre reinforced compositespolyester and vinyl ester laminates[END_REF][START_REF] De Albuquerque | Effect of wettability and ageing conditions on the physical and mechanical properties of uniaxially oriented jute roving reinforced polyester composites[END_REF] .

Even if the concept of hydrolysis seems simple and its mechanism is quite well understood, numerous parameters have to be taken in account to describe it.

First, in addition to the temperature, the pH of water is really important in hydrolysis: the nature of the polymer will be here a parameter on which depends the role played by acid or base catalysis. An interesting example is the study of Jung et al. [START_REF] Jung | Acid-and base-catalyzed hydrolyses of aliphatic polycarbonates and polyesters[END_REF] in 2006: in this case, a polycarbonate (poly(propylene carbonate) (PPC)), and two polyesters (polycaprolactone (PCL) and poly(lactic acid) (PLA)) have been compared under base-and acid-catalyzed hydrolyses at 30 °C during several days. At this temperature, all polymers showed a higher degradability in strong basic than in strong acid conditions whereas they degraded more slowly in moderate pH. Differences of behavior depending on the carbonyl structure of the polymer functions have been observed. They were explained by the association of oxygen nucleophilicity with acidic hydrolysis and carbon electrophilicity with basic hydrolysis. For example, the studied polyesters showed a much higher carbonyl oxygen nucleophilicity than the polycarbonate and a much lower carbonyl carbon electrophilicity explaining that polyesters showed a much higher sensibility toward acid-catalyzed hydrolysis and a lower sensibility towards basic-catalyzed one.

Of course, all these works have shown plenty of trends and they do not always agree with each other since a lot of material-rooting factors seem to influence the degradation.

Here are summarized some of them from experimental and prediction previous studies:

• The nature of the degradation mechanism strongly depends on the polymer chemistry: monomers and resin chemistry [START_REF] Apicella | The water ageing of unsaturated polyester-based composites: influence of resin chemical structure[END_REF][START_REF] Buck | The Durability of E-Glass/Vinyl Ester Composite Materials Subjected to Environmental Conditioning and Sustained Loading[END_REF][START_REF] Boinard | Influence of resin chemistry on water uptake and environmental ageing in glass fibre reinforced compositespolyester and vinyl ester laminates[END_REF][START_REF] Jung | Acid-and base-catalyzed hydrolyses of aliphatic polycarbonates and polyesters[END_REF] , end-chain functional groups and particularly the presence of acid groups (they number increase with degradation) [START_REF] Bellenger | Lifetime prediction in the hydrolytic ageing of polyesters[END_REF][START_REF] Pitt | Modification of the rates of chain cleavage of poly(caprolactone) and related polyesters in the solid state[END_REF] . This will mainly have an impact on the rate of degradation (autocatalysis or not), on the localisation of chain scission (random or non-random chain scission) [START_REF] Bellenger | Lifetime prediction in the hydrolytic ageing of polyesters[END_REF] and finally on the diffusivity of water in polymer (bulk versus surface erosion) [START_REF] Von Burkersroda | Why degradable polymers undergo surface erosion or bulk erosion[END_REF] .

• But also morphology (dimension and microstructure): size [START_REF] Von Burkersroda | Why degradable polymers undergo surface erosion or bulk erosion[END_REF] and homogeneity 58 of the material, its crystallinity and amorphousness (hydrolysis begins with amorphous phases then water attacks crystalline ones) [START_REF] Hakkarainen | Aliphatic Polyesters: Abiotic and Biotic Degradation and Degradation Products[END_REF][START_REF] Bellenger | Lifetime prediction in the hydrolytic ageing of polyesters[END_REF][START_REF] Pitt | Modification of the rates of chain cleavage of poly(caprolactone) and related polyesters in the solid state[END_REF][START_REF] Li | Hydrolytic degradation characteristics of aliphatic polyesters derived from lactic and glycolic acids[END_REF] , the chain orientation in crystalline phases can also play a role [START_REF] Li | Hydrolytic degradation characteristics of aliphatic polyesters derived from lactic and glycolic acids[END_REF] as well as the presence of fibers in the material in composites [START_REF] Bellenger | Lifetime prediction in the hydrolytic ageing of polyesters[END_REF] .

GB4: Plasticization and/or hydrolysis? In GB4 case, unlike previously descriptions, there is no willingness to incorporate water in the binder even if Isover storage conditions are similar with experimental ones encountered in literature for plasticization and hydrolysis. Even if water is a much smaller molecule than a usual plasticizer, it can interact in the same way with GB4. Moreover, the role of water diffusion in the polyester hydrolysis is really important and one could predict that water plasticizating effect could favor a following hydrolysis ageing if conditions are reached. Thus, this plasticizing effect as well as hydrolysis should be considered in the understanding of GB4 mechanical properties drop during weathering. During storage, these phenomena could impact reversibly (no breakage of covalent bonds with plasticization) or irreversibly (hydrolysis) result in strong variations of glass transition temperature b and thus mechanical properties of the material. It is however important to note that the binder is sprayed as a thin coating on fibers and the polymer can not only be considered as a bulk material regarding these phenomena [START_REF] Kulis | Mechanics of bio-based binders for insulation glasswool[END_REF][START_REF] Keyvan | GB4 Nanoindentation[END_REF] .

Biobased thermoset polyesters

Biobased thermosets can be classified into 4 main categories: epoxy resins, phenolic resins, polyurethanes, and finally polyesters 41 (see also Appendice A.4, p.287). However, other kinds of biobased thermosets exist such as proteins [START_REF] Raquez | Thermosetting (bio)materials derived from renewable resources: A critical review[END_REF] or even polyamides [START_REF] Wilsens | Synthesis, kinetics, and characterization of bio-based thermosets obtained through polymerization of a 2,5-furandicarboxylic acid-based bis(2-oxazoline) with sebacic acid[END_REF] for example. Of course, mix of several chemistries are often encountered in literature: e.g. phenolic precursors like bisphenol A can be used for epoxy resin synthesis [START_REF] Auvergne | Biobased thermosetting epoxy: Present and future[END_REF] .

This part aims at briefly presenting the main biobased polyester thermosets, especially focusing on the use of citric acid and maltitol in that field (or in GB4). The monomers and their contribution to the material properties, as well as synthesis routes but also some characterization strategies will be described; this overview could also be interesting as an inspiration for future GB4 developments.

Definitions & building blocks

Definitions

There are mainly two types of thermosetting polyester resins [START_REF] Canard | Polyesters insaturés UP[END_REF][START_REF] Chenal | Bibliographic study on esterification reaction[END_REF] • Unsaturated polyester resins (UPR) are precursors of thermosetting polyesters.

They are formed by the condensation products of unsaturated acids or anhydrides and diols. The unsaturation provides a site for further crosslinking which derives from free-radical heat-induced [START_REF] Jasinka | Unsaturated, Biobased Polyesters and Their Cross-Linking via Radical Copolymerization[END_REF] or photoinitiated reactions [START_REF] Ma | Research progress on bio-based thermosetting resins[END_REF][START_REF] Dai | Synthesis of bio-based unsaturated polyester resins and their application in waterborne UV-curable coatings[END_REF][START_REF] Robert | Itaconic acid -a versatile building block for renewable polyesters with enhanced functionality[END_REF] . To do so, crosslinking agents like acrylic or methacrylic acid moities are usually added to polymerize from the unsaturations. Ordelt coupling reactions between unsaturations and alcohols are also reported [START_REF] Pascault | Thermosetting Polymers[END_REF][START_REF] Jasinka | Unsaturated, Biobased Polyesters and Their Cross-Linking via Radical Copolymerization[END_REF][START_REF] Belliard | Polycondensation des polyesters insaturés[END_REF][START_REF] Farmer | Synthesis of Unsaturated Polyester Resins from Various Bio-Derived Platform Molecules[END_REF] .

• Saturated polyesters consist of polycondensates of polyols with polyacids which are both multifunctional alcohols and acids respectively. Esterification and crosslinking occur concomitantly since it only depends on the reaction of the multiple acids and alcohols.

Biobased polyacids & polyols

Plethora of biobased molecules are under development, produced at the pilot scale or commercially available and this for various applications [START_REF] Axelsson | Green building blocks for bio-based plastics[END_REF][START_REF] Becker | Top value platform chemicals: Bio-based production of organic acids[END_REF][START_REF] Wojcieszak | Recent developments in maleic acid synthesis from bio-based chemicals[END_REF][START_REF] Cavani | Chemicals and Fuels from Bio-Based Building Blocks[END_REF] . Here are listed some of the main biobased acids and alcohols used in polyester thermosets:

Diols and polyols.

• Concerning diols: propylene glycol (1,2-propanediol) [START_REF] Ma | Research progress on bio-based thermosetting resins[END_REF][START_REF] Liu | 1,3-Propanediol and its copolymers: Research, development and industrialization[END_REF][START_REF] Rowe | Bio-based plasticizer and thermoset polyesters: A green polymer chemistry approach[END_REF][START_REF] Debuissy | Development of new polyesters by organometallic and enzymatic catalysis[END_REF] , triethylene glycol (or 1,3-propanediol), butanediol [START_REF] Ma | Research progress on bio-based thermosetting resins[END_REF][START_REF] Debuissy | Development of new polyesters by organometallic and enzymatic catalysis[END_REF] (1,4-and 2,3-butanediol), ethylene glycol [START_REF] Ma | Research progress on bio-based thermosetting resins[END_REF][START_REF] Debuissy | Development of new polyesters by organometallic and enzymatic catalysis[END_REF] or poly(ethylene glycol) (PEG) [START_REF] Hazarika | Waterborne sustainable tough hyperbranched aliphatic polyester thermosets[END_REF] are the main building blocks.

• Concerning polyols: glycerol is the most used one [START_REF] Bettinger | Synthetic biodegradable elastomers for drug delivery and tissue engineering[END_REF][START_REF] Ma | Research progress on bio-based thermosetting resins[END_REF][START_REF] Debuissy | Development of new polyesters by organometallic and enzymatic catalysis[END_REF][START_REF] Bakare | Synthesis and characterization of bio-based thermosetting resins from lactic acid and glycerol[END_REF][START_REF] Jahandideh | Synthesis and Characterization of Novel Star-Shaped Itaconic Acid Based Thermosetting Resins[END_REF] , even if trimethylolpropane [START_REF] Ma | Research progress on bio-based thermosetting resins[END_REF] or pentaerythritol [START_REF] Pettersson | Hyperbranched Polymers -Unique Design Tools for Multi Property Control in Resins and Coatings[END_REF][START_REF] Llevot | From Lignin-derived Aromatic Compounds to Novel Biobased Polymers[END_REF] are also reported. Isosorbide, a cyclic alcohol is also cited [START_REF] Sadler | Isosorbide as the structural component of bio-based unsaturated polyesters for use as thermosetting resins[END_REF][START_REF] Sadler | Unsaturated polyester resins for thermoset applications using renewable isosorbide as a component for property improvement[END_REF] along with carbohydrates family: mainly trehalose and chitosan have been studied 42 even if xylitol [START_REF] Jahandideh | Synthesis, characterization and curing optimization of a biobased thermosetting resin from xylitol and lactic acid[END_REF] , sorbitol, mannitol, maltitol have also received particular attention for medical purposes [START_REF] Bruggeman | Biodegradable poly(polyol sebacate) polymers[END_REF] .

Polyacids and corresponding anhydrides.

• Saturated diacids/anhydrides: succinic 86 , sebacic [START_REF] Debuissy | Development of new polyesters by organometallic and enzymatic catalysis[END_REF] and adipic acid 86 are generally cited, but other molecules like malonic acid [START_REF] Rowe | Bio-based plasticizer and thermoset polyesters: A green polymer chemistry approach[END_REF] , fumaric acid [START_REF] Ma | Research progress on bio-based thermosetting resins[END_REF] , lactic acid [START_REF] Bakare | Synthesis and characterization of bio-based thermosetting resins from lactic acid and glycerol[END_REF][START_REF] Jahandideh | Synthesis, characterization and curing optimization of a biobased thermosetting resin from xylitol and lactic acid[END_REF] have been used. Other α-ω diacids like glutaric, adipic, pimelic, suberic, azelaic, sebacic, dodecanedioic, and tetradecanedioic acids are also mentioned [START_REF] Barrett | Aliphatic polyester elastomers derived from erythritol and α,ω-diacids[END_REF] . Finally, citric acid, as a crosslinker (triacid), has been used to synthesize polyesters [START_REF] Tran | Recent developments on citric acid derived biodegradable elastomers[END_REF][START_REF] Tisserat | Production of stable polyesters by microwave heating of carboxylic acid:polyol blends[END_REF][START_REF] Djuric | US 53303: Branched polyesters based on citric acid, their preparation and use[END_REF][START_REF] Gogoi | Dimer acid based waterborne hyperbranched poly(ester amide) thermoset as a sustainable coating material[END_REF] .

• Unsaturated acids/anhydrides: acrylic acid [START_REF] Axelsson | Green building blocks for bio-based plastics[END_REF][START_REF] Gyawali | Citric acid-derived in situ crosslinkable biodegradable polymers for cell delivery[END_REF] , itaconic acid [START_REF] Ma | Research progress on bio-based thermosetting resins[END_REF][START_REF] Rowe | Bio-based plasticizer and thermoset polyesters: A green polymer chemistry approach[END_REF][START_REF] Jahandideh | Synthesis and Characterization of Novel Star-Shaped Itaconic Acid Based Thermosetting Resins[END_REF] are generally cited; but other molecules like 2,5-furandicarboxylic acid (FDCA) [START_REF] Mülhaupt | Green polymer chemistry and bio-based plastics: Dreams and reality[END_REF][START_REF] Cavani | Chemicals and Fuels from Bio-Based Building Blocks[END_REF][START_REF] Ma | Bio-based epoxy resin from itaconic acid and its thermosets cured with anhydride and comonomers[END_REF] have been used. Recently, developments concerning the synthesis of maleic acid from biomass products 82 could give new perspectives for unsaturated polyester manufacturers [START_REF] Jasinka | Unsaturated, Biobased Polyesters and Their Cross-Linking via Radical Copolymerization[END_REF][START_REF] Sadler | Isosorbide as the structural component of bio-based unsaturated polyesters for use as thermosetting resins[END_REF] ; a lot of diacids and anhydrides presented previously being developed in order to replace the use of oil-based maleic anhydride.

An interesting scheme is presented in Axelsson et al. [START_REF] Axelsson | Green building blocks for bio-based plastics[END_REF] review: it summarizes some of the previously mentionned building blocks: it gives an interesting overview of building blocks production routes, volumes and scales in 2014. Next sections summarize some of the typically encountered biobased polyester thermosets.

Biobased unsaturated polyester resins

Alkyd resins

Thermosets have been early developed in the 1920's [START_REF] Shen | Product overview and market projection of emerging bio-based plastics[END_REF][START_REF] Odian | Principles of Polymerization[END_REF][START_REF] Patton | Alkyd Resin Technology[END_REF][START_REF] Jones | [END_REF] in paintings [START_REF] Jones | [END_REF] and consist of polyesters which are modified with unsaturated fatty acids from vegetable oils (words "alcohol" and "acid", combined together, form the term "alkyd"). More precisely, they are produced from the polycondensation of three types of monomers: 1) saturated polyols which are usually not biobased even if glycerol is usually used (it is a biodiesel by-product), 2) but also organic acids and 3) fatty acids from vegetable oils. In fact, alkyd resins are usually highly branched polymers with specific macrostructures; in formulations, a lot of properties (viscosity, dispersion) can be reached thanks to the high availability of monomers and modification of these resins with several other chemistries (urethanes, amides, epoxides...) [START_REF] Pettersson | Hyperbranched Polymers -Unique Design Tools for Multi Property Control in Resins and Coatings[END_REF][START_REF] Jones | [END_REF][START_REF] Mańczyk | Highly branched high solids alkyd resins[END_REF] . Moreover, they can be modified in order to allow various other chemistries (e.g. Epoxidized Sucrose Ester of Fatty Acids, ESEFA [START_REF] Pan | High biobased content epoxy-anhydride thermosets from epoxidized sucrose esters of fatty acids[END_REF] ). Instead of fatty acid and glycerol, triglycerides can also be used directly in case of airdrying coating resins: crosslinking is here assisted by the presence of metal complexes catalysts [START_REF] Jones | [END_REF] . Phtalic acid or anhydride are often used as oil-based organic acids (anhydrides) with good hardening properties; thanks to recent researches, biobased substituted phtalic anhydrides monomers have been obtained recently with good conversions from furan derivatives (see Figure I.16 [START_REF] Thiyagarajan | Substituted Phthalic Anhydrides from Biobased Furanics: A New Approach to Renewable Aromatics[END_REF] ). 

Other typical structures

Unsaturated polyesters have been traditionnaly used in fiberglass composites, sheet molding compounds and bulk molding compounds [START_REF] Odian | Principles of Polymerization[END_REF][START_REF] Canard | Polyesters insaturés UP[END_REF][START_REF] Chretien | Polyesters insaturés[END_REF] but more recently, biobased unsaturated diacids and diols have usually been employed to prepare them: Ma et al. [START_REF] Ma | Research progress on bio-based thermosetting resins[END_REF] summarizes well the existing "green" routes and resulting structures.

Itaconic acid has been mostly used because of its similarities with maleic acid. One first example can be found in Dai et al. [START_REF] Dai | Synthesis of bio-based unsaturated polyester resins and their application in waterborne UV-curable coatings[END_REF] work: they synthesized biobased UPR from itaconic acid and different diols (ethylene glycol, 1,4-butanediol, 1,6-hexanediol, 4-methoxyphenol (not biobased)). Another example comes from Barrett et al. [START_REF] Barrett | One-step syntheses of photocurable polyesters based on a renewable resource[END_REF] group where resins have been synthesized from 1,4-butanediol, succinic acid and itaconic acid or maleic acid after several curing conditions (some hours between 90 °C and 145 °C) followed by a 115 °C crosslinking in presence of benzoyl peroxide.

Other structures include lactic acid. In fact, even if it is not an unsaturated monomer, lactic acid is a commercially available molecule [START_REF] Bakare | Synthesis and characterization of bio-based thermosetting resins from lactic acid and glycerol[END_REF][START_REF] Rämö | Preparation of aqueous crosslinked dispersions of functionalized poly(d,l-lactic acid) with a thermomechanical method[END_REF] : e.g. coupling it with glycerol followed by a methacrylic acid end-functionalization a leads to cheaper resins containing molecules with only three branches, lowering molecular weight and viscosity compared to similar materials containing oil-based pentaerythritol [START_REF] Bakare | Synthesis and characterization of bio-based thermosetting resins from lactic acid and glycerol[END_REF] . Another option has been discovered by Rämö et al. [START_REF] Rämö | Preparation of aqueous crosslinked dispersions of functionalized poly(d,l-lactic acid) with a thermomechanical method[END_REF] : they performed reactions involving lactic acid, 1,4-butanediol and itaconic acid (see Figure I.17) to produce copolymers as a thermoset precursors. After thermal curing (80-150 °C, several minutes to several hours), ethylene glycol dimethacrylate were added to the copolymer for a thermal crosslinking. These copolymers are waterdispersable and can create films which can be further crosslinked.

Figure I.17 -Example of preparation of a biobased unsaturated polyester resin consisting of a linear copolymer of (from left to right) lactic acid, 1,4-butanediol, itaconic acid. Further crosslinking is possible thanks to itaconic unsaturation leading to the final thermoset polyester. Taken from Rämö et al. [START_REF] Rämö | Preparation of aqueous crosslinked dispersions of functionalized poly(d,l-lactic acid) with a thermomechanical method[END_REF] .

a Biobased methacrylic acid production is still under exploration [START_REF] Axelsson | Green building blocks for bio-based plastics[END_REF] .

Finally, one interesting diol is isosorbide [START_REF] Jasinka | Unsaturated, Biobased Polyesters and Their Cross-Linking via Radical Copolymerization[END_REF][START_REF] Sadler | Isosorbide as the structural component of bio-based unsaturated polyesters for use as thermosetting resins[END_REF][START_REF] Sadler | Unsaturated polyester resins for thermoset applications using renewable isosorbide as a component for property improvement[END_REF] : coming from successive reactions from starch by hydrolysis, hydrogenation of glucose and deshydration of sorbitol, it has been reported to be really useful since it can provide stiffness to final thermoset as a structural constituent diol. For example, in 2015, Sadler et al. [START_REF] Sadler | Unsaturated polyester resins for thermoset applications using renewable isosorbide as a component for property improvement[END_REF] performed synthesis of unsaturated oligoester resins by using isosorbide, ethylene glycol, adipic, suberic, or sebacic acid and maleic acid. Further crosslinking of this resin was performed by using styrene as a reactive diluent.

Citric acid in biobased UPR

Citric acid has been scarcely used in unsaturated polyesters: eg. with PEG but also maleic acid at 145 °C for 2 h. In this study, a second step is needed to finally help the crosslinking: indeed, acrylic acid b was copolymerized with maleic acid unsaturations with the help of photoinitiators or water-soluble red/ox initiators (see Figure I.18). The study interestingly showed that a citric acid molar content increase resulted in an increase of the mechanical properties. Anyway, the final biodegradable crosslinked polymer showed good properties for a further use as in situ tissue engineering and drug delivery material.

Ring opening polymerization & use of epoxides

Unsaturated polyester thermosets can be synthesized from epoxy-anhydride/acid reactions [START_REF] Pascault | Thermosetting Polymers[END_REF] , especially by using epoxidized sucrose esters of fatty acids and cycloaliphatic anhydrides [START_REF] Pan | High biobased content epoxy-anhydride thermosets from epoxidized sucrose esters of fatty acids[END_REF][START_REF] Paramarta | Bio-based high performance epoxy-anhydride thermosets for structural composites: The effect of composition variables[END_REF] , itaconic acid/anhydride [START_REF] Ma | Research progress on bio-based thermosetting resins[END_REF][START_REF] Ma | Bio-based epoxy resin from itaconic acid and its thermosets cured with anhydride and comonomers[END_REF] but also epoxydized oils [START_REF] Nameer | Fully bio-based aliphatic thermoset polyesters via selfcatalyzed self-condensation of multifunctional epoxy monomers directly extracted from natural sources[END_REF] or Acrylated Epoxidized Soybean Oil (AESO) [START_REF] Ma | Research progress on bio-based thermosetting resins[END_REF] . Another example is the use of terpene-derived epoxides 111 : phtalic anhydride c , an aromatic diacid precursor can be combined with terpene oxide epoxides like limonene dioxide by Ring-Opening COPolymerization (ROCOP) and leads to materials with potentially high glass transition temperatures (59 to 243 °C) [START_REF] Carrodeguas | Semiaromatic Polyesters Derived from Renewable Terpene Oxides with High Glass Transitions[END_REF] .

Another interesting way to synthesize biobased unsaturated polyester thermosets is the Ring Opening Polymerization (ROP) of cyclic anhydrides 112 : it is in fact a subtle derived way of esterification since anhydrides are supposed to preferentially form during esterification of polyacids [START_REF] Gu | FT-IR and FT-Raman spectroscopy study of the cyclic anhydride intermediates for esterification of cellulose: I. Formation of anhydrides without a catalyst[END_REF] . For instance, Yamaguchi et al. [START_REF] Yamaguchi | Green polymer chemistry: Lipase-catalyzed synthesis of bio-based reactive polyesters employing itaconic anhydride as a renewable monomer[END_REF] performed a benign lipase-catalyzed ring-opening addition condensation polymerization (ROACP) of itaconic, succinic and/or glutaric anhydrides combined with 1,4-butanediol, 1,6-hexanediol, 1,8-octanediol or 1,10decanediol. In this study, the unsaturated anhydrides and diols reacted 120 h at 25 °C and crosslinking led to hard solids after 27 h at 150 °C (gel appears after 3 h).

b Production of biobased acrylic acid is really new since it was at pilot scale in 2013 [START_REF] Axelsson | Green building blocks for bio-based plastics[END_REF] . c Only biobased substituted derivatives, as explained in previous section. 

Biobased saturated polyester thermosets

Biobased saturated examples of polyester thermosets are much rarer in literature. From what have been found in literature, studies have more focused on biodegradable elastomers. Indeed, in soft tissue engineering, researchers synthesize flexible, elastic materials that can mimic human tissues. To do so, saturated monomers are perfect candidates whereas aromatic monomers are acting as hardeners. Moreover, in the case of biodegradation, unsaturated resins are not useful since they are more "strongly" crosslinked than saturated systems. Another reason is that use of non-toxic and biocompatible monomer is needed. A lot of saturated biobased monomers fulfill this criterion. Finally, in the case of foamy or thin-layer (as coatings) thermosets, however, the one-step synthesis of saturated polyester is preferred.

A first example can be read in Barrett et al. [START_REF] Barrett | Aliphatic polyester elastomers derived from erythritol and α,ω-diacids[END_REF] To summarize, in literature, the appearance of biobased UPR are quite frequent whereas biobased saturated ones are not. This might be explained by historical reasons and the use of alkyd resins from the beginning of last century (Table I.4). However, for decades now, maltitol and citric acid have been used in saturated polyester syntheses for different purposes; to go further into details, the two next parts will focus on the existing biobased saturated polyester thermosets based on these two molecules. 

, mannitol (3) and maltitol (4) were polymerized with sebacic acid (5) in different stoichiometries, yielding PXS (6), PSS (7), PMS (8) and PMtS (9) respectively. Taken from Bruggeman et al. [START_REF] Bruggeman | Biodegradable poly(polyol sebacate) polymers[END_REF] .

First, different prepolymers were prepared by melting together polyols and sebacic acid in a round bottom flask at 150 °C in inert gas atmosphere, and stirred for 2 h, followed by a vacuum (<50 mTorr) session during 2-12 h. The PPS polymers were finally synthesized by another polycondensation step at 120-150 °C (150 °C for maltitol) under vacuum (about 2 Pa) for 4 to 5 days (5 days for maltitol). Different stoichiometric ratios were used depending on the polyol in order to get a number of OH functions two times greater than COOH functions.

The maltitol:sebacic acid ratio was 1:4 (mol:mol) and prepolymers of poly(maltitol sebacate) PMtS were synthesized with the following final characteristics: a melting point of 130 °C, M w = 13265 g.mol -1 and M n = 2992 g.mol -1 (dispersity of 4.4). The exact maltitol:sebacic acid ratio in the prepolymer was 1.18:4 according to NMR. The prepolymer was soluble in dimethylsulfoxide, acetone, ethanol, tetrahydrofuran and dimethylformamide. The final material was observed to be, by far, the stiffest material of the study and revealed a quite high Young's modulus of 378 MPa, ultimate tensile stress of 17 MPa and corresponding elongation of 11%. The material (density of 1.18) was glassy at room temperature with the highest glass transition temperature reaching 45 °C, which revealed a higher crosslinking degree because of the high functionality of maltitol (even if the molecular weight between crosslinks (M c ) and crosslinking density (n) were not calculated in this case -see Equation 4.1 deriving from the rubber elasticity theory [START_REF] Pascault | Thermosetting Polymers[END_REF] ). Concerning in vitro degradations (37 °C, pH=7.4-13, several days), authors deduced that hydrophobic moieties (sebacic acid) as well as the crosslinking density influence the degradation rate of the polymer. The weight loss after hydration was measured to be 1.4% for maltitol-based polymers, which is lower compared to other polymers (PXS, PSS, PMS: 1.7 to 6.2%). In an other point of view, the maltitol polymer shows a similar air-water contact angle than xylitol and sorbitol moities (25-30°) due to structural similarities.

This study is interesting since it shows the potential impacts of maltitol in a polyester structure: maltitol gives stiffness to the final material, which classifies it in the hardeners category. The authors also showed the ability to lower the hydrophilic potential of maltitol by increasing the sebacic acid content: this could be interesting to limit the potential hydrophilic behavior of GB4 binder. The study proposes to consider maltitol as a sorbitol/glucose structure.

Other variations and uses

Few other uses of maltitol in material formulations were found in copolymers. In fact, Bruggeman et al. [START_REF] Bruggeman | Biodegradable poly(polyol sebacate) polymers[END_REF] already synthesized copolymers of xylitol/maltitol-co-sebacic acid showing tunable mechanical properties.

In 2014, the use of epoxidized maltitol were mentioned in a review of Auvergne et al. [START_REF] Auvergne | Biobased thermosetting epoxy: Present and future[END_REF] . Indeed, it is possible to convert sorbitol and maltitol into multifunctional epoxy monomers/hardeners through oxidation of allyl or crotonic (also potentially biobased [START_REF] Yang | Two Step Extrusion Process: From Thermal Recycling of PHB to Plasticized PLA by Reactive Extrusion Grafting of PHB Degradation Products onto PLA Chains[END_REF] ) double bonds without using chlorine group. Anyway, from this literature research about MtOH, there is no study which deals with GB4 system similar conditions (neither in terms of chemistry nor curing).

Citric acid-based saturated polyester thermosets

Citric acid has been found to be used in two main application fields in biobased polyester networks: for the crosslinking of polysaccharides for textile and as a crosslinker in biodegradable elastomers for biomedical applications. In addition to its crosslinking properties regarding esterification, CA affords interesting features: it balances the hydrophilicity of the polymer network, enhances hemocompatibility, and finally provides hydrogen bonding and additional binding sites for bioconjugation [START_REF] Gyawali | Citric acid-derived in situ crosslinkable biodegradable polymers for cell delivery[END_REF] .

Crosslinked polysaccharides

Esterification of cotton cellulose. First, crosslinking of cotton cellulose has been widely described in literature as shown in Table I. 5. In all these studies, the main process is impregnation of cotton fabrics by dipping it in a finishing bath containing an aqueous solution of polycarboxylic acid (citric acid in this case), a catalyst and eventually additives (e.g. polyethylene (PE) softeners). Most of the time, the fabrics are then dried during 3 to 10 minutes at 85-90 °C25,26,116-121 (only Bischof Vukušić et al. [START_REF] Vukušić | Cotton textiles modified with citric acid as efficient anti-bacterial agent for prevention of nosocomial infections[END_REF] dried their cotton 3 minutes at 110 °C) in order to remove blended water and allow esterification. After this drying step, coatings are cured from few seconds to few minutes at high temperature (110-210 °C) in air blowing ovens; again, only one example [START_REF] Vukušić | Cotton textiles modified with citric acid as efficient anti-bacterial agent for prevention of nosocomial infections[END_REF] shows a curing option with microwave during 20 minutes at 900 W. Even if they are close to TEL process (the drying step can be assimilated to the process step after spraying, where the spraying water evaporates), these operating conditions are still different either in terms of temperature and/or in terms of curing duration. Moreover, in these studies, mainly application properties are measured (e.g. Whiteness Index -see Table I.5) even if chemical structures are verified by some inspiring methods: caustic soda treatment for further FTIR spectroscopy, model reactions followed by NMR spectroscopy. Finally, according to Dehabadi et al. [START_REF] Dehabadi | Durable press finishing of cotton fabrics: An overview[END_REF] , CA shows the best ability to improve properties among other bifunctional polycarboxylic acids like malic acid, succinic acid or maleic acid (they cannot crosslink) because of its trifunctionality. Higher multifunctional polycarboxylic acids (like butanetetracarboxylic acid, BTCA) showed some limitations such as high cost or mechanical properties loss. High crosslinking quality is reached with CA and several interesting properties have been found: durable press finishing, flame resistance 121 , or even antibacterial effect 33 . Crosslinking of starch films. In the middle of the 2000's, CA were used as a possible crosslinker for starch. In order to process it more easily, thermoplastic starch can be produced by plasticization and citric acid can be used in this way.

First studies were reported in 2005 by Jiugao et al. [START_REF] Jiugao | The effects of citric acid on the properties of thermoplastic starch plasticized by glycerol[END_REF] : in their papers, they blended together citric acid, glycerol and starch in a single-screw lab extruder at 130 °C to 150 °C in order to plasticize starch by esterification and thus avoid re-crystallization during storage: they compared these samples with a starch plasticized by glycerol. Microstructure was studied by Scanning Electron Microscopy (SEM) and X-ray diffraction, evolution of chemical structures were investigated by FTIR spectroscopy depending on the storage, and other properties were assessed by thermogravimetric analysis, rheology, mechanical testing according to the storage conditions and humidity. The most interesting result here is the FTIR study, showing that citric acid has a better ability to develop stable hydrogen bondings with starch than glycerol and thus prevents the recrystallization of thermoplastic starch by avoiding hydrogen bonds between hydroxyl groups of starch. A similar study 124 validated this result in 2007 and went further by claiming that citric acid can react with starch to form ester groups during a blending process at 130 °C during 13 minutes: citric acid acts as an internal plasticizer by disrupting inter-and intramolecular hydrogen bonding in starch, favoring its solubility and morphological stability.

After that, crosslinking of starch were studied several times with several systems and raw materials [START_REF] Vieira | Naturalbased plasticizers and biopolymer films: A review[END_REF] : for example with SHP as a catalyst, Reddy and Yang [START_REF] Reddy | Citric acid cross-linking of starch films[END_REF] structuraly demonstrated esterification by FTIR spectroscopy in films prepared at 90 °C for 20 minutes and after removal of unreacted CA and catalyst.

Other interesting properties were revealed for citric acid in starch films as demonstrated by Kahar et al. [START_REF] Kahar | Morphology and Tensile Properties of High-Density Polyethylene / Natural Rubber / Thermoplastic Tapioca Starch Blends : The Effect of Citric Acid-Modified Tapioca Starch[END_REF] and Olsson et al. [START_REF] Olsson | Influence of citric acid and curing on moisture sorption, diffusion and permeability of starch films[END_REF] : the first ones reported the ability of CA to improve affinity of starch with polyethylene and natural rubber-containing matrices. The latter proposed a method to crosslink CA on starch in order to reduce the moisture content, and diffusion coefficient (improving the barrier properties) of water in films. Olsson et al. [START_REF] Olsson | Influence of citric acid and curing on moisture sorption, diffusion and permeability of starch films[END_REF] found that, the moisture content is impacted by the CA content (non-linear effect because of a single to two phase behavior transition when CA content increases) and relative humidity but also curing conditions, which lead to more crosslinked structure less prone to swelling.

Other natural materials. More recently, citric acid were used with other polysaccharides like wheat gluten [START_REF] Chiou | Modification of wheat gluten with citric acid to produce superabsorbent materials[END_REF] , or cyclodextrines [START_REF] Bednarz | Chemical Structure of Poly (beta-cyclodextrin-co-citric acid)[END_REF] (which are cyclic oligosaccharides) but also in wood [START_REF] Feng | Esterification of wood with citric acid: The catalytic effects of sodium hypophosphite (SHP)[END_REF][START_REF] Berube | Determination of In Situ Esterification Parameters of Citric Acid-Glycerol Based Polymers for Wood Impregnation[END_REF] .

Chiou et al. [START_REF] Chiou | Modification of wheat gluten with citric acid to produce superabsorbent materials[END_REF] produced in 2013 a water superabsorbent wheat gluten-based material with citric acid esterification and sodium hydroxyde neutralization of acids: in this way carboxylates repelled each others and favored a water uptake of the material even if thermal stability measured by ThermoGravimetric Analysis (TGA) was shown to be lower than neat gluten.

Poly(cyclodextrin citric acid) was successfully synthesized in 2010 [START_REF] Bednarz | Chemical Structure of Poly (beta-cyclodextrin-co-citric acid)[END_REF] . Authors reported a curing step in oven with conditions variating from 160 to 180 °C for 10 to 20 minutes in presence of a catalyst: sodium phosphate dibasic dodecahydrate (Na 2 HPO 4 , 12H 2 O). At the end of curing, soluble and insoluble fractions were weighted: 13-69wt% of gel depending on curing conditions. HPLC technique performed after hydrolysis was used to evaluate the content of insoluble carboxylic acids in the network, where cyclodextrine content was measured by decolorization of methyl orange upon complexation with cyclodextrine. Finally, thermal degradation in oven followed by TGA coupled Mass Spectroscopy (TGA-MS) was performed to understand the decomposition mechanism of the polymer. The polyesters finally contained 30 to 35% of citric acid and 60-75% of cyclodextrine in which 40% where active for complexation.

The study of esterification of CA on wood was also reported: in 2014, Feng et al. [START_REF] Feng | Esterification of wood with citric acid: The catalytic effects of sodium hypophosphite (SHP)[END_REF] found that citric acid SHP-assisted grafting on wood cell walls was effective and improved wood properties such as anti-swelling and some mechanical properties. However, even if SHP increased the weight gain due to CA grafting, it does not imply any changes in terms of macroscopical properties. Another work can be briefly cited here: in 2017, Berube et al. [START_REF] Berube | Determination of In Situ Esterification Parameters of Citric Acid-Glycerol Based Polymers for Wood Impregnation[END_REF] ran an interesting study on preparation of citric acid-glycerol polymer coatings (0.6:1 to 1.4:1 CA:glycerol molar ratio) for the in situ wood impregnation; they especially showed esterification of wood cells by FTIR and the consecutive effects on anti-swelling and mechanical properties.

Citric acid elastomers

Because of the good biocompatibility of citric acid, the large majority of its derived polymers were developed for medical purposes such as drug delivery or tissue engineering biodegradable elastomers [START_REF] Bettinger | Synthetic biodegradable elastomers for drug delivery and tissue engineering[END_REF][START_REF] Tran | Recent developments on citric acid derived biodegradable elastomers[END_REF][START_REF] Djordjevic | Poly[octanediol-co-(citric acid)-co-(sebacic acid)] elastomers: novel bio-elastomers for tissue engineering[END_REF] . A US patent was submitted in 2009 [START_REF] Ameer | US 20090325859 A1, Citric acid polymers[END_REF] comprising several diols used alone or as blends.

Table I.6 summarizes some of the interesting studies which have been reported in the past years in this field. Most of these papers present synthesized polymers composed of linear diols, and especially 1,8-octanediol but also 1,6-hexanediol, 1,10-decanediol, 1,12-dodecanediol, poly(ethylene oxide), poly(vinyl alcohol), glycerol [START_REF] Thomas | A biodegradable and biocompatible PVA-citric acid polyester with potential applications as matrix for vascular tissue engineering[END_REF] , N-methyl di-ethanolamine, esterified to CA mostly without catalyst. Other laboratories have focused on polyesters with hardening diols like isosorbide or gluconolactone for example [START_REF] Tsutsumi | Biodegradable network polyesters from gluconolactone and citric acid[END_REF][START_REF] Doll | Solvent-Free Polymerization of Citric Acid and D-Sorbitol[END_REF][START_REF] Noordover | Enhancing the functionality of biobased polyester coating resins through modification with citric acid[END_REF] .

Elastomers are sometimes prepared in two steps, the first one leading to a soluble pre-polymer which can be thus analyzed by NMR and other solution-specific analytical methods. Otherwise, solid structures are commonly characterized by FTIR spectroscopy and crosslinking degree estimated with swelling tests. They are usually prepared at temperatures below 160 °C, which is globally lower than for crosslinking cellulose treatments even if curing durations are much higher: from several hours to several days.

Final materials are insoluble, homogeneous and isotropic elastomers which have been analyzed by several techniques comprising mechanical tests, permitting the authors to calculate the molecular weight between crosslinks and the number of active network chain segments per volume unit by using theory of rubber elasticity 52 as shown in Equation 4.1. These values help to characterize the network structure in a relative way.

n = E 0 3RT = ρ M c (4.1)
n represents the number of chain segments per unit of volume (mol.m -3 ); M c the molecular weight between crosslinks (g.mol -1 ); E 0 is the measured Young's modulus (Pa); R is the universal gas constant (8.314 J.mol -1 .K); T , the temperature (K); and ρ is the measured density (g.m -3 ). The porous materials could not be analyzed in this way, however the authors worked on similar formulations cured in different conditions in order to obtain an homogeneous solid.

Hydrolytic degradation was also widely studied since these materials were developed for biomedical applications; in this way, addition of monomers has been performed in order to improve materials degradation properties: for example [START_REF] Yang | Synthesis and evaluation of poly(diol citrate) biodegradable elastomers[END_REF] , incorporation of methyldiethanolamine (MDEA) led to materials showing higher degradation rates in physiological conditions. 

Conclusion

To conclude, this PhD project was born in the framework of GB4 glasswool optimization. Weathering of GB4 Isover glasswools represent an issue for Saint-Gobain. The glasswool binder is made with approximately 90% of a resin based on maltitol and citric acid. After curing, the resulting crosslinked structure is supposed to be a saturated polyester thermoset. Thus it is likely that weathering consists of an intimate blend of reversible (plasticization) and irresversible phenomena (hydrolysis) due to water and temperature cycles. From literature, polyesters hydrolyses are quite complex to be summarized since they depend on the chemical structure of the polymer as well as pH, temperature, time and relative humidity; plasticization phenomena can also interact with hydrolyses phenomena. Thus, to understand the ageing issue of this GB4 thermoset, a fine description of the polymer chemical structure needs to be first realized.

One key information of this chapter is that curing conditions of glasswool binder are extreme since a very high temperature is used: 215 °C up to 20 min. From this information, first hypotheses and previous studies, several questions can be asked: what is the monomer and catalyst role in water ageing? How much maltitol residual hydroxyl groups are available to interact with water? Is the gel ester-crosslinking of the gel dense enough? Do the process conditions impact the structure of the monomers?

In literature, citric acid-and maltitol-based materials are cured in much smoother conditions and examples of other saturated thermosetting polyesters are very scarce. The studies focus on the synthesis of elastomers at low temperature (below 160 °C) and with longer curing durations (from 1 h to several days) for biomedical applications. Other applications can be found in cellulose-based textile treatments with citric acid at higher temperatures 160-220 °C but only for few seconds to few minutes. These curing conditions are different from Isover ones and the analytical tools which were used in reported studies are not always accurate (a lot of characterizations are application tests) even if they constitute a source of inspiration for the current works.

All these pieces of information lead together to the conclusion that a massive chemical characterization of GB4 is needed. To do so, several structural clues have been collected all along this thesis. From the thermal stability to the reactivity of raw materials through network formation considerations, various GB4 aspects have been studied by developing original analytical methods: this is detailed in the next chapters.

Chapter II A preliminary study of GB4 gel point 1 Introduction

In this chapter, the aim is to describe the formation of a gel as well as resulting chemical structures (sol and gel) during the GB4 resin curing. Two different studies have been developed with one common point: even if one deals with a theoretical approach and the other an experimental one, they are both direct approaches. This means that full GB4 resins (MtOH/CA or MtOH/CA/SHP) curing reactions are studied in order to better picture the GB4 material, its complexity and resulting understanding issues. This studies act like an experimental starting point for the next chapters of this manuscript.

Gelation from a physical point of view

As a reminder and as shown in Figure II.1 [START_REF] Pascault | Thermosetting Polymers[END_REF] , thermosetting network grows in the following way: (a) at t 0 the reaction medium is composed of monomers only, (b) then, oligomers are formed by condensation (or addition) of monomers, then of monomers and oligomers, (c) one macromolecule percolates through the system, a gel fraction appears in a sol fraction composed of oligomers and monomers (gel point), (d) the sol fraction decreases by addition of remaining oligomers and monomers to the gel until monomer conversion reaches its maximal value of 1: (e) here one molecule remains in the system. In phase (c), the weight average molecular weight (M w ) diverges (M w → ∞), because of the enormous weight contribution of the gel to this average. This will be helpful to simplify equations and thus determine the gel point conversion value. In contrary, the number average molecular weight, M n , does not diverge since there is only one molecule having a particularly high mass, the rest of them are in sol fraction as oligomers and monomers with, of course, much lower masses.

Methodological issues

When a complex and unique thermoset is to be studied and one wants to describe its formation and structure, several methods can be used. Indeed, the network formation can be investigated by using some thermoset-typical properties changes at the gel point [START_REF] Pascault | Thermosetting Polymers[END_REF] : mechanical, rheological or thermal properties can thus be measured with good accuracy, while the structure can also be determined by spectroscopic methods. Unfortu-nately, in the case of GB4, most of these conventional tools cannot be used for standard measurements because of a major issue: GB4 resin forms a foam when it is cured [START_REF] Chenal | GB 4 Optimization: 2013 Key Results[END_REF] .

Thus, another approach is to directly describe the network formation processes with mathematical tools together with qualitative hypotheses: to do so several model have been developed [START_REF] Flory | Molecular Size Distribution in Three Dimensional Polymers. I. Gelation[END_REF][START_REF] Flory | Molecular size distribution in three dimensional polymers. II. Trifunctional branching units[END_REF][START_REF] Flory | Principles of Polymer Chmistry[END_REF][START_REF] Stockmayer | Theory of molecular size distribution and gel formation in branched-chain polymers[END_REF][START_REF] Stockmayer | Theory of molecular size distribution and gel formation in branched polymers: II. General Cross Linking[END_REF][START_REF] Macosko | A New Derivation of Average Molecular Weights of Nonlinear Polymers[END_REF][START_REF] Miller | Calculation of molecular parameters for stepwise polyfunctional polymerization[END_REF] and are suitable for different polymerizations cases. By choosing one of these models, the idea is not only to predict the gel point in term of monomer conversion but also to play with the inner parameters of the system in order to evaluate quantitatively and "experimentally" which one prevails.

Another way is to practically measure the gel point using thermosets intrinseque properties: the solubility change by the formation of a gel. Even if the foaming issue is not impacting this method, the reader will understand in this part how difficult it can be to set up experiments in the case of GB4 and the issues encountered during this thesis to use the conventional properties of gel point to study network formation of the final thermoset. Despite this, some information about the formation and structure of the GB4 thermoset has been collected and will be presented in the following sections. 

History and hypotheses of the model

Gel formation in thermosets has been early identified in the 30's and rapidly, it has been described by Flory [START_REF] Flory | Molecular Size Distribution in Three Dimensional Polymers. I. Gelation[END_REF][START_REF] Flory | Molecular size distribution in three dimensional polymers. II. Trifunctional branching units[END_REF][START_REF] Flory | Principles of Polymer Chmistry[END_REF] and Stockmayer [START_REF] Stockmayer | Theory of molecular size distribution and gel formation in branched-chain polymers[END_REF][START_REF] Stockmayer | Theory of molecular size distribution and gel formation in branched polymers: II. General Cross Linking[END_REF] . Indeed, they established a statistical approach that led to relations describing the evolution of structures via the average molecular weights versus conversion in three-dimensional and non-linear polymerizations. They built basic relations in simple specific cases from the functional point of view thanks to 3 hypotheses:

1. Functional groups are equally reactive, 2. All groups react independently from each other (reactivities are not affected by the extent of reaction of neighbor fragments and groups or by the size of the fragment to which they belong),

3. Intramolecular cycles are absent in finite species.

By this way, they were able to identify and describe the gel conversion by using the previously mentionned expression: M w → ∞.

In 1976, Macosko and Miller [START_REF] Macosko | A New Derivation of Average Molecular Weights of Nonlinear Polymers[END_REF][START_REF] Miller | Calculation of molecular parameters for stepwise polyfunctional polymerization[END_REF] proposed an interesting, general and easy method to describe the structure evolution of a lot of non-linear reactive systems based on Flory-Stockmayer advances.

These theories present chemical models, mathematically based on expectation and probability of a random variable. Physically, the method is based on picking a function of a monomer or repeating unit and looking at the corresponding molecular weight of its parent molecule. In this section, only Macosko and Miller general model is used to describe GB4 gel point.

Description of a simple homopolymerization Af

In order to understand the previously mentioned approaches, a "simple" and famous example, which has also been treated by Flory 143,[START_REF] Flory | Molecular size distribution in three dimensional polymers. II. Trifunctional branching units[END_REF] (the etherification of penthaerythritol), can be described with an Af homopolymerization of a molecule bearing A-type functional groups with f functionality (typical polyetherification for example). The reaction occurs as presented in Figure II.2 and can be described at any t moment by the consumption of A t functions, in other words: the fraction p of the initial A groups that have reacted is defined as follows:

p = (A -A t ) A ≤ 1 (2.1)
p being a fraction (expressed as percentage). At any moment t of the reaction, when p functions have reacted, the scientist can pick up a random group A in the medium. Let's call it in a first hand A'. The weight attached to A' looking out from its parent molecule is called

W o A (direction 1 on A' in Figure II.2)
. This last value is called in statistical words a random variable (since A' is randomly chosen) with two possible values which can be summarized like that:

W o A =      0 if A does not react W i A if A does react with A (2.

2)

W i A is in fact the weight attached to A (which has reacted with A ) looking into its parent molecule (direction 2 in A" on Figure II.2). The expectation for the random variable,

E(W o

A ), is then written as follows (considering the general laws of total probability and expectation):

E(W o A ) = E(W o A |A)P (A) + E(W o A | - A )P ( - A ) (2.3)
A and -A being events of picking any A reacted function and its complement respectively, P (A) and P ( -A ) their corresponding probabilities; considering the two previous expressions:

E(W o A ) = E(W i A )p + 0(1 -p) = E(W i A )p (2.4)
p is the fraction of the A reacted groups.

It is easy to simplify expression of E(W i A ), since it is the expected molecular weight of any A looking into its parent molecule: i.e. the weight of the monomer Af (called M A f ) plus the number of remaining arms (f -1) times the expected weight of each when looking out the parent monomer (E(W o A )):

E(W i A ) = M A f + (f -1)E(W o A ) (2.5) 
Moreover, the molecular weight of the entire molecule to which an Af monomer is attached is in fact the weight attached to one of its arms looking in and out (both sides of this function). It is thus defined logically in this way:

W A f = W o A + W i A (2.6)
The average molecular weight attached to a random A function will be:

-

M w = E(W A f ) = E(W o A ) + E(W i A ) (2.7)
By simply solving the following equation system (Equation 2.1.2), one can easily recognize the following Flory's relation (Equation 2.1.2):

             - M w = E(W o A ) + E(W i A ) E(W i A ) = M A f + (f -1)E(W o A ) E(W o A ) = E(W i A )p (2.8) - M w = M A f 1 + p 1 -p(f -1) (2.9)
This relation is true if p(f -1) < 1 and -M w can be easily plotted against p; from this equation, other averages like -M n (number average molecular weight) can be calculated.

Nevertheless, if p(f -1) = 1, then - M w diverges ( - M w → ∞)
and the gel point is reached:

p gel = 1 f -1 (2.10)
In this way, one can study the evolution of gel point depending on the hypothetical functionality of one monomer.

Description of the general case: the Macosko-Miller model

In many-components systems however, monomers are usually blended with bifunctional molecules to control the crosslink density and chain length between branch points. In the same way, small amounts of monofunctional monomers can be added to control chain ends. For the step-wise polymerization general case, an equation can be derived in the same way of thinking but considering this time A f i molecules with A-type functional groups and with variable functionality i reacting only with B g j molecules with B-type functional groups with variable functionality j. Using the same methodology than 

Important parameters, calculation intermediate values and variables are defined in

Table II.1. The main subtility is the use of variables being the functions conversions p where p A and p B are linked together by the relations:

     p A = p p B = rp A (2.

11)

p A and p B are both comprised between 0 and 1, r being the functional stoichiometric ratio. At the end, the obtained formula for

- - M w = p B m a + p A m b p B m a + p A m b + p A p B [p A (f e -1)M 2 b + p B (g e -1)M 2 a + 2M a M b )] (p B m a + p A m b )[1 -p A p B (f e -1)(g e -1)]
(2.12) 

f i number i of f-type function in a A f i monomer [mol] g i number j of g-type function in a B g j monomer [mol] A f i number of f i functional A-type monomers [mol] B g j number of g j functional B-type monomers [mol] a f i mole fraction of A f i functions among all A functions f i A f i i f i A f i b g j mole fraction of B g j functions among all B functions idem for B g j M A total molecular weight of individual A-type monomers i M A f i a f i M B total molecular weight of individual B-type monomers idem for B g j p A , p fraction of A-type reacted functions in default [%] p B fraction of B-type reacted functions in excess [%] r functional stoichiometric ratio i f i A f i j g j B g j m a , m b calculus intermediate, idem for B g j i M A f i a f i f i m a , m b calculus intermediate, idem for B g j i M 2 A f i a f i f i
f e and g e are the weight average functionality for the two types of reactants in the mix:

f e = i f i .a f i = i f i . f i A f i i f i A f i = i f 2 i A f i i f i A f i (2.13) g e = j g j .b g j = j g j . g j B g j j g j B g j = j g 2 j B g j j g j B g j (2.14)
However, the gel conditions permit to simplify the previous equation: indeed, the only condition for -M w to diverge is that the following equation is verified:

(p A p Bgel ) = rp 2 gel = 1 (f e -1) (g e -1)
(2.15)

Thus, to determine the gel point, only average functionalities and stoichiometric functional ratio are needed. Moreover, the gel point is not affected by any dispersity [START_REF] Miller | Calculation of molecular parameters for stepwise polyfunctional polymerization[END_REF] .

In this thesis, a calculus worksheet (see Table B.1 in Appendices, p.290) has been developed to be able to set up reaction conditions and observe theoretically the results in terms of gel point.

A focus on network built with condensation products

According to Macosko and Miller [START_REF] Macosko | A New Derivation of Average Molecular Weights of Nonlinear Polymers[END_REF] , condensation products should be considered in the modelling of M w equation by a logical but complex specific mathematical correction comprising M C , the molar mass lost by the condensation product (18 g.mol -1 in the case of water): it is well described in this paper's appendices. However, Stockmayer [START_REF] Macosko | A New Derivation of Average Molecular Weights of Nonlinear Polymers[END_REF] suggested that networks with condensation products in the case of an homopolymerization could be treated by a simple replacement in the relations derived for an homopolymerization without condensation product. This approach was judged to be better than just ignoring M C but leads to imprecision due to the facts that the unreacted chain ends are neglected. The only valuable approach would be Gordon 150 's one for condensation. It is not developed in current work even if it would be interesting to compare the here-after discussed values with Gordon's theory. Indeed, looking at the equation and curves [START_REF] Macosko | A New Derivation of Average Molecular Weights of Nonlinear Polymers[END_REF] , the gel condition equation (which is the interest of this study) does not depend on the weight loss of M C . It has thus been decided in the end to avoid calculus complication by ignoring this value.

Theoretical estimation of gel point in GB4

The ideal GB4 case: A3 + B9

In this part, the case of GB4 is treated as an A3 (A=COOH 3 functional citric acid) + B9 (B=OH 9-functional crystalline maltitol) stepwise copolymerization (see structure of GB4 monomers in Figure II.4 and GB4 formulation in Table II.2). In a first hand, it is reasonnable to consider that crystalline MtOH and CA show monodisperse functionality in order to simplify the calculus. One has also observed previously that CA shows an OH function. Since this model bets on distributions of monomers having only one kind of function, this tertiary hydroxyl group is not taken in account. It can also be assumed that this OH-group is not reactive, because of its hinderance as it has been developed in section 3.3, Chapter I (p.58).

First, from Table II.1, functional stoichiometric ratio in function in default, r, is in fact easily reduced in this way: 

r = i f i A f i j g j B g j = 3 * n CA 9 * n M tOH = n COOH n OH (2.16)
This ratio r is calculated in favor of OH-functions and the exact result is the following: r = 0, 65 meaning that there is approximately 1.5 times more OH groups than COOH.

A short calculus also permits to deduce that 35% of initial MtOH hydroxyl groups will stay unreacted when p COOH = 1 which is meaningful. The potential residual thermoset might contain many OH residual groups increasing its hydrophilic character (even if this is p COOH = 1 might not happen, it gives a good idea of the ratios). Moreover, this goes in favor of the plasticization-like behavior of GB4 that seems to be observed with moist ageing. Finally, when calculating the gel conversion at gel point with the following suited formula derived from previous section:

p gel = 1 r (f e -1) (g e -1)
(2.17)

The gel point should be reached at 31% conversion of COOH functions: this is quite early in fact. The esterification does not have to reach high or full conversions for the system to gelify. This is not surprising in fact, since MtOH functionality is high in theory and one can imagine that with 9 OH functions, the system percolates easily. These results are available in Table II.4, bold values.

What if functionality varies?

Hypothesis: monomers bear unreactive functions. Flory-Stockmayer initial hypotheses comprise that all functions have the same reactivity, which is probably not the case in this system. The model does not consider this option but a short-cut can be taken: one can lower functionality (set functionality as a variable) if a functional group shows a too low reactivity. In that case, however, the molecular weight of the monomer is kept constant as well as the formulation weight ratios. Thus, depending on the functionality, the functional stoichiometric ratio varies and in some cases, COOH functions may become the excess one. In order to compare both situations (OH and COOH respectively in excess), r has been kept always below 1 (by simply inverting the relation) a . Results are plotted in Figure II.5: it could also be imagined to be plotted in 3-dimensions but for more readability only a 2-dimensions plot is presented here. Anyway, several comments can be formulated: a This is in fact mandatory since r value needs to be between 0 and 1.

• When OH functions are in excess (full lines, r(COOH/OH)): in this case, the number of reactive OH groups does not influence drastically the gel formation (p gelCOOH ). A kind of plateau is observed (plain lines in the graph). One can still vary the number of active COOH functions of CA. There is in fact an impressive impact of functionality on the gel point conversion as the lines are shifted upwards: if CA functionality is 3, then the plateau is located for a conversion in COOH at 32%; if functionality is 2 the gel point conversion is around 60%.

• When OH functions are in default (dotted lines, r(OH/COOH)): in this case, the curve is completely different. The gel point conversion increases a lot (e.g.from 32% to 100% for COOH functionality of 3) when OH functionality decreases. In fact, the curves diverge approaching a value around 2 or 3 OH functions (depending on the COOH functionality of 2 or 3): this is in fact logical since below 2 (or 3) OH functions, the gel cannot be formed and mathematically, the conversion reaches values over 100% meaning practically that there is not enough functions to percolate. Thus, when gel formation is still possible but OH functionality decreases, high level of conversion needs to be reached to get a percolating network.

Hypothetical case of COOH 1.7 functionality. An hypothetical case of CA COOH functionality (f e ) at 1.7 has been plotted: of course, chemically, this seems meaningless (f or g can only be integers and a priori there is only CA in the system as polyacid) but one can again shortcut Flory's hypotheses by assuming that one (or several) function(s) of CA is not fully reactive: e.g. this can be considered for the hindering of the tertiray acid. In this case, two calculi can be considered: 1) take back the general case and consider A3 as a blend of A f i , f i being comprised between 0 and 3, the resulting f e will be a real number or 2) consider directly f as a real number. Both choices are equivalent since accounted molar masses are considered similar depending on the functionality. That is why, for this plot, the second option has been selected. The curve (again, Figure II.5) shows the same behavior except that the plateau is more like a smooth slope going to higher conversion values when OH functionality decreases. The level of conversion when OH functions are in excess is growing from 70% to 80%, which is quite high. Then, when stoichiometric ratio inverts, the gel point conversion reaches 100% when OH functionality decreases again.

The case of a maltitol syrup. Because it is a typical case of thermosetting polymers to use a distribution of monomer with several functionalities, it is also possible to predict the impact of maltitol syrups on the gel point for such system. Indeed in the case of GB4, 48 parts of maltitol syrup are blended with 52 parts of citric acid.

This syrup, "Maltilite 5575", is composed of oligosaccharides and polysaccharides deriving from maltitol with specific functionalities and polymerization degrees (DP): it should contain 55 wt% of maltitol among the 75 wt% dry content. Table II.3 shows results of the DPn distribution measurements of this maltitol syrup which has been performed by Isover (with GPC). One interesting comment: the syrup shows a distribution slighlty higher than 55 wt% of DP2 (maltitol) and a lot of DP3 and sorbitol in the syrup.

Moreover, the syrup M n and M w distributions are usually interesting to know, however, here, these two values are not available. However, one can still estimate the functionalities which derive directly from the DPn. If the DPn weight distribution is known, one can deduce the average functionality distribution in weight but also in mole by calculating the corresponding molecular weight for each DPn respectively. Then, by using the Table II.1, Equation 2.13 and Equation 2.15, one can easily calculate the functionality, the functional ratio and finally the theoretical gel point of such a blend. The results of the calculation are presented Table II.4. The corresponding f e function-ality of the maltitol syrup is 18.3 and is quite high compared to crystalline maltitol: this can be explained by the presence of 3 to 300 DP range molecules in the syrup. This has a relatively low impact on the functional ratio (r (COOH/OH)) but a "double" impact on the gel point regarding the Equation 2.17 since it is impacted by the average functionality (f e , which is impacted by the DP distribution). Thus, there is an important impact in the ideal case of citric acid showing a full functionality of 3: the gel point drops to 22% which is 9% lower than the ideal case treated subsection 2.2.1 and reaches 49% instead of 70% for the 1.7 COOH functionality case. Thus, it must be pointed out that maltitol syrup shows a better ability to build a gel regarding the gel point conversion. This has to be pointed out because, in this thesis, the maltitol is often used instead of its syrup in order to simplify the analyses and facilitate the understanding of monomers chemical behavior. 

Summary

To conclude, this section aimed at showing the interest of the Macosko-Miller theoretical approach to better visualize the importance of monomer structure in the evolution of the gel formation. Indeed, Macosko-Miller approach is a generalisation of Florysotckmayer theory allowing to predict the gel formation conversion depending on the initial blend of reactive molecules.

In this part, it has been demonstrated that in an ideal GB4 case with crystalline maltitol, the theory predict a gel conversion of 31% which is quite early and the system does not have to reach high conversions to be crosslinked. However, the residual OH groups number is important (35%) if all carboxylic acid react (this amount may thus be higher) and goes in favor of an highly hydrophilic final GB4 material.

It also has been proven that citric acid functionality plays a major role in the network formation. Moreover, in the case of a low reactivity of maltitol OH functions, these ones have an higher impact on network formation since both monomers get close to the impossibility of building this network. However, the study of maltitol syrup showed its unlikeliness to put a brake on the network formation regarding to its high effective functionality. However, GB4 system is far to be a model one and it could be possible that theoretical hypotheses are not necessarly all respected, especially concerning relative reactivity of OH functions. Indeed, a kinetical approach 46 could be developed as an extension of this approach in order to increase the precision and relevance of this model: e.g. differences of reactivities (via kinetical constants) could be used as input in addition to functionalities and formulation.

Finally, this first study showed that the exact functionality has an important impact on the obtention of the network. Depending on thermal stability or even the effective reactivity of the different GB4 monomer functional groups, the network will be able to form or not. Thus, in a first hand, the corresponding experimental approach needs to be performed in order to validate that GB4 is a thermoset and, if yes, determine the appearance of gel point. In a second hand, the exact functionalities and reactivities of the different monomers has to be found. In this way, the network structure and its formation could be defined in a more precise terms.

3 A laboratory approach to measure GB4 gel point

Interesting features & measurements

Technically, the gel point can be measured by several ways. First, the gel point is characterized by an irreversible and brutal transition of rheological and mechanical properties of the medium from a liquid state to an elastic solid one after gel point (see Figure II.6 (a)). Indeed, before gel point, the viscosity can be plotted against conversion: at the beginning it is quite low, and it diverges approaching the gel point. It has been described by several power laws proposing different exponential values summarized by Pascault et al. [START_REF] Pascault | Thermosetting Polymers[END_REF] in 2003. When the solid fraction appears, the elastic properties of the solid can be characterized (young modulus). Both viscous and elastic behaviors need however to be extrapolated near the gel point since measured values apparati are usually not precise enough. Nowadays, Dynamical Mechanical Analysis (DMA) can measure the evolution of the complex modulus G * during a reaction by using oscillatory deformation at constant frequency (ω) and at a constant temperature. The complexe modulus is composed of two components: a real part, the storage modulus G (elastic behavior of the system) and an imaginary part, the loss modulus G (viscous behavior of the system); their ratio is called the loss factor or tan δ (G /G ). These two components behave in a particular way in the critical gel region [START_REF] Pascault | Thermosetting Polymers[END_REF] permitting to easily identify it: In fact, Winter and Chambon 151 showed that the gel point is observed when all the tanδ(t,ω) curves cross. It was also experimentally confirmed by Muller et al. [START_REF] Muller | Rheological Characterization of the Gel Point: A New Interpretation[END_REF] .

Another way to measure the gel point is to follow the solubility of the reactants during the reaction. As presented in Figure II.6 (b), before the gel point, all reactants and oligomers are supposed to be solubilized in a good solvent. After the gel point, the network structure implies that it is not soluble in any solvent. In this case, only the uncrosslinked part can be solubilized (sol fraction) whereas the gel is only swollen (solvent is trapped into the network "meshes").

Thus, if a good enough solvent exists with the oligomer and polymer i.e. if the solubility parameters δ p and δ s of the polymer and solvent respectively are close. In fact, this difference intervenes in the relative affinity χ Flory-Huggins parameter (Equation 3.1 [START_REF] Emerson | Determination of Solvent -Polymer and Polymer -Polymer Flory -Huggins Interaction Parameters for Poly(3-hexylthiophene) via Solvent Vapor Swelling[END_REF] ).

χ = V m RT (δ p -δ s ) 2 (3.1)
V m is the molar volume of solvent; χ needs to be the low (≤0.5) for a good affinity, thus solubility of the polymer into the solvant is possible. In this way, by solubilization of the synthesized product after several durations of reaction, one can separate sol and gel fractions by filtration, drying and evaporation. After that, one can easily estimate a weight content of gel during the polymerization.

Understand the practical complexity of GB4

The objective of this part is to characterize the network formation in a reproducible way, by developing a robust protocole for gel point measurement. This protocol, precisely detailed in Experimental section (p.262), is based on the evolution of solubility and swelling of GB4 during its curing since rheological measurement are not possible: the reader will quickly understand why.

Just as a first reminder, the GB4 resins were prepared and cured in conditions as close as possible to ones used in Isover plants: resins were prepared in 70wt% dry content water solutions: this is the highest water content needed to intimately blend monomers. Then, these solutions were transferred into an aluminium cup and cured in an oven during various durations at 215 °C. The first practical issue is quickly encountered when curing GB4.

Indeed after approximately 10 minutes of curing (depending on the resin formulation) the material is not looking like a viscous liquid or viscoelastic solid anymore but like a yellow-to-brown shelled crusty foam as shown in Figure II.7. This foam results from the relative kinetic matching of water losses (from formulation but also esterification) and crosslinking which is typical in foam synthesis. Foaming is problematic for several reasons. In fact foaming prevents using DMA (Dynamical Mechanical Thermal Analysis) which has been previously described: the formation of pores will interfer with flowing and mechanical properties of the resin. In the same way, the measurement of viscoelastic properties of the binder a posteriori or at different steps of its curing is complicated since it is not a bulk material with isotropic properties.

Experimental set up & adjustments

Therefore, all these reasons converged to the decision to develop a protocol based on extraction of soluble compounds in a good solvent and structural analyses of the remaining extracted solids; besides, it had never been tried before by Saint-Gobain 11 . The initial method is detailed in Experimental section, 2.1 (p.262). It mainly consists of:

• STEP 1: Formulation of the resins and syntheses in oven.

• STEP 2: Unsoluble and soluble parts separation. This comprises: A. swelling and solubilization in a good solvent, B. separation of soluble unsoluble parts by Büchner filtration and C. purification of each part by the solvent removal.

Solvent choice

A good solvent needs to present a sufficient affinity with the oligomers, polymers and monomers, but not that much to be evaporated it after the segregation of the two fractions (sol and gel). It should also have a low boiling point in order to be easily removed: e.g. it is better to avoid Dimethylformamide (DMF) or dimethyl sulfoxide (DMSO).

Based on the monomers structures and their respective properties [START_REF] Oliveira | Solubility of citric acid in water, ethanol, n-propanol and in mixtures of ethanol+water[END_REF][START_REF] Li | Measurement and Correlation of the Solubility of Maltitol in Different Pure Solvents, Methanol-Water Mixtures, and Ethanol-Water Mixtures[END_REF] , three solvents have been selected regarding their relative affinities with monomers and considering the previous constraints: distillated water (pH=6, best solvent for both monomers), ethanol (relatively good solvent of MtOH and CA) and acetone (solvent for both monomers). The selection method is summarized in Experimental section (p.262). After three days at room temperature and extraction, the weight of the insoluble fraction has be compared as shown in Table II.5. First the obtained product is always unsoluble (high insoluble fraction) in acetone and ethanol even after only 5 minutes of curing (which is corresponding to a lower level of reaction) a . Thus, ethanol and acetone do not establish sufficiently strong interactions with the monomers and polymer to be used as a good solvent.

Unlike the two other solvents, water seems to be a good solvent for this experiment. In fact after 5 minutes of curing, GB4 is not cured enough and it is a priori most likely that the gel point is not reached yet (no unsoluble fraction). After 15 minutes, the gel is more likely to be formed and an insoluble fraction is supposed to be close to 100% and this is what happen in the case of water. This result is not a surprise since water is the best solvent for both monomers, one a Low amount of soluble fraction are attributed to experimental uncertainty: transferring wet and dry solids might generate losses even if lowering the weight losses by limiting transfers has been taken in account in experimental design.

being a sugar and the other being fully soluble in water at room temperature too. That is why water has been selected for these experiments.

Extraction of soluble fraction

Water shows an extremely good affinity with monomers and the soluble part of cured resins. This has been in fact an issue for extracting sol fractions from its solvent (step 2.C). This extraction step aims at further characterizing the structure of the sol fraction by ATR FTIR or NMR for example (NMR solvents being expensive, the solubilization in deuterated solvent was not favoured in a first raw, in this Chapter). In fact, it has not been possible to remove water from sol fraction at all despite numerous attempts with oven, evaporation under reduced pressure, freeze-drying or vacuum-oven steps. However, small samples of cured resin have been solubilized in small amounts of deutered solvent in order to run qualitative NMR analyses.

Measurement of GB4 gel point

Once this methodological set up done, the weight measurements after 24 hours solubilization at room temperture can be performed: each experiment has been reproduced at least twice in order to estimate their accuracy. The final method is detailed in Experimental section 2.1 (p.262) and the methodological scheme is presented in Figure II.8. This method has been applied to several formulations showing differences only in terms of SHP content: 0mol%, 1mol%, 12mol% (the latter content corresponding to GB4 formulation, as shown in Table .2, Experimental section, p.262). Each formulation has been cured for different durations at 215 °C (step 1., weight loss during curing are shown in Section B.2, p.291) before following the swelling and separation protocol: 2. unsoluble and soluble parts separation, which comprises: A. swelling and solubilization in a good solvent, B. separation of soluble unsoluble parts by Büchner filtration and C. purification of unsoluble part only by freeze-drying.

A focus on GB4 gel point

Extraction and freeze-drying of the insoluble phase of GB4 cured resin in water permit to obtain the following plot with an acceptable reproducibility presented in Figure II.9. It shows the evolution of the insoluble or gel fraction against polymerization time. In the case of GB4, the gel point appears between 6 and 8 minutes of polymerization. The gel point is more likely to be close to 8 minutes since the value of the insoluble fraction is really low. Moreover, the final and maximal gel fraction is approximately 90wt%, meaning that the conversion must be high since only 10wt% of the resulting final system is not "inserted" to the gel. Furthermore, it is to be noted that the gel point seems to be correlated with departure of blend water (8 minutes for this experiment, between 7 and 10 minutes for all samples; see Figure B.9, Appendices, p.291): unfortunately, this cannot be compared with theoretical values since evolution of monomer conversion with time has not been measured. Anyway, in a general matter, it can be deduced that the functionality is so high that the gel is reached quickly as soon as blended water is removed from the medium (see weight loss during curing Section B.2, Appendices, p.291).

Impact of SHP on gel point

A specific parameter has been studied in this section: the impact of SHP on the gel point. Indeed, the catalyst consists of 12mol% of the dry content in the GB4 formulation (compared to MtOH and CA). This is an important amount and one can imagine that it might have an influence on gel point. Figure II.9 shows this influence by comparing evolution of insoluble fraction during polymerization of different formulations of GB4 with different SHP amounts. When SHP content decreases from 12mol% to 0mol%, the gel point seems to appear later from [8 min: 9 min] to [12 min: 15 min] range. At 1mol% however the difference is slight, compared to 12mol% except the slope to reach the maximal gel fraction which is much sharper for 12mol%.

Talking about water loss is here much more difficult since the ranges of gel point variate a lot. However, for 0mol% of SHP, the difference with the water weight loss zone is much higher than for 12mol% SHP, going from a merging to 5 minutes difference. This might highlight the influence of SHP content on gel point: without SHP, the gel forms only 2 to 5 minutes after all blend water is gone. This is a big difference with GB4 formulation where the gel appears almost at the same time than the blend water evaporation. Considering all of this, SHP seems to increase the speed of gel formation. However, it does not seem to have an impact on the final gel fraction since all formulations reach 90wt% gel after 20 minutes of reaction. It is also important to warn the reader that this does not mean that the structure is not identical though.

Figure II.9 -Evolution of insoluble fraction (gel fraction) after water solubilization for different samples coming from polymerization of GB4 and its derivative formulations. The gel point is identified by the interval in which the insolbule fraction becomes higher than zero. Method reminder: 24 h solubilizations with 4%wt dry content (1 g solid in 25 mL water).

A preliminary study of GB4 structure

Structure of cured resins (sol & gel)

Before solubilization, in the solid state, the cured resins (sol and gel together) can be easily analyzed by FTIR. Spectra have been collected for the three formulations and are presented in Figure II.10.

The general spectra profiles are quite similar for the 3 formulations meaning basically that similar chemical structures are produced during the curing step. Main peaks are attributed to: C=O carbonyl vibrations between 1709-1724 cm -1 (IV) and O-H stretch related to carboxylic acid large band in the 2500-3200 cm -1 range: these bands are attributed to the presence of citric acid and its esters regarding their respective curing step durations; the alcohol O-H streching band 3350-3600 cm -1 (I) is attributed to maltitol species, but also alkoxy C-O at 1190 cm -1 (VII) which can be attributed both to maltitol and citric acid derived species. A 2363 cm -1 signal (III) is also sometimes observed; it could be attributed to SHP but since this signal appears in the 0mol% samples, it is more likely due to a CO 2 artefact. However, characteristic bands of CA anhydrides are not observed at 1780 cm -1 : usually formed at high temperature bu dehydration of CA, they are more reactive than acids regarding the esterification. This can be explained either by a reaction of these anhydrides to form esters or their hydration at room temperature.

The exact attributions of carbonyl C=O band vibrations, which are the most intense bands, are recorded Table II.6. A shift is observed from approximately 1710 cm -1 to 1720 cm -1 in the carbonyl vibration band according to the resin curing and formulation. When the carbonyl band is shifted towards low wavenumbers, the system is probably composed of a majority of acids, whereas when the carbonyl band is shifted towards higher wave numbers, the system contains more esters. Moreover, sp 3 and sp 2 C-H streching band at 2950 cm -1 (II) but also sp 2 bending at 1390 cm -1 and 1020 cm -1 ((VI) and (VIII) respectively) may be associated to unsaturations probably coming from alcohol dehydration in acidic medium under heating. These unsaturations can also be observed with the shoulder at 1639 cm -1 on carbonyl bands (V). Other slight variations of (VI) to (VIII) peaks are not discussed there.

To summarize, citric acid carboxylic acids seem to be converted into esters and the material seems to be rich in hydroxyl (OH streching band 3350-3600 cm -1 (I)). However, some sp 2 C-H are observed meaning that high temperature could be implied in a dehydration process of initial molecules. the gel structure study will hopefully give more information on this aspect. 

Structure of gel fraction

Basic water (pH=13) treatments for characterization of gel fraction. In these works, characterization of the insoluble fraction was mainly performed with ATR FTIR since the insoluble behavior prevents any NMR spectroscopy in solution at this step. This part details the advances made to improve the structural analysis of this fraction in order to get more information about gel esterification degree.

Indeed, it can be interesting to treat the cured resin with sodium hydroxide (NaOH) at some steps of the method in order to try to collect more quantitative clues on the chemical structure of this resin or its fractions (sol and gel). This soda treatment is valuable in the case of esterification of polycarboxylic acids with alcohol functional groups and has been described by Yang 118 in 1991 for specific textile applications. The aim is to convert the potential carboxylic acid function into their carboxylate corresponding species whereas esters will not be affected by a NaOH treatment. Thus, instead of one massive band, or at least two merging bands (1720 cm -1 for the ester, 1640 cm -1 for the acid) on the spectra, it is possible to clearly distinguish, carboxylic acid (which turned into carboxylate and show a lower wavenumber band around 1580 cm -1 ) and esters (which show almost the same band than without treatment).

In this work, different NaOH treatments were tested: a post-freeze-drying treatment and extraction in aqueous NaOH (0.1M solution, pH=13). To briefly summarize, an example of different treatments for GB4 (20 minutes; 215 °C) cured resin is shown Figure II.11. The first method (b) consists of rinsing the insoluble filtered fraction with some droplets of a NaOH 0.1M solution 10 minutes before freeze-drying. This was not efficient at all since no separation of FTIR bands of the insoluble fraction was observed before (a) and after treatment (b). This method will not be studied for the next results.

However, separation of ester (1724 cm -1 , IV') and carboxylate peaks (1586 cm -1 , IV") was observed in ATR FTIR spectroscopy for the second treatment (c) where cured resins were immerged directly into NaOH 0.1M solutions instead of deionized water. Verification can also be made that the spectrum region of 1580 cm -1 is free of any peak before NaOH treatment. An attempt to quantify esterification in gel. After gel point is reached, the insoluble fraction can be analyzed by ATR FTIR (if dried correctly). The water treatment during solubilization produce samples which have the same ATR FTIR spectrum profile.

Thanks to a NaOH treatment, differences between acids and esters can be highlighted as shown Figure II.11. The aim of basic treatment was to quantify acids versus esters of citric acid in the gel by FTIR spectroscopy. All spectra are presented Figures B.10, B.11 and B.12 in Appendices (Section B.3, p.292). Thus, from these spectra and by calculating a ratio of the ester band intensity over the carboxylate band intensity (Equation 3.2), the relative amount of these two groups can be determined during polymerization in the gel:

r i = I COO - I COOR (3.2)
I COOR is the maximum intensity of the 1724 cm -1 C=O ester band and I COO -the maximum intensity of the 1586 cm -1 C=O carboxylate band. A summary of ester and carboxylate bands values (thanks to previous attributions) before and after basic treatment as well as the ratio r i of their intensities is presented Table II 
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Curing time Water NaOH (0,1M) (minutes) to a really poor accuracy of this measurement. Thus, this method cannot be used for esterification conversion calculation of gel fraction. 
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The unexpected impact of pH on gel fraction

Even if the measurement of esterification extent was not successful, an interesting phenomenon has been observed during the NaOH treatment solubilizations: the influence of solubilization water pH on gel fraction extracted weight has been evaluated (with the same method than presented in When NaOH 0.1M is added to water (pH=13), it can be easily highlighted that is has a negative impact on GB4 sample stability. Indeed, the maximal GB4 insoluble fraction (gel) is lower with basic treatment after 15 minutes of polymerization: 75wt% gel for NaOH instead of 90wt% for water. Even more surprising: this effect is not observed for 1mol% of SHP despite the correct reproductibility almost merging profiles considering experimental error. In fact, only hypotheses can be formulated at this stage of understanding concerning GB4 SHP content:

• It could catalyze basic hydrolysis at room temperature and thus affects ester groups: basic hydrolysis is well described in the polyester field [START_REF] Hakkarainen | Aliphatic Polyesters: Abiotic and Biotic Degradation and Degradation Products[END_REF][START_REF] Jung | Acid-and base-catalyzed hydrolyses of aliphatic polycarbonates and polyesters[END_REF] . The NaOH treatment, meant to convert carboxylic acids into carboxylates, seems to be more destructive when 12mol% of SHP is used, certainly explaining why we obtained random results in last section,

• High contents of SHP in solution could change the solubility paramter of the solvent and thus the affinity between the gel and the solvent,

• In a similar way, SHP could change the solubility parameter of the gel and oligomers by favoring different reaction and crosslinking mechanisms,

• A combination of the previous hypotheses could also be considered. 

Summary

This part aimed at collecting some information about GB4 network formation by a direct experimental approach especially by measuring experimentally the gel point.

Because of GB4 foaming, conventional DMA or rheological and mechanical measurements cannot be collected properly. It has been thus decided to develop a solubilization and swelling protocol which is not impacted by this phenomena. Despite some encountered difficulties, gel point has been identified for GB4 and GB4-like resins with different SHP amounts: the gel point has been determined experimentally after reactions at 215 °C for several minutes keeping as high as possible the reproduciblity. The influence of SHP was investigated and showed that the gel point always appears after blended water removal but more quickely with the catalyst ([8-9 min] with SHP; [12-15 min] without). This means that it probably favors coupling of monomers, probably by esterification. Moreover, the amount of SHP, seems to have an impact on gel fraction increase after the gel point but not on its appearance.

In a second hand, the structure of the resins have been observed by FTIR spectroscopy which revealed the evolution of esterification during the curing even if quantitative results were not possible to analyze because of the basic treatment method. This method showed however that SHP seems to have a specific impact on GB4 gel solubility and/or structure since the final obtained gel fraction is lower with basic tratment. In addition to acid, alcohol and ester identification, unsaturations seems to appear in the cured resins and this aspect needs to be further confirmed and explained.

Gel fraction extraction protocole is satisfying but it is clear that the curing step has to be optimized and to be more representative of a binder cured directly on a fiber than the "cup test"; it could hopefully also improve the reproductibility. In a more technical point of view, for future works, it would be interesting to a implement this protocole directly with GB4 dry formulations (produced by atomization) to evaluate the impact of initial water on the time of gel point and simplify the system. Moreover, Extractions could be performed with deuterated solvents in order to characterize the soluble part structure. Finally, one could also implement the in situ characterization of exothermic features of esterification during the reaction by DSC or TGA-coupled-DSC.

Conclusion

In this chapter, a theoretical approach was first carried out in order to identify important paramters in the GB4 network formation. The Macosko-Miller model has been chosen because of its general description of stewise reactions. It has been applied to GB4 and demonstrated the importance of citric acid functionality in the building of GB4 network. The important functionnality of maltitol and its syrup, however have been proven to be less impacting except if the effective reactivity drops too much. This theoretical model could be optimized by the addition of kinetical equations which would better represent the relative reactivity of different functions on the monomers and thus better describe gel point evolution.

In a second hand, a gel point laboratory set up based on solubility and swelling has been developed based on solubility properties of the gel (other properties cannot be used with GB4 because of important foaming phenomena). This study has shown that gel is reached earlier when SHP is in formulation. The gel fraction increases faster when SHP content increases confirming its role to favor coupling reactions (before and after gel point). Esterification in non-treated cured resins has been detected all along the different reactions by FTIR spectroscopy. However, the esterification quantization on gel fraction has been proven to be complicated since the method based on NaOH treatment have an impact on gel fraction when SHP is formulated in the resin. We proposed several hypotheses concerning this unexpected phenomenon: a SHP-catalyzed basic hydrolysis, a change of solubility due to SHP, difference in terms of reaction mechanisms which would change the material solubility or a combination of several reasons.

For future works it would be interesting to work on dry formulations to evaluate the impact of initial water on the time of gel point and to develop an ester-non-destructive method for esterification quantification in order to compare experimental and theoretical values: this would be helpful to study the gel point in term of conversion and not in term of time. E.g. this could also be recorded by GPC in water or by analysis of the soluble part by proton and carbon NMR spectroscopy. Finally, the exact functionality as well as the reactivity for both monomers and catalyst will be important to know in order to undirectly predict the structure of the final GB4 thermoset and explain the observed phenomena.

Chapter III Stability & degradation of GB4 raw materials 111 1 Introduction

Saint-Gobain Isover TEL process for glasswool manufacture imposes harsh conditions to its organic raw materials: citric acid (CA), maltitol (MtOH) and sodium hypophosphite (SHP). Over many steps, curing is the most constraining one: indeed these strating materials are supposed to react by polyesterification in one step within 20 min at 215 °C, under air atmosphere at standard pressure which are unusual conditions for carrying out polyesterification. Thereby, one can imagine that these raw materials (comprising phosphorus derivatives, carboxylic acids and sugars) could degrade during curing and it is important to keep in mind that any change of raw materials structure that could occur in these conditions would automatically change the initial reactive system for the esterification process (in terms of composition, functionality and stoichiometry) and thus the final network morphology and properties.

Moreover, as the formulation is sprayed on hot fibers, raw materials are first dissolved in water. In this part it has been surmised that almost all water content evaporates when the droplets of formulation get in contact with glassfiber at high temperature (thus before curing); On that way, the study has been performed with the minimum water needed to obtain intimate blends and sometime without water.

The aim of this part is thus to describe the fate of the raw materials structures during the process of curing in order to later predict the potential changes in terms of reactivity and their impacts on network building. A second complementary aim is to show the potential effect of sodium hypophosphite on these fates.

Thermal stability of SHP

SHP thermal stability in literature

Literature give some clues on the thermal stability of sodium hypophosphite. In fact, sodium hypophosphite is not supposed to be sensitive to temperature under 300 °C and degrades as phosphine only above this temperature. According to Yudelevich et al. [START_REF] Yudelevich | Hypophosphites") and Their Reactivity[END_REF] , "impure" SHP that would contain phosphinic acid (H 3 PO 2 : it is protonated SHP a ), disproportionates into phosphine (PH 3 ) and phosphoric acid (H 3 PO 4 ) as follows:

2 H 3 PO 2 --→ PH 3 + H 3 PO 4
Bettermann et al. [START_REF] Bettermann | Phosphorus Compounds, Inorganic. Ullman's encyclopedia of industrial chemistry[END_REF] in 2012 reported also the occurence of the reaction in a range between 130 °C and 200 °C without precising excactly the heating process. Moreover, in presence of acidic water, SHP transforms into dihydrogen (redox reaction) and phosphorous acid through the following reaction 156 :

H 3 PO 2 + H 2 O --→ H 3 PO 3 + H 2
Yudelevich et al. [START_REF] Yudelevich | Hypophosphites") and Their Reactivity[END_REF] highlighted that phosphinic acid is unstable in air because of its strong reducing properties. It should be first converted into phosphorous (H 3 PO 3 , also named phosphonic acid) and then phosphoric acid [START_REF] Bettermann | Phosphorus Compounds, Inorganic. Ullman's encyclopedia of industrial chemistry[END_REF] . 800 °C, residues are finally converted into red and yellow phosphorus [START_REF] Yudelevich | Hypophosphites") and Their Reactivity[END_REF] .

In a more applied point of view, Morris et al. [START_REF] Morris | Safety of Sodium Hypophosphite Catalyst Under Textile Finishing Conditions[END_REF] reported in 1992 a study on identification of decomposition products of sodium hypophosphite alone (called catalyst in this study, however no SHP content is reported), in mixtures with acids, but also in cotton/acid/SHP mixtures using a TGA-IR coupled method. It was found that no phosphine was formed in any of these systems at curing temperatures between 160 °C and 220 °C. Furthermore they confirmed that phosphine was the primary decomposition product of SHP over 300 °C and found as traces in polycarboxylic acid/catalyst mixtures whereas there was no trace in treated fabrics at any of the temperatures studied.

Thus, it appears relevant to study thermal stability of SHP monohydrate under our specific conditions since literature is not comprehensive on that point.

a Phosphinic acid is also known as hypophosphorous acid.

General thermal behavior of SHP

The effect of temperature on SHP weight stability has been first investigated under air atmosphere with a dynamic thermal ramp of 10 °C/min by TGA: the resulting thermogram is given in Even if bound water seems responsible for the first weight loss of 13wt% at 52 °C (calculated amount of 17wt% of H 2 O in SHP monohydrate), SHP seems to be stable up to 215 °C in dynamic thermal conditions. Later weight losses of 309 °C (26wt% loss) and 376 °C (12wt% loss) are probably due to SHP degradation which have been mentionned before [START_REF] Yudelevich | Hypophosphites") and Their Reactivity[END_REF][START_REF] Bettermann | Phosphorus Compounds, Inorganic. Ullman's encyclopedia of industrial chemistry[END_REF][START_REF] Morris | Safety of Sodium Hypophosphite Catalyst Under Textile Finishing Conditions[END_REF] . Over 380 °C, sample weight slightly increases because of a probable oxidation of residual derivative.

Then, isothermal measurement at 215 °C have been performed under GB4-like process. TGA thermogram is presented in Figure III.2a. A first slight weight gain below 40 °C might be due to water adsorption on SHP which is directly lost at 70 °C (1.4 min). Despite this, a weight loss of 14% at 2.5 min (i.e. about 125 °C) is observed: an explanation is that water from the monohydrate SHP escapes from the salt. To be more precise this release is composed in fact of two close steps as shown by the thermogram derivative: Finally, it is important to highlight here that no phosphine was detected in these conditions when comparing the spectra with literature data for gaseous compounds [START_REF] Sennikov | Vibrational spectra of phosphine and arsine in the gas phase, the liquid phase, and in the solution of liquefied argon[END_REF] . That is a good point for obvious safety reasons.

In the meantime, one knows that a chemical structural change can intervene without any weight loss. That is why further verifications need to be done after (not only during) degradation process, on the residual solid (also named leftovers).

Chemical structure of solid leftovers

Stability of SHP has been finally checked by heating SHP in an oven at 215 °C for several time periods and conditions (see method in Experimental part, Section 3, p.266) in order to determine the final chemical structure by using a specific 1 H and 31 P NMR spectroscopy method developed during this thesis work (also described in Experimental part, Section 3): it is important to note here that this method is not standard and that peak assignment is not always 100% accurate, due to the impact of acidity on chemical shifts and also a lack of data in literature and databases. Despite this issue, peak assignment has been attempted thanks to previous works from Mavel 160 , Berger et al. [START_REF] Berger | NMR Spectroscopy of the Non-Metallic Elements[END_REF] , Kühl 162 and when possible by comparing spectra with reference spectra which have been performed in same analytical conditions or with databases 163 . Moreover, in order to mimic GB4 chemical environnement of SHP, thermal stability of neat SHP versus SHP in an acidic medium (HCl 0.1M solution) have been briefly studied at 215 °C.

First of all, chemical structure and purity of neat SHP have been verified: SHP NMR spectra (Figure III.3) consist of a doublet α (d) at 7.01 ppm in 1 H NMR (attributed to the two equivalent SHP protons coupled with one phosphorus nucleus) and a triplet A (t) at 7.1 ppm in 31 P NMR (attributed to one phosphorus nucleus coupled with two protons) b . These multiplets show a particularly high but specific coupling constant of about 518 Hz typical of phosphorus derivatives [START_REF] Berger | NMR Spectroscopy of the Non-Metallic Elements[END_REF]162 . These assignments are in total agreement with SHP structure and confirms its purity.

Then, SHP has been heated under air in an oven in several conditions at 185 To summarize, and as described in Figure III.4, SHP remains the main product after all tested heating processes even if some other species testifying of oxidative reactions are anecdotally observed. First, SHP is especially stable at 185 °C during 20 min since no change of structure is observed. At 215 °C, diphosphorous acid appears which content increases with time. Finally, in acidic conditions, phosphorous acid is produced rather than its dimer even if both molar contents are higher than with no HCl. This can be explained by the favored protonation of oxidized phosphorus derivatives by HCl.

Summary

These first observations concerning SHP raise questions regarding its role in more reactive systems. Of course, oxidation conversions are really low and not really significant in these cases, but one can imagine how impacting it can be in an industrial formulation if 10mol% of catalyst is converted into other species with potential different reactivities since they show lower reduction properties. Thus, model reactions need to be performed and in a first hand "semi-reactive systems" citric acid/SHP and maltitol/SHP: of course, it will be studied in following parts. In an other point of view water losses are non-negligible and occur at high temprature (over 150 °C): this could also have an impact on overall reactivity of GB4 system (since esterification is an equilibrium governed by the water presence). In previous papers, maltitol has been claimed as "highly stabilized against heat" up to 200 °C and that is why it was early used in food industry: Mitsuhashi [START_REF] Mitsuhashi | US3741776: Process for prerparing food and drinks[END_REF] first explained in their patent in 1973 that maltitol undergoes no coloration at all up to 200 °C when heated with direct fire. It is colored only slightly above 200 °C, maybe because of sugar oxidation [START_REF] Lee | Studies on the Browning Reaction of Sugar Derivative Sweeteners[END_REF] .

Raemy and Schweizer [START_REF] Raemy | Thermal behaviour of carbohydrates studied by heat flow calorimetry[END_REF] , in 1983, studied thermal behaviour of some carbohydrates comprising maltitol by heat flow calorimetry at 1 °C/min between 20 °C and 270 °C in sealed cells. They noticed one first endothermic peak at 150 °C assigned to a typical melting of mono-and oligosaccharides (which was further confirmed by O'Donnell and Kearsley [START_REF] O'donnell | Sweetener and Sugar Alternatives in Food Technology[END_REF] in 2012). However they observed an exothermic degradation from 215 °C (onset temperature) with a maximum at 240 °C, and a calculated enthalpy of 320 J.g -1 .

Authors qualified this latest value as quite low for a decomposition of sugars (in general between 600 and 800 J.g -1 ), but explained it by assuming that only the non-hydrogenated half of the molecule decomposed after scission of the glycosidic bond. Finally, in 2014, Petković et al. [START_REF] Petković | Thermal decomposition of maltitol spreads[END_REF] studied the thermal decomposition of maltitol by TGA at 5 °C/min in the 25-800 °C range under 3.5 L.min -1 air stream. They reported a decomposition of neat maltitol in two-phases as shown in Figure III.5: the first uniform phase starts at about 270 °C with a derivative maximum at 340 °C and the weight loss in the first phase is 80wt%. A second peak with a less steep slope was observed with a maximum at 481 °C; the residual weight is 0.9wt% at 600 °C. No chemical explanation was given by the authors.

In a word, 215 °C seems to be a threshold temperature for maltitol thermal stability according to literature. Indeed 200 °C is the maximum temperature to cook it and then 

Stability of crystalline maltitol

General thermal behavior

TGA was first chosen to analyze maltitol following a temperature ramp of 10 °C/min from 25 °C to 550 °C under both 90 mL/min stream of air and nitrogen atmosphere. [START_REF] Petković | Thermal decomposition of maltitol spreads[END_REF] ) and are consistent with the rather high thermal stability of maltitol under relatively high temperatures [START_REF] Mitsuhashi | US3741776: Process for prerparing food and drinks[END_REF][START_REF] Raemy | Thermal behaviour of carbohydrates studied by heat flow calorimetry[END_REF] . However, in order to accurately measure maltitol sensitivity to process temperature, an experiment in isothermal conditions (20 °C/min then 45 min at 210 °C) has been performed. As shown in Figure III.6, weigth loss at 20 min is 2.5wt%, confirming the maltitol thermal stability, this losses being assigned to residual bound water which is absorbed in the first minutes of the experiment (weight gain of 0.1wt%), below 50 °C.

Chemical structure of solid leftovers after heat treatment

Solid leftovers recovered after heating maltitol at 215 °C for 20 min were analyzed by FTIR and NMR spectroscopy (see Experimental section 3, p.266). Peak assignment has been possible thanks to common spectroscopic tables and previous works found in 120 [START_REF] Mathlouthi | Spectroscopic study of the structure of sucrose in the amorphous state and in aqueous solution[END_REF] . Nevertheless it is to be noticed that the solid shows a slight yellowing after 15 min in the oven at 215 °C as mentionned in previous works [START_REF] Mitsuhashi | US3741776: Process for prerparing food and drinks[END_REF] and this could be due to a slight chemical modification of the maltitol structure that may not be clearly visible with FTIR spectroscopy.

In that way, these same solids have also been analyzed in D 2 O by [START_REF]Climate Change 2013: Fifth Assessment Report[END_REF] 3), anomeric proton (2) at 5.1 ppm or even proton (9) at 4 ppm. A short NMR quantitative calculation permitted to find a stable 100±5wt% weight content of maltitol in solid leftovers confirming again the structure stability. However at 20 min, low intense signals appear between 4.2 and 4.6 ppm along with a baseline broadening between 3.3 and 4.1 ppm. The presence of these small peaks might be explained by the formation and/or breakage of ether bonds by polymerization or deshydration of the maltitol in a comparable way than glucose [START_REF] Sugisawa | The Thermal Degradation of Sugars: I. Thermal Polymerization of glucose[END_REF][START_REF] Sugisawa | The Thermal Degradation of Sugars. II. The Volatile Decomposition Products of Glucose Caramel[END_REF][START_REF] Fagerson | Thermal Degradation of Carbohydrates a review[END_REF][START_REF] Fagerson | Compounds from-Heated G lucose[END_REF] .

To conclude, maltitol is thermally stable during 15 min at 215 °C since its structure does not change significantly except after 20 min: of course more experiments would be interesting to go further into the understanding of these spectra but at this stage, maltitol has been considered relatively stable.

Can SHP alter thermal stability of crystalline maltitol?

It has previously been reported that SHP may reduce cellulose, hemicellulose and other sachharides by catalyzing desoxygenation (reduction) in some specific conditions [START_REF] Guyon | Synthetic applications of hypophosphite derivatives in reduction[END_REF] .

Same experiments have been performed with a blend of maltitol and SHP (identical GB4 relative composition: MtOH:SHP=1:0.41) heated for 20 min at 215 °C in a pan in order to analyze solid leftovers structure by basically using 1 H NMR spectroscopy. The blends were prepared with the lower amount of water needed to obtain an intimate blend of MtOH and SHP. Both species being highly hygroscopic and soluble in water, it was impossible to remove all the water before the heating step. Thus residual water had an influence on kinetics and that is why results with and without SHP are not "kinetically" comparable here. However, resulting 1 H NMR spectra are presented in Figure C.17 (Appendices, p.297) and same qualitative comments can be made than without SHP: no significant structure modification is observed up to 15 min at 215 °C. Finally, quantitative NMR analysis demonstrated as previously, a stable maltitol content of 95wt% in leftovers (5wt% of SHP). it was therefore concluded that SHP does not have a significant impact on maltitol stability in these conditions.

The special case of maltitol syrup

Maltitol syrup, its composition & potential issues

Maltitol syrup, which is the real reactant in the GB4 formulation, shows some differences with maltitol crystals: indeed, maltitol syrup is a liquid with 75wt% dry content and thus 25wt% water. The preparation of maltitol syrup and the structure of its main compounds was shown in Appendice A, Figure A.1 (p.283) from O'Donnell and Kearsley [START_REF] O'donnell | Sweetener and Sugar Alternatives in Food Technology[END_REF] 's review. Its content is not only maltitol but also a distribution of maltitol "oligomers" with different polymerization degrees (DP) as shown in the previous Chapter (Table II.3); it might also contains traces of maltose and its corresponding "oligomers". Besides the risks of reactivity changes, these differences in terms of composition could lead to a change of thermal stability especially because of the presence of non-hydrogenated residues which are less stable at high temperature than hydrogenated ones [START_REF] O'donnell | Sweetener and Sugar Alternatives in Food Technology[END_REF][START_REF] Kearsley | The control of hygroscopicity, browning and fermentation in glucose syrups[END_REF] . 123

A short study of maltitol syrup stability

According to TGA results displayed in Figure III.9, maltitol syrup is stable at 210 °C during 45 min. The weight loss of 20wt% just before 10 min approximately matches with the 25% of water content in the syrup (the observed difference in water can be due to bound water that is harder to remove). With SHP (identical GB4 relative weight parts), in spite of a slightly higher amount of lost material (24wt%) explained by a lower dry content of the initial blend (SHP does contain water), weight loss step shows a similar morphology (with a maximal weight loss step temperature around 170 °C) confirming the low impact of SHP on maltitol stability. ) have been assigned to anomeric protons linked to "glucose" units (instead of a sorbitol unit) characteristic of maltotritol and higher molecular weight derivatives: the presence of oligomers of maltitol is thus validated, which is consistent with previous comment about peaks of maltitol and its respective oligomers merging on 3.5-3.9 ppm spectral zone. It is also important to note that any characteristic peak of maltose (especially a doublet of doublet (dd) at 3.2 ppm 167 which is not observed here) is observed in 1 H NMR spectra of maltitol syrup. Finally, exact weight contents of maltitol versus its oligomers have been calculated thanks to 1 H NMR characteristic peaks of these two species in order to evaluate the stability of this ratio and thus of initial molecule content: the maltitol/oligomers ratio remains stable with and without SHP (about 35wt% of oliogmers).

Summary

All these considerations together permitted to conclude that no critical change occurs during heating of crystalline or syrupous maltitol with or without SHP in studied conditions. The presence of small unidentified NMR peaks after 20 min at 215 °C with SHP might be explained by the formation and/or breakage of ether bonds by polymerization or deshydration of the maltitol in a comparable way than glucose [START_REF] Sugisawa | The Thermal Degradation of Sugars: I. Thermal Polymerization of glucose[END_REF][START_REF] Sugisawa | The Thermal Degradation of Sugars. II. The Volatile Decomposition Products of Glucose Caramel[END_REF][START_REF] Fagerson | Thermal Degradation of Carbohydrates a review[END_REF][START_REF] Fagerson | Compounds from-Heated G lucose[END_REF] . Next step is thus to evaluate citric acid stability in similar conditions.

Thermal behavior of citric acid 4.1 Introduction

Citric acid & its degradation in literature

Since maltitol has previously been qualified as thermally stable, this part will focus on stability and degradation of the second monomer, citric acid (CA). Widely used as acidifier, flavoring, chelating agent in food industry, its thermal properties have been studied for a long time and several authors, as Apelblat 15 in 2014, suggest to process it under 180 °C. Indeed, citric acid thermal decomposition has been early described in literature. The oldest works on that topic seem to belong to the middle of the XIX th century: in 1863, Cahours [START_REF] Cahours | Recherches sur les dérivés pyrogénés de l'acide citrique[END_REF] published his results on citric acid distillation products in Annales de chimie et de physique, "Recherche sur les dérivés pyrogénés de l'acide citrique" a . Since then, several decomposition temperatures and pathways have been proposed for CA degradation depending on experimental conditions. Indeed, almost 100 years later it has been proven by Duval [START_REF] Duval | Sur la stabilité thermique des étalons analytiques[END_REF] that, as being a tricarboxylic α/β-hydroxy-acid, CA shows a characteristic trend to degrade at 175 °C at a standard pressure and 2 °C/min heating. The author described its whole TGA weight loss profile in this way: citric acid keeps water up to 56 °C, the hydration water is then completely removed at 82 °C, negligible loss of weight is observed up to 131 °C and finally decomposition starts slowly up to 165 °C to be strongly accelerated in the 165-192 °C range.

Later on, several works revealed the production of various decomposition products as unsaturated triacids (which could keep the ideal role of CA as a crosslinker) [START_REF] Ye | Quantitative analysis of citric acid/sodium hypophosphite modified cotton by HPLC and conductometric titration[END_REF][START_REF] Barbooti | Thermal decomposition of citric acid[END_REF][START_REF] Carlsson | Study of Sequential conversion of Citric to Itaconic to Methacrylic Acid in Near-Critical and Supercritical Water[END_REF][START_REF] Wyrzykowski | Thermal behaviour of citric acid and isomeric aconitic acids[END_REF] , unsaturated anhydrides [START_REF] Wyrzykowski | Thermal behaviour of citric acid and isomeric aconitic acids[END_REF][START_REF] Fischer | NMR Investigation of the Thermolysis of Citric Acid[END_REF] which would be more reactive than related acids, unsaturated [START_REF] Ye | Quantitative analysis of citric acid/sodium hypophosphite modified cotton by HPLC and conductometric titration[END_REF][START_REF] Carlsson | Study of Sequential conversion of Citric to Itaconic to Methacrylic Acid in Near-Critical and Supercritical Water[END_REF][START_REF] Wyrzykowski | Thermal behaviour of citric acid and isomeric aconitic acids[END_REF] and saturated [START_REF] Ye | Quantitative analysis of citric acid/sodium hypophosphite modified cotton by HPLC and conductometric titration[END_REF][START_REF] Carlsson | Study of Sequential conversion of Citric to Itaconic to Methacrylic Acid in Near-Critical and Supercritical Water[END_REF][START_REF] Fischer | NMR Investigation of the Thermolysis of Citric Acid[END_REF] diacids which would not then contribute to crosslinking but rather to chain extension. Table III.1 shows the different structures and their acronyms (see Figures III.11 to III.13 for corresponding pathways).

However experimental conditions are various, and production of degradation derivatives is highly related to them; here are some examples of studied conditions in the literature. Barbooti between 25 and 250 °C at different heating rates under nitrogen flow (different gases were used for DSC), 160-200 °C during 5 min in water media and pressure for Carlsson et al. [START_REF] Carlsson | Study of Sequential conversion of Citric to Itaconic to Methacrylic Acid in Near-Critical and Supercritical Water[END_REF] , study of degradation in dynamic thermal conditions (20-400 °C at 2 to 15 °C/min) by TGA-MS (ThermoGravimetric Analysis coupled Mass Spectroscopy) woupled with DSC and TGA-IR has been led by Wyrzykowski et al. [START_REF] Wyrzykowski | Thermal behaviour of citric acid and isomeric aconitic acids[END_REF] in 2011: the latter concluded that the most probable series of chemical reactions in the thermal decomposition of citric acid were built as follows: citric acid generates aconitic species (referred as ACO) followed by formation of corresponding anhydrides and then itaconic and citraconic anhydrides (ITAs and CTAa respectively). Finally, Sadik et al. [START_REF] Sadik | Dsc studies on the decomposition of chemical blowing agents based on citric acid and sodium bicarbonate[END_REF] studied very recently the kinetics constants of citric acid degradation as a foaming agent by isothermal DSC between 190 °C and 210 °C under nitrogen. They concluded that under those conditions, CA degradation conversion was following an auto-catalytic equation and specific constants have been calculated at these temperatures.

Figure III.11 taken from the studies of Noordover et al. [START_REF] Noordover | Enhancing the functionality of biobased polyester coating resins through modification with citric acid[END_REF] summarizes well some of the main decarboxylation and dehydration reactions which mainly govern CA decomposition in the first steps of heating. Finally in the latest step of degradation, unsaturated or saturated monoacids 179 are reported to be produced. In the our case, these species could stop the crosslinking and polymerization process in the full GB4 system since their carboxylic acid functionality is lower than 2.

Furthermore, decarboxylation/dehydration processes are not the only ones described in the literature. For example, as shown in Figure III.10, ketones could be produced by the departure of CA central carboylic acid and oxidation of central hydroxyl as an α-hydroxy acid [START_REF] Roger | Acetonedicarboxylic Acid[END_REF][START_REF] Bouchard | Citric Acid. Encyclopedia of Chemical Technology[END_REF] : in this way, 3-oxopentanedioic (oPDA), its decarboxylated acid 3-oxobutanoic acid (oBA) [START_REF] Ye | Quantitative analysis of citric acid/sodium hypophosphite modified cotton by HPLC and conductometric titration[END_REF] and finally acetone can also be produced during CA degradation.

Figure III.13 from Carlsson et al. [START_REF] Carlsson | Study of Sequential conversion of Citric to Itaconic to Methacrylic Acid in Near-Critical and Supercritical Water[END_REF] summarizes well a simplified CA degradation pathways up to the production of smaller molecules like propene or acetone. 

Figure III.11 -Chemical pathway consisting of decarboxylations and dehydrations for

CA degradation leading to cis-aconitic acid (csACO), trans-aconitic Acid (trACO), citric anhydride (CAa), cis-aconitic anhydrides (csACOa and csACOa'), trans-aconitic anhydrides (trACOa), 3-hydroxyglutaric acid (HGA), citramalic acid (CM), glutaconic acid (GLU), citraconic acid (CTA), itaconic acid (ITA), glutaconic anhydride (GLUa), citraconic anhydride (CTAa), itaconic anhydride (ITAa). Taken and modified from Noordover et al. [START_REF] Noordover | Enhancing the functionality of biobased polyester coating resins through modification with citric acid[END_REF] .

Can SHP play a role in citric acid degradation?

As mentionned previously, SHP is claimed for activating esterification of polyacids onto polysaccharides and has been shown to be involved in the formation of reactive intermediate such as anhydrides [START_REF] Feng | Esterification of wood with citric acid: The catalytic effects of sodium hypophosphite (SHP)[END_REF] , which are more reactive than their respective acids regarding esterification. Phosphorus derivatives are also well known to be highly reactive in general [START_REF] Walsh | Phosphorus Chemistry[END_REF] and among them hypophosphite which can react by metal catalyzed reduction with unsaturations or oxygen-containing molecules (by desoxygenation of alcohol or carbonyl) in several specific conditions [START_REF] Guyon | Synthetic applications of hypophosphite derivatives in reduction[END_REF][START_REF] Coudray | Recent developments in the addition of phosphinylidene-containing compounds to unactivated unsaturated hydrocarbons: Phosphorus-carbon bond formation by hydrophosphinylation and related processes[END_REF] .

However, a few papers describe the role and action of SHP. A first report, written by Yao et al. [START_REF] Yao | Durable Press Finishing of Cotton Fabrics with Citric Acid: Enhancement of Whiteness and Wrinkle Recovery by Polyol Extenders[END_REF] in 2013, has highlighted the SHP-promoted formation of 2-methylsuccinic acid (MSU) by [START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] C NMR spectroscopy in citric acid/glycerol-treated cellulose fabrics (SHP:CA=1:1) cured at 180 °C for various times. They concluded that instead of catalyzing the formation of cyclic CA anhydride (which is more reactive than CA), SHP was rather promoting the decarboxylation and dehydration of CA and the formation of MSU which would not be able to crosslink cellulose. They also concluded that an excess of SHP (SHP:CA=1:1) leads to a loss of macroscopic mechanical properties of their cured fabrics.

Also, Ye et al. [START_REF] Ye | Quantitative analysis of citric acid/sodium hypophosphite modified cotton by HPLC and conductometric titration[END_REF] reported in 2015 some clues of a direct action of SHP on degradation unsaturated products of citric acid during a dip bath treatment of cotton fabrics: the treatment was composed of citric acid, SHP, polyols (such as PEG, glycerol, pentaerythritol and xylitol) and a wetting agent (no structure or chemical nature is not provided). Then, the fabrics were dried at 85 °C during 5 min and cured 5 min at different chosen temperatures between 160 °C and 200 °C. The treatment was extracted by washing (1M NaOH solution) and further analyzed by High-Performance Liquid Chromatography (HPLC). Several molecules coming from CA decomposition were detected: cis-and transaconitic acids (ACO), itaconic acid (ITA), citraconic acid (CTA) but also 2-methylsuccinic acid (MSU, which is in fact the saturated version of mesaconic acid (MC)) were identified. Authors explained the presence of MSU by SHP reduction of unsaturated diacids (see Figure III.12) one which can be considered as a degradation product of citric acid (even if not observed by HPLC). In the following part, the potential reductive role in CA degradation has been investigated.

To summarize the literature descriptions, Table III.1 shows some of the cited molecules which could form from CA degradation (with and without SHP). as well as their respective structures, COOH functionality and ability to form anhydrides. 

Thermal behavior of citric acid systems

In this part, the degradation of citric acid above its melting point is discussed. The aim is to understand citric acid behavior under GB4 process conditions to clarify the capacity of citric acid degradation to compete with esterification in a full formulated system (with maltitol) but also the ability of CA to be a "crosslinker". The effect of SHP being superficially described in literature, results will be compared with experiments for CA/SHP blends in the same stoichiometric ratio than the one used into GB4 formulation (CA:SHP=1:0.21, see also Experimental section 3, p.266).

A short check of citric acid dynamical degradation

Citric acid was first exposed to dynamical heating (10 °C/min from 25 °C to 550 °C) under both air and nitrogen atmosphere; the obtained TGA thermograms were collected. The same operation was conducted with a blend of CA/SHP using the GB4 stoichiometric ratio.

As illustrated by Figure C.22, under these conditions, 96% of the initial citric acid is lost between 170 °C and 300 °C confirming its trend to degrade beyond 175 °C178 .

Moreover, degradation seems relatively fast regarding the sharpness of the only thermogram derivative peak and its maximal temperature (which corresponds to this peak maximum temperature) is 225 °C, which is only 10 °C upper than SG Glasswool process temperature (215 °C). This confirms also the need of experiment in isothermal mode at 215 °C, in order to check the real thermogravimetric profile of CA decomposition under TEL process.

Impact of SHP on citric acid isothermal degradation

In order to accurately measure citric acid sensitivity to TEL process conditions, an isotherm mode experiment at 50 °C/min then 20 min at 215 °C has then be applied. Several interesting points can be noted when observing Figure III.14.

Firstly, CA degradation profile is quite different compared to TGA dynamical heating (Figure C.22, p.300): in total 86wt% of CA is lost (10wt% less than dynamical heating) between 2 min (4.75 min of total time) and 20 min of the isotherm. Moreover, two stages of degradation has been revealed and highlighted by the derivative curves. Indeed the curve shows two "zero derivative" maximum: one at 7 min (step loss of 30wt%) and a second one at 12 min (56wt%). This particular behavior can be explained by the decomposition of citric acid in two distinct steps in those conditions. However, this is not the case for the CA/SHP blend which shows a unique derivative peak at 5 min (215 °C) symptomatic of a unique 72wt% loss step in TGA thermogram. It is interesting to note that the loss is abrupt during the five first minutes (60wt% loss) and then the residual 12wt% are lost in the following 20 min. Even if this observation does not give clues on potential differences in terms of chemical degradation pathway, one important first conclusion on SHP influence is that degradation kinetics are completely different and that SHP has a clear catalytic effect on at least one of the CA degradation steps.

These observations show that citric acid could degrade during the network formation especially with SHP. Of course more experiments are needed and structural analyses of solid leftovers and vapors need to be performed in order to better know the potential degradation derivatives which could react and/or compete with CA in the esterification process during the network formation.

Structure of solid leftovers during citric acid degradation 4.3.1 Solid leftovers of citric acid

In the same way than with maltitol, the easy pan-test-based process made with citric acid allowed us collecting solid leftovers at different time during the 215 °C isotherm (see experimental section): here, different samples have been prepared by thermal degradation at 215 °C during 6, 16 and 20 min. Moreover, a complete analytical methodology has been set up to collect clues which can, together, lead to a relatively precise cartography of the solid content chemical structure.

FTIR, a first evaluation of damages

A first easy way to get into the structure of degradation solid leftovers is ATR FTIR. Figure III.15 shows the evolution of FTIR spectra (64 scans) during CA degradation. Peak assignment has been possible thanks to common IR tables, Noordover et al. [START_REF] Noordover | Enhancing the functionality of biobased polyester coating resins through modification with citric acid[END_REF] , Djordjevic et al. [START_REF] Djordjevic | Synthesis and characterization of novel citric acid-based polyester elastomers[END_REF] but also works of Guillermo's group [START_REF] Ameer | US 20090325859 A1, Citric acid polymers[END_REF][START_REF] Yang | Synthesis and evaluation of poly(diol citrate) biodegradable elastomers[END_REF] . Unlike MtOH, FTIR spectra highlight a deep structural change of initial citric acid especially concerning the carbonyl spectral zone. Indeed, the CA typical 1744 cm -1 (free carboxylic acid carbonyl (iv)) and 1696 cm -1 (H-bonded acid carbonyl (v)) peaks are already hidden after 6 min to be replaced by a first shifted signal at 1707 cm -1 attributed to carboxylic acids carbonyl (vii) but also cyclic anhydrides (1760 cm -1 (vi), 1847 cm -1 (iii)), and/or unsaturated compounds with 1666 cm -1 , 1647 cm -1 , as well as 893 cm -1 characteristic bands ((viii) and (x) respectively) when degradation time increases. Moreover it can be noticed that α-hydroxyl OH of citric acid (i) initially at 3495 cm -1 shows a much lower intensity after only 6 min until 20 min testifying of the dehydration of citric acid to form at least aconitic species. These observations are first clues of CA degradation in these conditions; however derivatives structures cannot be precisely described only by a FTIR spectra analysis.

A complete NMR analysis for a complex system

Considering the relatively important changes occuring in CA structure over time demonstrated by FTIR, a full NMR analysis methodology has been set up to further elucidate the resulting structures. In fact, as long as they are soluble in DMSO (solvent preferred to H 2 O in order to avoid any anhydride hydrolysis), leftovers structure can be analyzed by 1 H, [START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] C, 2 dimentionnal heteronuclear single quantum correlation (HSQC) NMR spectroscopy. First, 1 H NMR spectroscopy has been used: it is both a qualitative and quantitative analysis in these conditions. It allowed to roughly identify CA degradation products. [START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] C NMR spectroscopy permitted to validate the first qualitative results of 1 H NMR and especially identify the probable presence of anhydrides versus acids in the carbonyl region (160-180 ppm). In order to confirm these two qualitative analyses, HSQC NMR has been used and some characteristic 1 J C-H coupling correlations have been identified. All identifications have been made thanks to a reference data library previously recorded and collected (see C.4, p.303) are observed in leftovers but decrease with time: in fact they seem major at 6 min, then significant at 16 min. At 20 min, spectra are more difficult to interpret since general intensity drops. In fact, the ratio of known signal integrals over total spectra integration decreases from 100% at 0 min to only 15% after 20 min generating problems of analysis. This means that all identified and quantified products at 20 min appear as traces (among the 14wt% leftovers according to TGA results). However citric acid can still be recognized and validated thanks to [START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] C NMR spectrum.

Moreover, 1 H NMR spectra show the presence of aconitic species from 6 min testified by an intense singulet at 6.7 ppm (5") related to their alkenic protons (related carbon has been identified at 128.3 ppm). Moreover an intense singulet at 3.7 ppm (6") relative to a proton of a saturated CH 2 group in alpha position of an unsaturation is identified too as well as their corresponding carbon shifting at 38.6 ppm. Proton peak relative intensities show a 1:2 ratio and this confirms the first assignments. Comparison with reference spectra led to identification of trans-aconitic acid (trACO), which shows furthermore a higher stability compared to its cis-isomer [START_REF] Wyrzykowski | Thermal behaviour of citric acid and isomeric aconitic acids[END_REF] .

Itaconic species (acid (ITA) and anhydride (ITAa)) have also been identified as traces thanks to a typical correlation of 2 proton signals 5.7 and 6.1 ppm ((d/d') and (e/e') respectively) coupled with only one carbon (127.8 ppm) in 2D HSQC NMR. [START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] C NMR further determined that these species were in fact itaconic acid only until 6 min then majoritary acid and traces of anhydride (because of their unsaturated cyclic carbon shift differences).

In the latest stage of degradation, methyl group of citraconic anhydride seems to appear but as traces (unsaturation is almost invisible and much less intense than methyl peak): citraconic anhydride (CTAa) is the only one derivative to show a boiling point close to 215 °C (213 °C) 189 and are thus prone to evaporate when produced.

It is important to note that carbon spectra show some interferating unknown peaks especially in regions of interest (anhydrides, unsaturations, methyl zone): this led to identification difficulties and that is why anhydrides versus acid recognition was not always possible. However, regarding FTIR results, it can be concluded that anhydrides mainly appear in leftovers after 16 min. Would this mean that anhydrisation process takes place after the formation of unsaturated diacids (instead of after unsaturated triacids formation as Noordover et al. [START_REF] Noordover | Enhancing the functionality of biobased polyester coating resins through modification with citric acid[END_REF] spectra: e.g. some other unsaturated molecules (low intensity shifts standing over 7.2 ppm ( 1 H) and over 140 ppm ( 13 C)) and CH 3 -containing molecules (e.g.: proton peak at 1.90 and 2.05 ppm correlated with 10.0 ppm and 26.0 ppm carbon peak) are also present in solid parts from 16 min and especially after 20 min but they have not been identified yet. They could correspond to low molecular weight compound such as methacrylic acid or acetone (coming from acetone dicarboxylic acid [START_REF] Feng | Esterification of wood with citric acid: The catalytic effects of sodium hypophosphite (SHP)[END_REF][START_REF] Roger | Acetonedicarboxylic Acid[END_REF] as shown in Figure III.10).

A rougher quantitative approach. Since all peaks have not been assigned on 1 H NMR spectra, especially at latest stage of degradation, molar contents have been estimated based on major peaks in order to more accurately calculate the relative CA degradation products contents by using the conventional quantitative NMR method [START_REF] Malz | Validation of quantitative NMR[END_REF][START_REF] Bharti | Quantitative 1H NMR spectroscopy[END_REF] First, for solid after 20 min, peaks intensity in 3-4 ppm region is distored by the baseline "swelling" and because of spectrum general intensity drop. However it is observed that citric acid remains at a high concentration level among other degradation products: indeed, it represents almost 75mol% of the identified products after 6 min, 50mol% after 16 min, and its amount increases again at 20 min to reach 60mol%: this is probably due to the degradation or evaporation of its derivatives.

The second by-product identified is trans-aconitic acid which is found at 6 and 16 min at 25mol% but also at 20 min where signal appears to be much weaker: less than 10mol%. This is a typical evolution of an intermediate product in chemical reactions since it is consumed as far as it is produced.

As mentionned in the previous part, another molecule has been identified: itaconic acid. First at 3mol% at 6 min, then 20mol% at 16 min (which are lower than aconitic acid content) and finally 20mol% at 20 min (which is higher than aconitic content). Traces of its isomers (such as citraconic species and especially anhydrides) are also sometimes observed after 16 min (below 1mol%). How to explain these two different behaviors since these two isomeric molecules are similarly produced? In fact, one explanation is that itaconic and citraconic both come from aconitic acid degradation except that citraconic anhydride is more volatile: it evaporates after being synthesized. Moreover these two molecules also degrade possibly and are then intermediate products of further degradation processes leading to the production of monoacids and ketones which could correspond to unidentified molecules estimated to be concentrated at 2mol% after 6 min, 4mol% after 16 min and 10mol% after 20 min.

Based on these results, a first degradation process scheme can be proposed: citric 

Molecule ID Structure & assignment

Citric acid CA Trans-aconitic acid trACO

Itaconic acid ITA

Itaconic anhydride ITAa

Citraconic acid CTA

Methylsuccinic acid MSU 139 acid concentration decreases with time, leading first to trans-aconitic acid stemming from its dehydration; then the relative concentration of itaconic acid begins to increase due to decarboxylation of aconitic species. A "dehydration-then-decarboxylation mechanism" seem to be involved.

Impact of SHP on citric acid degradation

As shown earlier, isothermal TGA thermograms (Figure III.14) provided information in favor of a quicker CA degradation with SHP than without SHP. Consequently, a blend of CA/SHP has been realized. Samples have been prepared by heating them at 215 °C in oven from 2 to 10 min (shorter time than usual regarding previous considerations) and weight losses were estimated: they are in the same order of magnitude than those measured by TGA. Finally NMR and ATR FTIR spectroscopic measurements have been performed in the same way than before to identify CA derivatives. The relative CA degradation products molar contents have been caclulated by using the conventional quantitative NMR method [START_REF] Malz | Validation of quantitative NMR[END_REF][START_REF] Bharti | Quantitative 1H NMR spectroscopy[END_REF] III.2. It is to be noted that some difficulties have been encountered with NMR spectroscopy concerning sample preparation or even interpretation (especially the 10 min sample which could not be analyzed by NMR) because of the presence of SHP in unsaturation region, important weight losses (60wt% after 5 min regarding TGA analysis) but also an early drop of solubility after 6 min (a first clue in terms of structural change) leading to a decrease of resolution and intensity. However, same derivatives families have been detected in early degradation spectra thanks to the previously described analytical method. Quantifications presented in this part are also approximate values calculated by simple peak integral/proton number molar ratios 187 from identified signals (which represent the quasi-totality of studied spectra); they are thus here to show order of magnitude. In order to be clearer and more synthetic, only 1 H NMR spectra of solid recovered after heating for 2 and 6 min are discussed here (Figure III.18b and III.18c), [START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] C and HSQC NMR spectroscopy being used only as a validation tool for peak identification confirmation.

First, citric acid remains the highest concentrated molecule among the derivatives all along the degradation: 78mol% after 2 min and 61mol% after 6 min. These values are slightly higher than with CA alone but are in the same order of magnitude.

Then, trans-aconitic acid is observed again but at a low concentration level (less than 5mol%) after 2 min and it almost disappears after 6 min (2mol%) testifying again of its role as an intermediate molecule in CA degradation process. This is correlated with last observations since itaconic acid is also clearly identified after 2 and 6 min and represents approximately 15 and 10mol% respectively.

Moreover, methylsuccinic acid is first anecdotally produced after 2 min as traces, then reaches 10mol% content after 6 min, further validating the unsaturation-reducing role of SHP, preferentially with citraconic and itaconic acids. Indeed one other confirmation is that no propane-1,2,3-tricarboxylic acid (saturated version of aconitic acids and anhydrides) is observed.

Finally, other two unidentified methylated-molecules peaks appear from 2 min in the 1 H NMR spectra (at 1.9-2.1 ppm) and [START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] C NMR spectra (at 10-25 ppm): 1.9/23 ppm and 141 2.0/9.3 ppm. It could be protons belonging to monoacids or further degraded derivatives. It could also be acetone coming from the CA second degradation pathway (including the formation of acetone dicarboxylic acid) [START_REF] Gottlieb | NMR Chemical Shifts of Common Laboratory Solvents as Trace Impurities In the course of the routine use of NMR as an aid for organic chemistry , a day-to-day problem is the identifica-tion of signals deriving from common contaminants literature , but the[END_REF] . Unfortunately, [START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] C NMR did not permit to clearly identify these molecules since interesting spectral regions are really "crowded". These molecules have been estimated to represent 4mol% after 2 min and 14mol% content in the solid part after 6 min. shift of carbonyl main peaks to the higher wavenumbers and apparition of several bands (1763 cm -1 (vi), 1576 cm -1 (viii) and 905 cm -1 (x)) approving the previous NMR comment on new unsaturated anhydrides production. Otherwise, one can notice the drastical change occuring between 6 and 10 min in the spectra morphology (8 min and 10 min spectra show exactly the same bands). In the latter, typical alkene sp 2 C-H bending spectral band (1000-700 cm -1 ) is much more intense than the carbonyl stretching band (1850-1700 cm -1 ) whereas the 6 min spectrum shows the opposite trend. Furthermore, carboxylic stretching bands (3500-2700 cm -1 (ii)) drop to low absorbance level after 6 min: this observation goes in favor of an important loss of oxygen (via decarboxylation) in CA derivatives. This change is not surprising since it occurs in time ranges corresponding to the lower "plateau" of TGA thermogram (Figure III.14). This step of degradation might thus be assimilated to the latest step of degradation described in literature where unsaturated di-carboxylic acids (i.e. itaconic and citraconic acid) convert into unsaturated monoacids (e.g. methacrylic or crotonic acid) [START_REF] Carlsson | Study of Sequential conversion of Citric to Itaconic to Methacrylic Acid in Near-Critical and Supercritical Water[END_REF] .

Possible

Finally, the α-hydroxyl OH band of CA (3495 cm -1 (i)) disappears from 6 min as well as one of its corresponding typical carbonyl CO band (1744 (iv)) which can be hidden by new carbonyls from other acids and anhydrides identified by NMR spectroscopy. However some CA typical bands (e.g. 1140 cm -1 (ix) or 1696 cm -1 (v)) are still visible (even after 10 min) and suggest that CA is still present (most probably as traces) in leftovers c . 

Summary of results concerning solid leftovers

Based on these results, a first degradation process scheme can be proposed: citric acid concentration decreases with time, leading first to trans-aconitic acid stemming from its dehydration; then the relative concentration of itaconic acid begins to increase due to decarboxylation of aconitic species (citraconic anhydride is also observed as traces) d . Anhydrides have also been identified by FTIR spectroscopy (sometimes by NMR spectroscopy) and it is more likely that the solid leftovers consist of a blend of acid and anhydrides of the presented species. To summarize, a "dehydration-then-decarboxylation mechanism" seem to be involved as shown in To conclude this part, since resolution and relevance of data decrease as the total sample weight decreases (in addition to solubility problems with SHP samples after 6 min), spectroscopic results have to be compared with volatile part analysis to confirm the first conclusions, especially concerning citraconic species. 

Structure & content of vapors during citric acid degradation

The important decrease of total sample weight during the degradation coupled with the resolution decay of solid leftovers NMR spectra raised lots of questions concerning the fate of citric acid and its degradation products. Would they only degrade into CO 2 and H 2 O? Would they rather evaporate? All these questions can be at least partially answered by separation and analysis of the produced vapors. Thus, in order to have a complete view of the degradation system, a new set of analyses has been performed: Gas Chromatography coupled Mass Spectrometry (GC-MS) as a sequenced and mass discriminant analysis, TGA-IR which can afford a better view of kinetics (on line measurement) with identification and partial quantification of specific molecules like CO 2 .

Thermal analysis coupled gas chromatography coupled mass spectroscopy

First, Thermal Analysis coupled Gaz Chromatography coupled Mass spectroscopy (TA-GC-MS) was used to collect vapors during a priory set period at 215 °C in order to separate (gas chromatography, giving a chromatogram with different retention peaks corresponding to each product present in vapors and proportional to its concentration) and analyse (mass spectrometry, giving one mass spectrum per retention peak) them in a second hand. Thus, information of molecule masses and idea of relative concentration are given. Here, several time durations of degradation have been choosen: A first observation is that the composition seems to be the same between the different experiments (same chromatograms and same mass spectra). This can be due to the intrinsic design of this machine: for example, at 20 min, the machine has collected all the gases produced between 0 and 20 min and not those produced only between 16 and 20 min. However, no new peak appearing after 4 min means that CA degradation is uniform during 20 min, confirming the unicity of CA degradation vapors content and its production mechanism.

Despite this problem, the main information revealed by the mass spectra is that no citric acid is released in vapors: CA degrades and does not vaporize at this temperature (215 °C) in those conditions. However, some products have been identified thanks to this method: itaconic and/or citraconic anhydrides have been mainly identified (they are isomers so have the same mass) with 92% similarity with reference mass spectra. Considering boiling points (respectively experimental 189 and predicted 191 ) of citraconic (213 °C) versus itaconic anhydrides (239 °C), citraconic would be more likely present in vapors than the itaconic anhydride.

Acetone is also not surprisingly observed (87% match confidence) since it is a common by-product of thermal degradation of α-hydroxy acids 184 : indeed citric acid can decompose to acetone dicarboxylic acid structure then into acetone which is a volatile compound e .

Concerning SHP/CA blend, kinetics are not discussed here for the same analytical reasons explained earlier. However same observations can be formulated for vapor content except that no acetone is produced. This means that SHP might be a better reductor (it is known to have strong reducing properties as mentionned previously) than alpha-hydroxyl group of CA and compete to be oxidized by the oxygen of air. Moreover, the molecules described above are observed meaning that SHP does not impact general CA degradation chemical pathway.

Unfortunately, TA-GC-MS is not relevant enough here to measure kinetics impact of SHP on CA decomposition but also to quantify molecular contents. Supplementary analytical methods would be needed to quantify gases content and observe kinetics differences.

e Other aromatic compounds showing intense 107 and 136 m/z peaks which are typical from C 6 H 5 -CH 2 O + ions, are also observed but it may be coming from a gas Chromatography column pollution. 

TGA coupled FTIR spectroscopy analysis

TGA coupled FTIR spectroscopy analysis (TGA-IR) is quite simple: materials are heated (ramp at 50 °C/min to reach a 215 °C isotherm step during 20 min) and weight loss is followed by TGA; resulting gases are directly vectorized through a transfert line to a FTIR transmission cell which are both heated at a choosen temperature (here 220 °C). The FTIR cell records spectra in line and one can follow which content match with which weight losses. It is thus of a great interest to understand the phenomena hidden behind TGA weight losses and thus their kinetics. TGA and FTIR spectra are presented in Figure III.23 (CA) and in Figure III.24 (CA/SHP blend). In these cases, TGA-IR revealed one interesting information which was "invisible" with TA-GC-MS: for example the production of small molecules like CO 2 and H 2 O in vapors.

Identification & kinetic in the CA case. The first molecule to appear in FTIR spectra is H 2 O (I); unfortunately signals intensity is quite low and it is only detectable by zooming on 2D spectra. H 2 O is produced from the beginning of CA degradation until the end of the experiment with a maximum concentration at 5 min (begining of 215 °C isothermal step). CO 2 is easily detectable by FTIR (II) because of its high molar attenuation coefficient which leads to an intense 2361 to 2337 cm -1 band but also a thin and intense 665 cm -1 vibration band. It is observed from 3 min until 17 min of degradation with a peak maximum at 5 min. These two facts are in favor of a dehydration then decarboxylation" degradation mechanism even if it must be noticed that their peaks reach maximum intensity at the same time: at the maximum of degradation, both mechanisms occur. Moreover, a quantification would be interesting to evaluate their relative importance, their molar attenuation coefficients being different. Concerning low molecular weight molecules, carbon monoxide CO (2118 cm -1 ) is anecdotally observed as well as acetone (1365 cm -1 ) between 3 and 10 min with a same maximum at 5 min confirming again the existence of acetone dicarboxylic acid pathway for CA degradation [START_REF] Roger | Acetonedicarboxylic Acid[END_REF][START_REF] Bouchard | Citric Acid. Encyclopedia of Chemical Technology[END_REF] . However, they only appears as traces, and are not even visible on 3D or 2D FTIR spectra.

A second step of vapor production is identified from 7 to 12 min: it contains gaseous acids (1717/1733 cm -1 CO and 2966 cm -1 OH low intense bands (III)). It is followed by unsaturated cyclic anhydrides (1235 cm -1 CO acyl, 1798/1840/1868 cm -1 CO but also 892-974 cm -1 C=C-CO bands with higher intensities (IV)) that appear from 11 to 17 min. Thanks to a gas-phase spectral data base coupled to a gas-water spectral correction, citraconic anhydride (CTAa) has been successfully recognized (up to 90% similarities), confirming TA-GC-MS results. This observations also means that after decarboxylation maximum (5 min), resulting acids and anhydrides begin to evaporate and this can explain why amounts of dicarboxylic anhydrides and acids are found to be quite low in NMR quantitative results.

Back to TGA thermogram (see Figure III.23a), the last two steps that involved first CO 2 and then heavier molecules are intimately correlated with weight losses and it can be concluded that the two TGA steps of CA weight losses are related to the two previously cited departures.

A comparison with CA/SHP blend. The same experiment in TGA-IR was carried out with a CA/SHP blend (no blended water). The first comment on CA/SHP FTIR spectrum (Figure III.24), is the difference in terms of general morphology: indeed, signal is more looking like a "shot" since it is much more intense and brief whereas CA alone shows a FTIR profile in two steps with much lower absorbance intensities. This is confirmed by the kinetics analysis:

• Same comment can be done first about H 2 O (I) since it is produced from the beginning to the end of the experiment, with an earlier maximum at 4 min (5 min for CA alone).

• Unlike for CA, CO 2 (II) appears here earlier (from 2 min) and is not produced after 9 min with a maximum at 4 min. Thus even if the decarboxylation maximum does not change drastically (4 to 5 min), SHP seems to change drastically the duration of this degradation mechanism from 14 min to 6 min.

• Same other molecules, i.e. cyclic unsaturated anhydrides especially citraconic one (CTAa, assigned to (IV) signals) and some carboxylic acids as traces, show a peak maximum at 4 min at the same time than CO 2 and H 2 O, and also show a "shot" behavior: from 2 to 10 min maximum. They are thus also impacted by SHP presence. One explanation can be that SHP could favor anhydride formation, anhydrides which seem to be more volatile as explained before. But this has to be confirmed with quantitative results as well as the amount of produced CO 2 . 

Towards quantitative TGA-IR analysis

Quantification from IR spectra is not new and lots of work have been done previously on that topic (fire sciences, biochemistry etc.) [START_REF] Mittleman | QuantitativeTG/IR[END_REF][START_REF] Speitel | Fourier Transform Infrared Analysis of Combustion Gases[END_REF][START_REF] Slager | Simple methods for calibrating IR in TGA/IR analyses[END_REF][START_REF] Eigenmann | Influence of measuring conditions on the quantification of spectroscopic signals in TA-FTIR-MS systems[END_REF][START_REF] Eigenmann | Quantitative calibration of spectroscopic signals in combined TG-FTIR system[END_REF][START_REF] Granada | FTIR quantitative analysis technique for gases. Application in a biomass thermochemical process[END_REF] . However, the method developed during our work aimed at increasing the signal treatment quality and especially quantifications calculus. In a word, the main drawback of previous studies is that they worked with 2D or partial 3D quantification method using commercial softwares (sum of 2D integrals). Here, the spectra were corrected, converted into z-point matrices, interpolated and volumes under peaks of interest have been successfully calculated (see demonstration section F.1 (p.353)) thanks to a complete software-like tool developed during the thesis.

In the frame of these researchs, the aim was to go further in the investigation of CA decarboxylation. Ideally, quantification of CO 2 and H 2 O in vapors would be interesting in order to directly know the relative importance of decarboxylation versus dehydration in CA degradation. Direct quantification of CO 2 and H 2 O among a complex gas blend already exists in several fields like forest fire sciences [START_REF] Speitel | Fourier Transform Infrared Analysis of Combustion Gases[END_REF] and biological processes 197 studies and our quantitative approach is based on these studies.

Two pieces of information can be extracted from volume calculations of a 3D FTIR spectrum:

• Comparison between volume values for one molecule permitted to compare the relative importance of decarboxylation and dehydration between CA and CA/SHP blend in same conditions,

• By developing a full methology combining calibration of H 2 O and CO 2 gas contents and optimization of algorithmic treatment f in order to link volumes to a mole number of CO 2 or H 2 O per mole of initial CA.

Calibrations. Thus, in a first hand, calibration curves were built using degradation of ammonium bicarbonate NH 4 H 2 CO 3 and evaporation of water under heating as shown in the following equations:

NH 4 HCO 3 (s) --→ CO 2 (g) + H 2 O (g) + NH 3 (g) H 2 O (l) --→ H 2 O (g)
Then, the initial weight (i.e. mole content, i.e. theoretical H 2 O and CO 2 amount) was linked to the peaks volumes and a Beer-Lambert law linear regression was supposed f As mentionned previously, this method permit a complete treatment of IR spectra (baseline correction, data interpolation, plot options, matrices export) to mathematically link any IR volume comprised in this calibration range (over a certain concentration, Beer-Lambert linearity is not respected [START_REF] Slager | Simple methods for calibrating IR in TGA/IR analyses[END_REF] This can be due to several factors: peak morphology (highly noisy signal in gas phase), low molar attenuation coefficient, too wide spectral ranges (more than 1000 cm -1 wide), but also apparatus limitations since other works succeed to do it [START_REF] Speitel | Fourier Transform Infrared Analysis of Combustion Gases[END_REF] . Anyway, the absolute calibration was not successful in the case of water in this research. But a relative analysis was still possible in these conditions by comparing the value of volumes (by calculating a ratio, absorbance or molecule amount errors are neutralized). Moreover, TGA-microGC could also be implemented to precisely measure degradation water amounts in these systems.

Comparing CA & CA/SHP blends. Results which are summarized in Table III.3 are in fact very interesting since peaks morphology is totally different as described earlier.

It is thus quite difficult to predict the amount of molecules produced just by having a look at the spectra.

In fact CA looses 34wt% of its mass only with decarboxylation which represents almost 1.5 CO 2 molecules per molecule of CA: this means that during 20 min, 50% of carboxylic acids are lost. In other words, CA looses 50mol% of its reactive functions in 20 min at 215 °C and residual functionality is on average lower than 2.

Concerning CA/SHP blends, by removing SHP contribution, it is possible to calculate that CA looses 26wt% of initial weight only with decarboxylation, meaning 1.1 CO 2 molecules per molecule of CA. This is less than for CA alone and resulting CA carboxylic acid functionality is theorically a slightly inferior on average to 2 after 20 min at 215 °C: this is an issue since CA would not act as a crosslinker in these conditions.

Looking at H 2 O peak volume value, it is observed that water amount generated by CA/SHP blend value is 12% higher than CA alone. This can be interpreted in the following way: SHP promotes anhydrisation as described in literature [START_REF] Yang | Formation of Cyclic Anhydride Intermediates and Esterification of Cotton Cellulose by Multifunctional Carboxylic Acids: An Infrared Spectroscopy Study[END_REF][START_REF] Gu | FTIR Spectroscopy Study of the Formation of Cyclic Anhydride Intermediates of Polycarboxylic Acids Catalyzed by Sodium Hypophosphite[END_REF] . However one has to be careful because SHP is also supposed to lose water in the same conditions (See Section 2 of this Chapter).

To summarize, sodium hypophosphite does not favor chemically decarboxylation but seems to change drastically CA kinectics of evaporation. SHP seems also to slightly increase H 2 O amount production which goes in favor of a promotion effect for anhydrisation. SHP globally increases speed of evaporation/degradation of species regarding to 3D spectra peaks "shot" morphology. Finally, other species are produced in presence of the catalyst: acetone and citraconic anhydride and maybe other unsaturated acids and it would be interesting to find ways for quantification of these heavier molecules. Thus, citric acid always looses water first, especially forming trans-aconitic acid (trACO) which will be then decarboxylated by forming itaconic (ITA) and citraconic acid (CTA). These two molecules will further degrade into low molecular weight derivatives until the end of the reaction. Anhydrides also exist by anhydridation of CA or its derivating acids. For example citraconic anhydride (CTAa) also evaporates when formed. The degradation profile of the thermogram is is in fact explained by the successive degradation steps: the first step, at 7 minutes, concerns the loss of small molecules (CO 2 , H 2 O, etc.), the second, at 12 minutes, is related to loss of volatile citraconic anhydride and other diacids. The degradation of CA by formation of acetone dicarboxylic acid has also been identified anecdotally by the presence of carbon monoxide, acetic acid and acetone in vapors.

The main impact of SHP is that all phenomena happen instantaneously between 2 and 6 minutes. TGA-IR quantifications permitted to show that SHP does not have an important impact on decarboxylation extent whereas it seems to slightly favor anhydration extent confirming the previous literature report conclusions [START_REF] Yang | Formation of Cyclic Anhydride Intermediates and Esterification of Cotton Cellulose by Multifunctional Carboxylic Acids: An Infrared Spectroscopy Study[END_REF][START_REF] Gu | FTIR Spectroscopy Study of the Formation of Cyclic Anhydride Intermediates of Polycarboxylic Acids Catalyzed by Sodium Hypophosphite[END_REF] . SHP also promotes the unsaturation reduction from citraconic anhydride/acid (formation of MSU and MSUa) and limits acetone dicarboxylic acid degradation pathways (no observation of CO or acetic acid). 

Conclusion

To conclude, these studies gave a lot of interesting pieces of information regarding stability and degradation of raw materials (citric acid, maltitol and SHP) in the GB4 conditions:

The relative stability of matitol and its syrup was confirmed, only late yellowing was observed and attributed to oxidation or pyrolysis. This late degradation behavior was evaluated as presenting a low impact on GB4 network formation.

SHP has also been proven to loose only water, suspicious phosphine being eliminated of the potential risks list of SHP. However its structure changes by oxidation with temperature and air: in that way, SHP can be converted into phosphorous acid in these conditions.

Finally, citric acid degradation has been deeply studied. All collected clues permitted to confirm the co-existence of several mechanisms for CA degradation: the major one is the "decarboxylation/dehydration" process which tends to produce majoritary unsaturated diacids and anhydrides coming from dehydrated triacids (and their respective anhydrides). These unsaturations could be those observed in cured resin structure in Chapter II. Moreover, SHP has an important impact on CA degradation since the phenomena occur simultaneously; it also promotes the reduction of unsaturations and slightly favors anhydration as mentioned in literature [START_REF] Yang | Formation of Cyclic Anhydride Intermediates and Esterification of Cotton Cellulose by Multifunctional Carboxylic Acids: An Infrared Spectroscopy Study[END_REF][START_REF] Gu | FTIR Spectroscopy Study of the Formation of Cyclic Anhydride Intermediates of Polycarboxylic Acids Catalyzed by Sodium Hypophosphite[END_REF] . Finally, a minor degradation process was also identified: decarboxylation/oxydation leading rapidly to acetone: it is not favored by SHP.

It is moreover interesting to note that unsaturations derived from CA could bring new chemical pathways like Ordelt reaction 79 to the reactive system (considering also that radicals might exist at high temperature). SHP does have a specific influence on kinetics since it favors the quick evaporation of anhydrides in addition to their formation even if it does not seem to favor decarboxylation of CA. It also favors, in a lesser extent, the reduction of unsaturations of citraconic and/or itaconic species to convert them into methylsuccinic acid.

Chapter IV GB4 reactivity: modelization chemistry 1 Introduction

The aim of this chapter is to investigate the reactivity of GB4 starting materials and especially citric acid and SHP by the set up of model reactions. Maltitol has not been experimentally studied because literature works [START_REF] Heesen | Method for the preparation of esters of polyalcohols[END_REF] (presented in this chapter) already reported good information about its reactivity. Thus, a first part is dedicated to the study the fate of citric acid in the conditions of esterification by using model alcohols. The aim is to estimate the relative importance of CA degradation revealed in the last chapter compared to esterification. For such purpose, spectroscopic methods as well as probabilistic models have been used to complete the description of systems which are still complex to describe by conventional pathways.

In a second part, SHP reactivity has been studied based on relative amounts used in initial GB4 formulation (12mol%). It is much higher than classical content when the "catalyst" term is used (content usually expressed in ppm). A simple and original method based on model reactions and 31 P NMR spectroscopy has been set up in order to find clues of potential actions of SHP in the GB4 reaction.

Modelization of CA-alcohol reactivity

It has been explained previously that GB4 material is not easy to study in a direct way (see Part II): indeed, because of its intrinseque insoluble properties, gel fraction is complex to finely study by quantitative spectroscopic methods. Thus, the aim was first to develop experiments which avoid the formation of a gel by using the gel point prediction tools developed thanks to Macosko Miller theory (cf. Chapter II).

In this goal, effort has been made to find model reaction able to mimic citric acid esterification without having crosslinking to make the characterizations easier. Curing conditions, which is quite harsh for organic chemicals and molecules (215 °C), constituted a constraint while selecting the model compounds. For example, monofunctional alcohols such as fatty alcohols have been considered in a first raw, but their thermal stability is too low in the chosen polymerization conditions to set up reaction. Moreover, their solubility and polarity where not similar to maltitol ones and were incompatible with analytical constraints. Monofunctional polyethers have been tested and studied, especially α-hydroxyl/ω-methoxy-poly(ethylene glycol) (mPEG-OH), which showed, optimistically, a higher thermal stability at 215 °C: unfortunately, this project has been stopped since side reactions implying the degradation and derivation of mPEG-OH interfer with the esterification reaction that we intended to develop (some results are presented in Appendice D.1, p.310. Finally, 1,3-propanediol (PDO) has been selected as a model alcohol to react with citric acid because of its solubility and stability properties: nonetheless, a special stoichiometric-based method has been build to initially work around the gel problem (which shows up again with a diol).

A first stop on reactivity in literature

As shown in Chapter I, a lot of work has been focusing on the synthesis of materials based on CA, SHP or MtOH. However, it is not frequent to find studies investigating the real chemical role of these molecules in esterification reactions. A short summary of interesting studies is presented first.

Study of MtOH reactivity

Information about maltitol reactivity has been qualified as satisfying for the understanding of its behavior relative to esterification. In fact, some clear and interesting information has been published in the last 40 years about it. Indeed, a patent [START_REF] Heesen | Method for the preparation of esters of polyalcohols[END_REF] , early in 1976, described a method for this kind of reaction between polyols and aliphatic fatty acids (C10 to C22) between 100 °C and 190 °C for foodstuff and emulsifier use. Two examples are given concerning the maltitol and a "5570" maltitol syrup (i.e. 10% hexitol/mannitol, 55% maltitol, 15% maltotriitol, 70% dry content). They are reacted respectively with a blend of fatty acid (with the following composition: 60% palmitic acid, 40% stearic acid) or with palmitic acid/sodium palmitate.

After a short water elimination step (80 to 120 °C), the reaction was carried out under stirring at 160 °C and below 100 mmHg pressure with a flow of nitrogen. After 8.5 hours, synthesized products have been purified and showed low molecular mass allowing to measure molar ratio of mono-, diesters and higher molecular weight esters by gas chromatography (see Figure IV.1). The almost 95% pure oligomers showed molar ratio (mono-fatty acid: di-fatty acid: higher esters) being equal to (47:44:9) and (34:39:14) respectively with corresponding melting point of 73-77 °C. Thus in this work, the solids are not polymers and no mechanical properties are wanted. However, this shows that maltitol, together with a polyacid (which is not the case here), would mainly esterify once or twice and in a lesser extent acts as a crosslinker (9 to 14% of the time). One can predict thus the same kind of behavior in GB4 curing conditions: in the cured binder, it can be inferred that there are mainly mono-or diesters of maltitol and only a lesser content acts as crosslinker by a higher esterification of maltitol. According to Chapter I, the esterification of maltitol should most probably involve its 3 primary alcohols and/or secondary alcohols which are not either sterically hindered or not involved in hydrogen bonding.

Study of CA reactivity

CA acid & ester clusters. One report has drawn our attention: indeed Noordover et al. [START_REF] Noordover | Enhancing the functionality of biobased polyester coating resins through modification with citric acid[END_REF] studied in 2007 the relative conversions of COOH of CA and primary and secondary alcohols in model reactions, which is interesting from the point of view of GB4 a . In this study, the reaction of 1-butanol with CA at 150 °C during 45 minutes is first presented. Resulting products are analyzed by NMR spectroscopy: thanks to the low temperatures of curing, neither aconitic anhydrides (from CA degradation) nor CA anhydrides (which are known to exist but rapidly react with alcohols) were observed. Quantitative 13 C NMR was also performed since it is extremely sensitive to chemical environment changes of carbon: e.g. when central or lateral acid turn into esters, shifts are observed for the corresponding peaks but also for those of neighboring carbonyls and further carbons. By this way, they were able to identify lateral and central CA carbonyl acids and esters clusters (as shown Figure IV.2).

COOH ester conversion is thereby estimated thanks to integration of corresponding carbonyls as following:

COOHconversion = I + II I + II + I + II (2.1)
I/II and I /II are respectively the integration of acid and ester clusters. Results showed a COOH conversion higher for lateral acids than central acids: 88% against 43% respectively with an overall esterification conversion of 68%. By this way one can say that lateral acids are almost twice as much reactive than central one maybe because of a better sterical availability. This kind of CA clusters have been studied for several years in several contexts: their existence has been proven by several authors [START_REF] Ding | Synthesis, characterization and in vitro degradation study of a novel and rapidly degradable elastomer[END_REF][START_REF] Barroso-Bujans | Structural characterization of oligomers from the polycondensation of citric acid with ethylene glycol and long-chain aliphatic alcohols[END_REF] especially with ethylene glycol. In a Maltitol is a blend of primary and secondary alcohol even if some are hindered because of obvious sterical reasons. these studies, ester contents have also been measured. For example, Barroso-Bujans et al. [START_REF] Barroso-Bujans | Structural characterization of oligomers from the polycondensation of citric acid with ethylene glycol and long-chain aliphatic alcohols[END_REF] showed that reaction of CA with ethylene glycol-ended-fatty acids (with various length) at 135 °C during 8 h under reduced pressure (catalyzed by p-toluene sulfonic acid) resulted to CA esters with the following properties: intermediate values of 50 to 60% of acid groups in oligomers for the CA:EG ratio of 1:0.4 were measured, whereas for the CA:EG ratio of 1:2.25, only 2% of residual COOH were measured testifying of a complete esterification. They compared these NMR results with a COOH NaOH titration of the same products and found relatively close results validating the NMR method. Moreover, 1 H NMR spectroscopy gave quantitative information such as ROH ester conversions: 60 to 85% of OH group are esterified at the end, which also confirmed the validity of 13 C NMR results.

Reactivity of primary & secondary diols with CA Noordover et al. [START_REF] Noordover | Enhancing the functionality of biobased polyester coating resins through modification with citric acid[END_REF] have also studied CA with different model diols: 1,4:3,6-dianhydrohexitols (isosorbide, isoidide, isomannide: structures shown in Figure IV.3) and 1,4-butanediol. The aim was to focus on the impact of primary versus secondary nature as well as the conformation of the diol. Indeed, OH conversions have been calculated thanks to 1 H NMR identification and integration. Reactions were carried out at 160 °C during 170 minutes with an initial stoichiometric CA:diol ratio of 2:1 (excess of CA). Final products were soluble (no gel was formed) and results are shown in Table IV.1. First, 1,4-butanediol, an aliphatic linear diol with two equivalent primary hydroxyl groups, was used as a model. Primary alcohol conversions was characterized by 1 H NMR: 91% OH ester conversion was reached by reaction with CA. This is quite high and leads to the analysis that primary alcohols are highly reactive with CA.

Then, isosorbide, an heterocyclic diol with two secondary hydroxyls respectively, was investigated. This 3D V-shape conformation of the molecule induces different chemical environments of its two alcohols, which are located endo and exo regarding the molecule. Indeed, exo hydroxyl should theoretically be more reactive even if it depends on the fine structure of the molecule. However, the literature is not unanimous since it depends on synthesis conditions. The results showed that exo-OH had a 10%-higher reactivity than endo-OH (81% against 73% conversion respectively): in this case, hydrogen bonding exists between the ether oxygen and endo-OH, reducing again its availability for further reaction. This explanation has been validated by the same experiments but using 100% endo or exo diols (i.e. isoidide with 2 exo-OH and isomannide with 2 endo-OH), as shown in Table IV.1. 

Conclusion

To conclude, these methodologies are really interesting at low temperature, and gave some information concerning reactivity of MtOH and CA. In this thesis, similar work has been performed at higher temperatures (185 °C and 215 °C): unfortunately it was not conclusive because of appearance of other numerous interfering phenomena (some results are presented in Appendice D.1, p.310). However, SHP effect has not been studied in literature and experiments under GB4 curing conditions need to be performed in order to try to collect clues on our system.

Approach, method & initial hypotheses

In this study, the aim is to simplify the GB4 system by replacing maltitol by a diol, the 1,3-PDO which can be biobased or oil-based [START_REF] Liu | 1,3-Propanediol and its copolymers: Research, development and industrialization[END_REF][START_REF] Anex | Life-Cycle Assessment of Energy-Based Impacts of a Biobased Process for Producing 1,3-Propanediol[END_REF][START_REF] Urban | 3-Propanediol from fossils versus biomass: A life cycle evaluation of emissions and ecological resources[END_REF] . By a simple method, polymers of CA and PDO (poly(CA-co-PDO)) have been synthesized in order to:

• Evaluate the conversion and structure of CA in esterification at (215 °C; 20min)

• Demonstrate the ability of CA to act as crosslinker at (215 °C; 20min),

• Evaluate the feasability of the gel using several COOH/OH stoichiometries,

• Describe high soluble contents fractions by NMR spectroscopy and statistical tools,

• Evaluate the general effect of SHP in these reactions. • In the second case, the stoichiometric ratio is set at 0.65, which corresponds to the stoichiometric functional ratio of GB4 formulation even if the theoretical gel conversion is different, 87% (PDO) instead of 31% (GB4) d . It would have been interesting to study the 31% theoretical gel conversion in order to have an interesting view of GB4 system; unfortunately, it is not physically possible (according to Macosko-Miller model) with this PDO-CA system.

• Another limit case has been studied: 100% theoretical gel conversion. Theory says that forming a gel is far to be likely: indeed, 100% conversion is really difficult to reach and decrease of polymer chains mobility usually avoids functions to meet at high conversions. By this way, contrary to the previous cases, a soluble part of 100% should be obtained and NMR spectroscopy would be able to finely describe the evolution of all the system structures.

Practically, the developed method is described in Section 4 of Experimental section (p.271). Each experiment sample has been analyzed by the following techniques: solubilization/swelling tests to estimate gel and soluble content, 1 H NMR to describe soluble species structure. Moreover, a statistical approach have been developed by using probabilistic considerations. The aim was to use the 100% theoretical gel conversion case (y = 0.5) 1 H NMR data as input in order to describe the 100% soluble structure as a distribution of CA esters (mono-, di-and triesters): this will be detailed in the following section.

d PDO does not have the same molar mass and functionality than MtOH.

A probabilistic description of CA-alcohol systems 2.3.1 Introduction & definitions

Qualitative and quantitative 1 H NMR analysis (in solution) do not always permit to get a precise picture of acid structures or structure distribution after esterification especially for CA, which shows a low shift of its characteristic 1 H NMR signals. Thus, to study our CA-PDO soluble species, a complementary and interesting tool is maths.

To do so, a statistical approach based on weighted trees has been developed thanks to the help of Laurent Clénet. Focusing on CA as a trifunctional acid, these trees led to the definition of several mono-, di-, triester derived from CA. Probability to esterify CA carboxylic acid has been taken into account and distributions of previously defined molecules have been calculated thanks to the formulation of several hypotheses, but also experimentally measured values simplifying the statistical model: e.g. PDO OH esterification conversion coupled with measured molar functional ratio but also central ester content could be included in this model to be as close as possible to reality.

Of course, this is not a mathematics thesis and the notions developed here are easy to understand and will be explained mainly in a chemical point of view. However, just as a reminder, here are presented the basic and needed definitions and properties to know about probability. First, the sum of the probabilities p i (i = 1..n) of all possible events is always 100% likely:

P (Ω) = n i=1 p i = 1 (2.2)
Another notion is the probability of an event "A", to not happen. Knowing that the total probability should always be equal to one, for this non-event, called " Ā", the following relationship must be considered:

P ( Ā) = 1 -P (A) (2.3)
An important property of probabilities: A and B, being two events, the probability of "A and B" to happen is given by the following relation:

P (A ∩ B) = P (A) * P A (B) (2.

4)

P A (B) is the probability that B happens knowing that A has happened (P A (B) = P (B) if the two events are independant).

In the mean time, one can introduce final reaction indices, x and z, which could be measured experimentally by the following way:

    
x: COOH ester conversion z: CA central ester (among esters) molar content (2.5) These indices could be measured easily thanks to quantitative NMR analyses ( 1 H and/or 13 C) since it consists of typical ester/acid/alcohol signals integrations, conventional conversion and relative molar contents calculations (as long as identifications is possible and typical signal exist of course) [START_REF] Malz | Validation of quantitative NMR[END_REF][START_REF] Bharti | Quantitative 1H NMR spectroscopy[END_REF] : similar indices have been measured in literature in the past as described in previous section 137 .

General case

Let's consider CA as a molecule with one central acid and two lateral acids, each one of these 3 acids having its own reactivity. It can be schematized in the following way:

CA = A -A -A
After full esterification for example, the molecule can be represented this way:

Triester citrate = E -E -E
In this model, the event "CA central acid esterifies" is called "C". In the same way, "first CA lateral acid esterifies", is called "L 1 ". Idem for "L 2 ". Figure IV.4 shows the final tree of probability which can be built from all possibilities.

On the right side of the tree, one can observe the 8 CA-derived simplified structures, directly coming from the corresponding branch of the tree. These branches consist of "esterification" or "not-esterification" events with their corresponding probailities written over the arrows. They are numbered from (I) to (VIII): structure (I) is the triester of citric acid and structure (VIII) is unreacted CA. Final probabilities for a structure to occur is summarized in Table IV.3 by using the property presented Equation 2.4. 

) III A-E-E Central diester 2 p 1 .(1 -p 2 ).p 5 IV A-E-A Lateral diester p 1 .(1 -p 2 ).(1 -p 5 ) V E-A-E Central monoester (1 -p 1 ).p 3 .p 6 VI E-A-A Lateral monoester 1 (1 -p 1 ).p 3 .(1 -p 6 ) VII A-A-E Lateral monoester 2 (1 -p 1 ).(1 -p 3 ).p 7 VIII A-A-A Citric acid (1 -p 1 ).(1 -p 3 ).(1 -p 7 )
This table is quite complex: indeed each event has a different probability to occur and they are really difficult to estimate only with experimentally collected clues. Moreover if events occur in a different order, same structures would be obtained in the end, but probabilities p i of each event would vary since they are supposed to be dependent on the previous reaction events. This is really complicated to handle and hypotheses need to be made to simplify this general model and lead to numerical solutions and thus model distributions of CA-derived structures. 4 -General weighted tree of probability for esterification of citric acid (CA), on the left side of the tree. E.g. on this tree, p 2 is the probability that L 1 happens if C has first happened.

L 2 (I) E-E-E L 1 L2 (II) E-E-A C L 2 (III) A-E-E L1 L2 (IV) A-E-A CA L 2 (V) E-A-E L 1 L2 (VI) E-A-A C L 2 (VII) A-A-E L1 L2 (VIII) A-A-A p 1 1 - p 1 p 2 1 -p 2 p 3 1 -p 3 p4 1 -p 4 p5 1 -p 5 p6 1 -p 6 p7 1 -p 7 Figure IV.

Hypothesis 1: equivalent lateral acid reactivities

In order to simplify, one could imagine that each COOH function shows the same reactivity and have thus the same probability to react. From Chapter I, it can be predicted that it is false since both lateral acids show a different hindering than central primary one. However, an intermediate hypothesis would be to give the same reactivity to lateral secondary acids and a different one to the central one. Reactivity of lateral acids being the same, the probability for the lateral one to react can be called "l"; central acid shows its own reactivity called "c". In this way, "C" is the event "Central ester is formed", "L" and "R" being respectively the events "Left ester is formed" and "Right ester is formed" with the same probability "l" and a novel tree of probabilities can be drawn to Figure IV.5. Table IV.4 shows corresponding algebric probabilities for each structure. In this easy case, probabilities are independent. It is also easy to check that the sum of all values is equal to 100% probability. 

Number Structure Description

Probability Value

I E-E-E Triester c.l.l c.l 2 II E-E-A Central diester l c.l.(1 -l) cl -cl 2 III A-E-E Central diester r c.(1 -l).l cl -cl 2 IV A-E-A Lateral diester c.(1 -l).(1 -l) c -2cl + cl 2 V E-A-E Central monoester (1 -c).l.l l 2 -cl 2 VI E-A-A Left monoester (1 -c).l.(1 -l) l -cl -l 2 + cl 2 VII A-A-E Right monoester (1 -c).(1 -l).l l -cl -l 2 + cl 2 VIII A-A-A Citric acid (1 -c).(1 -l) 2 1 -2l + l 2 -c + 2cl -cl 2
One can note that, in this case, some resulting structures show logically the same probability of existence. Indeed, it matches with symmetrical structures including lateral esters.

In this simple case, here, can be included measured values of central ester content and esterification conversion in order to find values for either "c" and "l" by solving the equations Equation 2.6 and Equation 2.7. . The first equation actually defines the central ester content in the following way: 5 -Tree of probability for esterification of citric acid (CA), with equiprobability to form lateral esters.

R (I) E-E-E L R (II) E-E-A C R (III) A-E-E L R (IV) A-E-A CA R (V) E-A-E L R (VI) E-A-A C R (VII) A-A-E L R (VIII) A-A-A c 1 - c l 1 -l l 1 -l l 1 -l l 1 -l l 1 -l l 1 -l Figure IV.
                     P E (C) = P (E∩C) P (E) P (E∩C) = c P E (C) = z P (E) = x (2.

6)

P E (C) defines the probability to find a central ester in the ester set, P (E∩C) is the probability to find structures comprised in the intersection of ester set with central ester set and P (E) is the probability to find an ester function in the whole set of resulting CA-derived structures (including CA). Indeed, the probability to find an ester in the final structures is the conversion of COOH into ester, x; in the same way, the central ester content among the esters is the probability to find central esters in esters divided by the probability to find esters.

A second equation deals with conversion in ester and its definitions (from Equation 2.6 and Table IV.4 but also Equation 2.3):

P (E) = 1 -P ( Ē) = 1 -P (V III) = 1 -(1 -c).(1 -l) 2 = x
(2.7) P(VIII) is the probability of existence of VIII structure i.e. citric acid. This equation is in fact a second order equation in "l" since "c" can be found by using Equation 2.6:

c = P (E∩C) = P (E).P E (C) = x.z (2.8)
To summarize, it is easy to simplify this system of two equations as an expression of l (and c) as functions of x and z :

               l = 1 - 1 -x 1 -c c = x.z (2.9)
From this point, CA and CA-ester structure distributions can be calculated thanks to experimental data permitting to calculate l and c values.

Hypothetis 2: 5-membered-ring anhydride intermediates

Unfortunately, the previous hypotheses are not sufficient. Indeed, it has been described previously that polycarboxylic acids dehydrate to form 5-membered-ring anhydrides during esterification: this can be taken into account in this model. In fact, it gives more significance to the central acid: if the central acid is esterified, no other acid can be further esterified since the formation of anhydride becomes unlikely. This also means that the lateral acids cannot generate an anhydride together (it would form a 6-membered-ring anhydride). This does not have necessary an impact on reactivity but on the building of the tree, and thus on the final algebric probability of structures (and thus on their distribution). Mathematically, this hypothesis is translated by the following relationships:

     C ⇒ L C ⇒ R (2.10)
C is the event "Central ester is formed", L and R being respectively the non-events "Left ester is not formed" with probability equal to 1 and "Right ester is not formed" with the same probability equal to 1.

One will note that, in order to build the tree, it is easier to begin with the central acid since it avoids forgetting any other cases. Finally, the tree of structure schemed in Figure IV.6 can be created, structures and probabilities are summarized in Table IV.5.

In that case, CA triester (structure (I)) as well as diesters one being in the central position (structures (II) and (III)) are unlikely for the reasons explained earlier: thus the probabilities of the event leading to these structures have been set to zero. Table IV.5 shows respective literal probabilities by structure, and once again, the sum of them is easily verified to be equal to 100%.

In the same way than hypothesis 1, when incorporating experimental data , x and z (defined by Relation 2.5), values of l, c, and r can be computed easily by solving the following equations: 6 -Binomial tree of probability for esterification of citric acid (CA), with 5membered-ring anhydrides.

     P (E) = 1 -P (CA) = 1 -P (V III) = 1 -(1 -c).(1 -l).(1 -r) = x P (E∩C) = P (E).P E (C) = c = x.z (2.11) R (I) E-E-E L R (II) E-E-A C R (III) A-E-E L R (IV) A-E-A CA R (V) E-A-E L R (VI) E-A-A C R (VII) A-A-E L R (VIII) A-A-A c 1 - c 0 1 l 1 -l 0 1 0 1 r 1 -r r 1 -r Figure IV.
Table IV.5 -Relative probabilities of existence for esterification of CA in the case of formation of 5-membered-ring anhydrides.

Number Structure Description

Probability Value

I E-E-E Triester unlikely 0 II E-E-A Central diester l unlikely 0 III A-E-E Central diester r unlikely 0 IV A-E-A Lateral diester c.1.1 c V E-A-E Central monoester (1 -c).l.r lr -lcr VI E-A-A Left monoester (1 -c).l.(1 -r) l -lc -lr + lcr VII A-A-E Right monoester (1 -c).(1 -l).r r -cr -lr + lcr VIII A-A-A Citric acid (1 -c).(1 -l).(1 -r) 1 -l -c -r + lc +lr + cr -lcr
These equations can be transformed in the following way:

               l = A -r 1 -r A = x. 1 -z 1 -z.x
(2.12)

The obtained expression of l as a function of r is an homografic function: thus in a CA esterification system where x and z are known, one can rapidly calculate c and find a relation between l and r. Graphically, it is represented by an hyperbola with horizontal axis l = 1 and vertical axis r = 1 (see Figure IV.7). In order to simplify again the solution set, values have a physical meaning in the non-crosshatched window logically defined as:

     r = {0 : 1} l = {0 : 1} (2.13)
Unfortunately, there are still a lot of solutions since they consist of a windowedfunction: all blue values of the function defined in Equation 2.12 in the physical window defined in Equation 2.13.

Synthesis of hypotheses 1 & 2

However, one can still accept the previous hypothesis that l = r to numerically solve the problem. It is not extremely absurd since mathematically, the function is symetrical: Finally, Table IV.4 combined with Equation 2.12 and experimental values, x and z, can be taken into account to calculate the distribution of structures IV to VIII (since structures I to III are unlikely with these hypotheses).

To do so, Equation 2.12 needs first to be solved by finding c and l/r values: by replacing r to l, it becomes a second order equation in l (or r) with parameter A:

l 2 -2l + A = 0 (2.14)
Discriminant of this equation is always positive in the physical-meaning window implying that it has two solutions; one is above 1 (no physical meaning) and the other is always between 0 and 1 and is equal to:

l = r = 1 - 1 -x 1 -x.z (2.15)
One obtains logically the same solution as Equation 2.9 (concerning hypothesis 1) and the values of c and l reactivities are in fact the same than hypothesis 1.

Numerical application

In order to illustrate and give more chemical meaning to these theoretical considerations and demonstrations, a concrete example has been used as input: the reaction reported by Noordover et al. [START_REF] Noordover | Enhancing the functionality of biobased polyester coating resins through modification with citric acid[END_REF] involving CA with 1-butanol (CA:1-butanediol=1:3, OH/COOH functional ratio is equal to 1) at 135 °C during 8 h under reduced pressure and catalyzed by Ti(BuO) 4 (described in Section 2.1.2) e . Indeed, the results are summarized in Table IV.6. [START_REF] Noordover | Enhancing the functionality of biobased polyester coating resins through modification with citric acid[END_REF] NMR indices used for the numerical application of the probabilistic model in the case of a CA/butanol reaction. [START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] 

C NMR indices

COOH conversion

x 68% Central COOH conversion a 43% Lateral COOH conversion b 88%

The central ester among esters, z, introduced in Equation 2.5, can be calculated from these values by this way:

                               x = I + II I + II + I + II a = I I + I b = II II + II (2.

16)

e This case can be considered a crosslinking case from the Macosko-Miller point of view, e.g. by defining 2 molecules of 1-butanol as one molecule (M = 2*74.1 = 148.2 g.mol -1 ; f = 2): in this case, according to Table B.1, the theoretical gel conversion in acid is calculated to be at 70%. By using these algebric relations, one can easily find the central ester content among the CA-esters, z, originally expressed as follows:

z = I I + II (2.17)
Indeed, by dividing a and x expressions, one obtains:

a x = I I + I . I + II + I + II I + II =⇒ a x = z.(1 + II + II I + I ) =⇒ z = a 3.x (2.18)
Indeed, the total number of central acid and ester carbonyls (I + I ) is always two times lower than total number of lateral acid and ester carbonyls (II + II ).

One finally obtains the values summarized in Table IV (A-A-E, E-A-A or A-E-A, 50%): e.g. central ester which is less favored (as also demonstrated by Noordover et al. [START_REF] Noordover | Enhancing the functionality of biobased polyester coating resins through modification with citric acid[END_REF] with a lower Central COOH conversion, "a"). Thus, more than 80% of the obtained species neither participate to the network nor to the chain lengthening. Then, differences appear regarding the hypothesis:

• Concerning "Hypothesis 1", lateral acid reactivities are equivalent and ester can form even without any anhydride intermediate: that is why diester (E-A-E, E-E-A or A-E-E, 12%) and triester (E-E-E, only 2.2%) coexist. Thus, if CA molecules act as crosslinkers at this temperature, it is only thanks to 2.2% of initial CA, according to this model.

• In the "Hypothesis 1&2" case, triesters cannot exist since only two anhydrides can form subsequently. Thus, only lateral diester are observed (14%) by subsequent formation of anhydride with central acid to esterify lateral esters. However this hypothesis is not accurate concerning diesters since it avoids the formation of central diesters (structures VI and VII, A-E-E and E-E-A respectively): indeed, if the central ester has formed first, the two other acid cannot esterify anymore. That is how we built the probability tree but that is not necessary the case (lateral ester can form first, then the formation of central ester is still possible): thus, it can be surmized that 14% is in fact the overal diester content. 

Summary, limits of modelization & perspectives

To summarize, for both hypotheses, citric acid and monoesters seem to be major observed structures in the case of Noordover et al. [START_REF] Noordover | Enhancing the functionality of biobased polyester coating resins through modification with citric acid[END_REF] CA/butanol reaction.

Hypothesis 2 may be too extreme since the reaction seemed to show that crosslinking of citric acid was possible (presence of gel), which do not agree with literature [START_REF] Tran | Recent developments on citric acid derived biodegradable elastomers[END_REF][START_REF] Djordjevic | Poly[octanediol-co-(citric acid)-co-(sebacic acid)] elastomers: novel bio-elastomers for tissue engineering[END_REF] ; thereby, it can be surmized that branched structures can exist as a result of low direct (no anhydride intermediate) triesterification of CA even if anhydride formation might explain the formation of mono-and diesters.

Of course, this model is a first attempt of description and other potentially more realistic hypotheses could be added or could replace the one formulated above. Thus, more data or information are needed to refine the hypothesis using a more flexible hypothesis than hypothesis 2.

Finally, this model in this context shows a limit because experimental input data are usually partial information in crosslinked systems (it is difficult to have access to gel structure) and one need to find systems which won't be able to crosslink as with butanol. However, it would be interesting to couple this approach with kinetics experiments and follow the evolution of the structure distribution as a function of time. This would be particularly relevant to model the evolution of composition before the gel point and to extrapolate after it.

Another approach is reported hereafter: it consists of describing 1,3-propanediol-CA polymers (poly(CA-co-PDO)) which can crosslink or not depending on the initial stoichiometric ratio.

Study of poly(CA-co-PDO): gel or not gel?

Now that the mathematical model has been set up, the synthesis of poly(CA-co-PDO) can be performed in order to collect x and z values.

For the three conditions (summarized in Table IV.9), resulting samples are elastic solids looking like uncolored to yellow foams (color intensity rises with SHP addition) testifying of a gas production and potentially partial degradation of CA (inital blend are uncolored/transparent). Each experiment sample has been analyzed by the following techniques: solubilization/swelling tests to estimate gel and soluble content, 1 H NMR to describe soluble species structure. 

Gel or not gel?

In order to answer to this question, solubility tests were performed in good solvents (DMSO, H 2 O, HFiP); all solids were not totally soluble in the 3 solvents after 24 h but easier to handle in saftier conditions with DMSO, which is the reason why it was selected. All the solids are partially soluble in DMSO, meaning that a gel exists after the (215 °C; 20min) reaction. In order to quantitatively estimate the gel fraction, the insoluble content was extracted by filtration, dried and weighted. After drying, all solids seemed slightly swollen by DMSO. Unfortunately, values obtained for the unsoluble mass demonstrated the difficulties to remove the solvent from the gel since, percentages were over or close to 100%. These over-100%-gel solids were slightly swollen (still containing some solvent) and can be expected to have a high gel content.

However, one remark is that all solids show a gel fraction. This can have two meanings concerning the y = 0.5 experiment (100% theoretical gel conversion to reach the gel): first, the hypothesis saying that gel would not be possible is wrong. Macosko-Miller esterification model predictions are not sufficient to describe the gel formation and other phenomena which strongly favor gel formation happened: another phenomenon contributes to the crosslinking. Secondly, it could come from a problem of solubility: the polymer shows high non-covalent polymer-polymer interactions (hydrogen bonding with residual OH for example), which are preferentially formed rather than polymer-solvent interactions. Thus the non-crosslinked polymer appears as a gel but only reversible bonds are involved. This second option is less likely since the solids are well swollen foams: the solvent can penetrate into the material easily and so extract the soluble molecules. Anyway in the two cases, the gel is most probably reached: thereby, the CA structure description by the probabilistic model (developed in the previous section) cannot apply for this approach (which were designed in that purpose). However, this will also be discussed with the description of structures from the soluble part in the next section.

NMR qualitative description of soluble content

General comments. Unlike gel, the study of the soluble part structure can be characterized by NMR spectroscopy. 1 H NMR spectra have been recorded for all soluble parts in DMSO-d 6 : spectra and exact attributions are presented Figure IV.9 (data in Appendix D.5, Table D. 13, p.326). Looking at the overall intensity of concentration-normalized spectra, one can have an idea of relative soluble contents considering that all synthesized materials show similar solubilities. For example, there is significant soluble parts in all cases, confirming that the gel content is lower than 100wt%. Only CA_PDO_1 spectrum shows really low intensity (and also CA_PDO_0.65 spectrum in a lesser extent): this might testify of a lower amount of soluble species and maybe a higher gel content.

NMR Identification.

Here again, the structure of CA is difficult to describe directly by having a look at its characteristic peak (IV) visible in 1 H NMR spectrum: since esterification, as a long-distance change regarding CH 2 of CA molecule, is expressed by a slight shift (0.1-0.2 ppm only) of the CA doublet of doublet: this creates a clump of peaks which overlap and are impossible to separate and identify precisely. However, PDO is a perfect model molecule in NMR: indeed, previous works (summarized in Appendice D.3, p.317) allowed us to identify interesting spectral signatures of carboxylic acid-PDO systems (especially in the case of degradation products of CA at lower temperatures) which can be similarly recognized in the here-presented CA-PDO NMR spectra. of CA-PDO esters previously described by the ε and µ clusters but also the CA (IV) / CA-esters (IV') cluster and several other peaks which are discussed hereafter.

One other interesting fact is the specific appearance of CA degradation products only in soluble parts of SHP-containing experiments: the identified peaks could be those of aconitic acids (ACO, 5/5" at 6.2 ppm) and most probably of citraconic acid (CTA, E/D at 1.9 ppm and 5.8 ppm respectively) but also methylsuccinic acid/anhydride (MSU, ω). However, attribution is difficult since some peaks are located in the spectral range of SHP and derivatives (especially D/e/e') while the others are drowned in the numerous PDO or CA peaks and thus hardly observed. Anyway, this goes in favor of a kinetics effect of SHP on CA degradation (in agreement with Chapter III conclusions) than a difference of insertion of CA degradation products in the gel. Indeed, SHP should even favor their insertion in the crosslinked content as an esterification catalyst.

Moreover, there is still one unknown low-intense multiplet (θ) at 3.7 ppm which appears when SHP is used. This peak is chemically close to the ε-methylenes of PDO since it is located between the hydroxyl and the PDO ester signals. Last but not least, SHP has been successfully identified (signal α) in proton NMR (thanks to recording of reference spectra in DMSO, see Table D.12, p.325, Appendices): a low-intensity doublet at 6.73 ppm with a characteristically high coupling constant of 634 Hz is detected. Other high coupling-constant doublets and/or doublets of multiplets are observed in this spectral range. One of these doublets can be more specifically identified (more intense and well-defined): this doublet shows up at 6.66 ppm and has a coupling constant of 601 Hz. It looks like phosphorous acid (signal β also previously recorded as a reference in DMSO) even if its shift and coupling constant are a bit different (see Table D.12): this might be due to the difference of chemical composition. The other doublets are most probably located in the 7.25 ppm and 5.76 ppm clusters but are overlapping and cannot be defined precisely. They are coming from the same family than SHP (coupling constant of approximately 575-590 Hz): their presence has to be linked to SHP or phosphorous acid reactivity. Indeed, even if Figure D.43 does not show any C-H coupling between SHP/phosphorous protons and other carbon, it could be a "longdistance" reaction between PDO, CA (or its degradation products) and SHP which leads to structures where P-H protons and coupled carbon cannot see each others. So one could imagine that reaction with SHP in these conditions is possible. Summary. To conclude, no explanation for gel formation in limit y = 1 case has been found except maybe an unkwnown reaction between PDO, CA or its degradation products with SHP which cannot be identified in soluble species unfortunately. However, soluble parts show interestingly similar compositions letting one think that the involved chemistries (PDO-CA ester structures, CA degradation, PDO etherification, SHP denaturation and reactions which have been more or less well identified) are similar for all these studied stoichiometries, especially the GB4 one. This means for example that etherification of maltitol or SHP covalent reaction could be considered in real GB4 network f . This needs to be confirmed and quantified in the following section.

NMR quantitative description of CA-PDO soluble part

In addition to the previous description of the soluble part, this paragraph aims at demonstrating that a lot of parameters can be calculated from a simple reaction analysis: indeed, previous identification of typical PDO signals of esterification with CA in soluble part, particularly ε and µ clusters, can logically lead to quantitative results.

Assignement check. In a first hand, integration of previous ε-and µ-related PDO assigned peaks has been used in order to verify the assignment accuracy: the methylene bearing the same number of protons, the verification calculi are then really simple (without forgetting the relative number of each methylene per molecule):

           ε = 2.µ + µ : Verification of PDO & PDO-monoester ε s + ε c = µ + 2.µ : Equality of all ε-& µ-esters ε + ε s + ε c = 2.(µ + µ + µ ) : Equality of all ε-& µ-methylenes (2.19)
All these calculations have been computed (see Table D.14, p.329 in Appendices) thanks to data of respective integrals and all assignments have been validated except for one calculus of CA_PDO_1 experiment: indeed, its spectrum shows a low general intensity (see Figure IV.9) especially concerning µ and ε peaks explaining that it was not possible to validate PDO & PDO-monoester verification (over the 10% difference usually accepted). Morover, the term "θ/2" is added to ε sum in the "Equality of all ε-& µ-methylenes" for experiments with SHP in order to take ethers into account.

f In Chapter III, it has been noted that MtOH NMR spectra after 20 min at 215 °C observed new signals in the 4.2-4.6 ppm range especially in presence of SHP: even if MtOH was characterized as thermally stable in GB4 conditions, this could be assigned to maltitol etherification or a reaction involving MtOH and SHP.

Reaction indices calculation.

In a second hand, the reaction indices can be calculated such as: PDO OH ester conversion, PDO monoester content, CA central esters content among esters as well as the molecular ratio.

Concerning v molecular ratio (CA/PDO), the calculus is simple. One has to sum all the ε-or µ-methylene of PDO and divide it by the (IV) cluster of CA (assigned both to citric acid and all citric acid esters) and without forgetting to correct with the relative number of involved protons.

v = CA P DO = 2. IV + IV µ + µ + µ = IV + IV ε + ε c + ε s (2.20)
PDO OH ester conversion, w, can also be expressed as follows:

w = ε c + ε s ε + ε c + ε s (2.21)
For Equations 2.20 and 2.21, the term "θ/2" is added to ε sum (denominator) in the case of SHP experiments in order to take ethers into account. In the SHP-containing experiments, etherification extent, t can also be calculated as follows:

w = 0.5.θ ε + ε c + ε s + 0.5.θ (2.22)
Then, PDO monoester content, called u, is basically expressed in the following way:

u = µ µ + µ (2.23)
CA central esters content among esters, z, can be calculated as follows:

z = ε c ε s + ε c (2.24)
Finally, it is also important to note that only OH ester conversion can be determined by 1 H NMR spectroscopy. Calculation of COOH ester conversion, x, has been easily performed by using the final functional molar ratio (COOH/OH), y g (see demonstration

g y, as a function of the molecular ratio (v).

in Appendice D.5):

               x = 2.w 3.v = w y y = 3.v 2 (2.25)
Table D.15 summarizes the evolutions of y and v along the reactions. In this table, one can briefly note a logical increase of PDO content during almost all reactions. Indeed, an original OH excess should lead to unreacted PDO in the soluble part whereas CA, which is supposed to strongly participate in the gel, should disappear in the soluble fraction. Table IV.10 summarizes the most important other values presented before.

Results of the calculations. First of all, the first main remark is that SHP-containing samples show again a specificity. Indeed, calculated COOH conversions (x) are over 100% in the case of SHP reactions, which is not possible technically. Thus, the hypothesis formulated in Equation D.10 (Appendice D.5, p.329) is not valid in the case of reactions using SHP, meaning that:

n OR = n COOR (2.26)
n OR and n COOR are the numbers of PDO OH esters and CA COOH esters respectively. This is in fact really interesting somehow: indeed, it is known that the PDO assignments are good since they have been validated for all the cases; there is thus a SHP-correlated chemical phenomenon which mimics the esterification of CA and thus make our indices lie when comparing PDO with CA. It cannot be PDO etherification since the shift is well defined and this reaction extent represent 2-4% of the PDO εmethylenes (value of t) regarding the initial stoichiometry: 4% for CA_PDO_1_SHP, 3% for CA_PDO_0.65_SHP and 2% CA_PDO_0.5_SHP. Unfortunately, the SHPcontaining samples cannot be used for next discussions about esterification. Nonetheless, one last observation: ester contents and conversions for SHP experiments are in the same range than without SHP (no specific effect of SHP on composition of soluble content) except for the OH conversion in GB4 stoichiometry which is multiplied by 2 with SHP. Thus, according to this result, GB4 formulation would be a kind of optimum for PDO conversion and one can wonder whether it is possible.

In fact, the data presented in Table IV.10 can still give some structural information concerning cases without SHP: OH and COOH conversions can provide an idea of the global concentration of esters in solution. Then, CA central ester and PDO monoester contents can afford a preview of structure fragments of the oligoesters in the soluble part.

For example one can easily identify the case of y = 1 which shows a particularly higher OH conversion (83%) than for the two other cases (32% and 54%). This is consistent with the PDO monoester content (33%) which is particularly lower compared to the two other experiments (71% and 78%): in fact, when the OH ester relative amount increases, the chance to find a doubly esterified-PDO molecule is higher. The opposite is also true and verifies for y = 0.65 and y = 0.5 cases. Moreover, y = 1 experiment results show that the reaction reaches a high level of esterification, even in the soluble part: monoester content is indeed really low (33%). As surmised in the hypotheses section, for y = 1, initially, there is the same number of COOH and OH functions, leading to a higher probability to reach high conversions. By definition, the soluble part is supposed to contain structures with lower level of esterification (oligomers). This is characterized by low ester conversions and high PDO monoester content; if this is not the case, it could mean that the reaction is almost ended which might thus be the case of y = 1 experiment.

The COOH conversion however is quite high in the soluble part (over 58%) whatever the initial stoichiometry: it seems to rise when citric acid content decreases. Esterification seems to proceed to a large extent during the 20 minutes of reaction: by this way, the lower the initial COOH amount, the higher the conversion. Here, this index is not very relevant but it will be useful in a next section.

Nevertheless, the CA central acid content is interesting to study: it is always high, almost stable between 60% and 70% among the CA esters in the soluble part and this, whatever the initial stoichiometry is: it means that the CA central ester is more frequently found than lateral ones in the soluble fraction. One could first think that it is related to a higher reactivity of central acid: however, the reactivity is difficult to assess with this index only in the soluble part. Moreover, the literature tend to show that central acid is less reactive than lateral ones [START_REF] Noordover | Enhancing the functionality of biobased polyester coating resins through modification with citric acid[END_REF] . A more likely explanation is that the generated structures are less easy to insert into the gel. Indeed, if the central ester is formed, it is more difficult to form a second ester because 5-member-anhydride intermediate cannot form anymore [START_REF] Yang | Formation of Cyclic Anhydride Intermediates and Esterification of Cotton Cellulose by Multifunctional Carboxylic Acids: An Infrared Spectroscopy Study[END_REF] : this analysis goes in favor of a mechanism involving anhydrides intermediates in a certain extent.

Finally, in the GB4 intermediate stoichiometry (y = 0.65), the PDO monoester content is high as well as CA central ester content. One can only conclude that there is in solution potentially a lot of low esterified PDO and majoritary on central esters of CA without being able to link those two information easily (and conclude to major CA or CA-PDO structures). The results are really similar to those of the y = 0.5 experiment even if the OH conversion (and COOH conversion) is, in this case, significantly higher.

Short summary of results

For now, from all the analyses performed on CA-PDO reactive systems, several interesting points were obtained:

• CA-PDO systems are able to form gels by crosslinking even when initial conditions are not favorable,

• CA-PDO esterification occurs to a large extent in the curing conditions (20 minutes at 215 °C),

• Crosslinking does not consist only of CA triesterification: another crosslinking mechanism occurs and is not exclusively related to the presence of SHP,

• CA structures owning central ester seems to show difficulties to insert in the gel because of an impossibility to form 5-membered ring anhydrides,

• SHP still favors degradation of CA in esterification-reactive systems,

• Etherification of PDO takes place only in presence of SHP in these conditions (2%-4% of PDO OH).

The structural preview of CA (and more generaly CA-PDO) is finally not that simple to draw and these results will be refined in the next section.

CA-alcohol reactivity: conclusion

In this part, a model reaction involving 1,3-propanediol and citric acid has been set up. Analyses performed on CA-PDO reactive systems can be summarized in the following way:

• CA-PDO system are able to form gels by crosslinking even when initial conditions are not favorable,

• According to the developed probabilistic model using litertature data (140 °C; 8h; Ti(BuO) 4 ) as input, the CA crosslinking would be due to less than 3% of the final CA molecules distribution, a lot of COOH groups staying unreacted (32% CA and 53% monoesters),

• CA-PDO esterification occurs to a large extent in the curing conditions (20 minutes at 215 °C),

• Crosslinking does not consist only of CA triesterification: another crosslinking mechanism occurs and is not exclusively related to the presence of SHP,

• CA structures owning central ester seems to show difficulties to insert in the gel confirming the presence of a mechanism involving 5-membered ring anhydride intermediate.

• SHP still favors degradation of CA in esterification-reactive systems,

• Etherification of alcohols takes place only in presence of SHP in these conditions.

The GB4 stoichiometry (y = 0.65) reaction is in the case of a non-fully accomplished reaction (like y = 0.5 but unlike y = 1 stoichiometry) after 20 minutes. Indeed, in the soluble fraction, PDO is partially esterified: i.e. a majority of PDO monoesters and low OH conversion are observed. This means that a lot of hydroxyl groups stay unreacted at the end of the 20 minutes as assumed in Chapter II ideal hypotheses (Section 2.2.1). Furthermore, this needs also to be kept in mind: either another reaction might help the crosslinking of CA and/or the final polymer shows strong internal polymer-polymer interactions like hydrogen bonding between residual OH. Moreover, even if CA seems to logically act as a crosslinker as demonstrated in the literature [START_REF] Tran | Recent developments on citric acid derived biodegradable elastomers[END_REF] , another phenomenon seems to help the crosslinking in these reactions. Moreover, in the case of GB4, Maltitol should act as a crosslinker even if it mainly esterifies once or twice (most probably preferentially on its primary alcohols), according to Jan et al. [START_REF] Heesen | Method for the preparation of esters of polyalcohols[END_REF] . Finally, questions have been raised about the SHP role in GB4 curing and a next part will be dedicated to this specific topic.

Reactivity of SHP: Is it only a catalyst?

As one might have noticed previously, despite its official role of reaction catalyst, SHP amount in the formulation is much higher than a usual catalyst [START_REF] Samuel | Highly efficient metal-free organic catalysts to design new Environmentally-friendly starchbased blends[END_REF] . This section aims at investigating the effective role of SHP in GB4 formation reaction: is it a catalyst, a co-reactant, or even a crosslinker?

SHP in literature: a high reactivity

In textiles application field

The main well known roles of SHP are in fact found in the esterification reactions [START_REF] Dehabadi | Durable press finishing of cotton fabrics: An overview[END_REF][START_REF] Morris | Interaction of meso-1,2,3,4butanetetracarboxylic acid with phosphorus-containing catalysts for esterification cross-linking of cellulose[END_REF] . That is a good news to try to solve this question, since conditions are close to Isover process conditions.

Anhydration catalyst, esterification catalyst. In fact, SHP is known to catalyse the formation of cyclic anhydride intermediates. This has been demonstrated early in the 90's in numerous studies dealing with cotton treatment (see chapter I); especially in one of the Charles Q. Yang's studies. In an early paper [START_REF] Yang | FT IR Spectroscopy Study of the Ester Crosslinking Mechanism of Cotton Cellulose[END_REF] , two dicarboxylic acids were studied: fumaric and maleic acids, which are respectively trans-and cis-stereoisomers. Of course, the cis isomer is able to form an anhydride by dehydration whereas the trans is not. Their method consists of curing the cotton fabrics with both the acids and evaluate the results by qualitative and quantitative FTIR analysis: they were able to compare ester versus carboxylic acid signals after a NaOH treatment (in an 0.1M NaOH solution, dried at 85 °C for 5 minutes). By this way, the authors were able to identify: if anhydrides were formed with or without SHP for both acids, if esterification took place and if SHP had a role in the anhydride formation. They observed a much lower esterification level with fumaric acid than with maleic acid, first confirming the formation of anhydride as reactive intermediate in the esterification process, reducing the activation energy (increasing reaction rate). When adding SHP, it has been observed that esterification was occuring at lower temperature for maleic acid, demonstrating an accelerating effect on esterification of polycarboxylic acid presenting the ability to form anhydrides. SHP permits thus to esterify at lower temperature. In fact, few years later, it was found that SHP weakens the hydrogen bonding between the carboxylic acid groups of 1,2,3,4-butane-tetracarboxylic acid (BTCA) which contributes to the acceleration of anhydride formation at lower temperatures [START_REF] Gu | FTIR Spectroscopy Study of the Formation of Cyclic Anhydride Intermediates of Polycarboxylic Acids Catalyzed by Sodium Hypophosphite[END_REF] . They also found that cyclic anhydrides are very reactive and are able to esterify with cellulose without any catalyst at room temperature. Thus, they interpreted the catalytic effect of SHP on esterification as the rapid formation of anhydrides which react more rapidly than acids with alcohols.

Covalent reaction with aliphatic anhydrides. In addition to a simple catalysis of esterification, SHP was also suspected to covalently react with some anhydrides. Indeed, Yang [START_REF] Yang | FTIR Spectroscopy Study of Ester Crosslinking of Cotton Cellulose Catalyzed by Sodium Hypophosphite[END_REF] allowed SHP to react with cis-1,2-cyclohexanedicarboxylic anhydride (CHDN) as a model reaction at high temperatures and FTIR spectra were recorded for each sample. They observed that at 235 °C CHDN evaporates completely without SHP, whereas approximately 50% of CHDN remains when SHP was present. They suggested that CHDN reacts with SHP to form a less volatile compound at this temperature. Thanks to FTIR spectra (analyses are based on the difference of intensities and disappearance of several bands depending on the temperature: 5-membered-ring anhydrides carbonyls (1860 cm -1 et 1766 cm -1 ), carboxylic acid carbonyls (1721 cm -1 ) but also H-P-H stretching band of SHP (2337 cm -1 )), they confirmed these indications and proposed a structure for this new molecule (see Figure IV.11) which is formed only at temperature higher than 200 °C. The same kind of structure has been observed by FTIR measurements by Gu and Yang [START_REF] Gu | FTIR Spectroscopy Study of the Formation of Cyclic Anhydride Intermediates of Polycarboxylic Acids Catalyzed by Sodium Hypophosphite[END_REF] with BTCA and poly(maleic acid) anhydrides. This means that in addition to anhydride formation catalysis, SHP also reacts with them in order to favor their reaction with hydroxyl groups of polyols. 

Covalent reaction with unsaturated anhydrides: SHP as a coupling agent.

The literature review permitted to understand the role of SHP in esterification so far. However, in the late 2000's -beginning of 2010's, some studies reported the use of a combination of unsaturated diacids (such as maleic acid) with SHP in order to crosslink cellulose [START_REF] Yang | Cross-linking cotton cellulose by the combination of maleic acid and sodium hypophosphite. 1. Fabrick Wrinkles Resistance[END_REF][START_REF] Wu | Flame retardant finishing of cotton fleece fabric: Part III The combination of maleic acid and sodium hypophosphite[END_REF][START_REF] Peng | Nonformaldehyde durable press finishing of cotton fabrics using the combination of maleic acid and sodium hypophosphite[END_REF][START_REF] Peng | The combination of itaconic acid and sodium hypophosphite as a new cross-linking system for cotton[END_REF] . Indeed, regarding previous sayings, the two carboxylic acids of an unsaturated diacid cannot crosslink cellulose since anhydride formation is only possible once: they should just be grafted onto cellulose. In fact, Wu and Yang 204 highlighted this behavior over 140 °C in 2008 by FTIR and elementary analysis measurements on high-temperature-cured cotton fabrics after and before home-laundering process. By this method, they observed that in laundred cotton fabrics cured with maleic acid and SHP, phosphorus content increases a lot over 140 °C. Moreover, for samples cured only with SHP, the phosphorus content is low and does not variate before and after 140 °C, which goes in favor of a grafting of SHP on the fabrics (low residual phosphorus content after laundring means that it is not grafted on the cotton fabric). They suggested the mechanism presented Figure IV.12.

Figure IV.12 -Proposed scheme for the covalent combination of SHP with unsaturated anhydrides (here maleic acid converted in anhydride by heat treatment) for cellulose crosslinking. Taken from Wu and Yang [START_REF] Wu | Flame retardant finishing of cotton fleece fabric: Part III The combination of maleic acid and sodium hypophosphite[END_REF] .

In 2011, Yang et al. [START_REF] Yang | Cross-linking cotton cellulose by the combination of maleic acid and sodium hypophosphite. 1. Fabrick Wrinkles Resistance[END_REF] provided more undirect evidences to confirm these first interpretations. Indeed, they allowed SHP to react with either maleic acid or succinic acid in the case of cellulose treatment. These molecule structures are really close (same number of carbon and acids), the only difference is that maleic acid bears one unsaturation unlike succinic acid which is a fully aliphatic diacid. The authors observed important differences in terms of WRA measurement (WRA stands for "Wrinkle Recovery Angle" which is a textile application specific test; it characterizes the textile capacity to recover its initial shape after creasing and thus undirectly its level of crosslinking). High WRA was observed for maleic acid samples, meaning that cellulose is crosslinked according to Yang et al. [START_REF] Yang | Cross-linking cotton cellulose by the combination of maleic acid and sodium hypophosphite. 1. Fabrick Wrinkles Resistance[END_REF] . The model reaction between maleic acid and SHP was also performed and studied by FTIR spectroscopy. After heating at 170 °C for 2 minutes, the bands at 3059 cm -1 and 1635 cm -1 (stretching of maleic acid HC= and C=C respectively) both disappeared, whereas the carbonyl band stretching mode shifted from 1707 to 1716 cm -1 . The authors explained it by the probable disappearance of the maleic acid unsaturation because of the reaction with SHP.

Peng et al. [START_REF] Peng | Nonformaldehyde durable press finishing of cotton fabrics using the combination of maleic acid and sodium hypophosphite[END_REF][START_REF] Peng | The combination of itaconic acid and sodium hypophosphite as a new cross-linking system for cotton[END_REF] also identified this kind of structure with maleic acid and itaconic acid. To summarize, here the crosslinking is the result of several successive reactions: first the esterification of the unsaturated anhydride on cotton (from the SHP-favored dehydration of a diacid), addition of SHP onto the unsaturated carbon (one P-H bond is changed to P-C), and finally, this adduct reacts with another esterified cotton-unsaturated anhydride.

It is important to note that these demonstrations are based on several undirect analyses: an application analysis from the textile industry (such as WRA), an elementary analysis and the disappearance of FTIR peaks. No direct evidences concerning the existence of this reaction have been afforded by any study: e.g. no spectroscopic structure-specific signature of the C-P-C bond newly formed by the reaction mentionned before has been presented. Even if C-P-C could be attributed to a peak observed on FTIR spectra at 2428 cm -1 in the curing of BTCA with SHP, this spectral band is not well described in spectroscopic tables. Also, this means that SHP can lose its two protons consecutively and this is not likely since not described in literature at all [START_REF] Yudelevich | Hypophosphites") and Their Reactivity[END_REF] . Unfortunately, this case is really close to GB4 since unsaturated anhydrides are supposed to be produced from CA in process conditions and SHP content is quite high and also in position to be a co-reactant as it is described in literature. It appeared then relevant to get further clues of the existence (or not) of this reaction and structure.

General reactivity of SHP

Except for applicative purposes, SHP chemistry is not widely described in literature. One has to go back to the 80's to find back a paper reviewing the different reactivities of phosphonic acid (related SHP acid): indeed, Yudelevich et al. [START_REF] Yudelevich | Hypophosphites") and Their Reactivity[END_REF] reviewed a lot of possibilities for SHP to react alone with organic molecules.

With water. As a reminder, Yudelevich et al. [START_REF] Yudelevich | Hypophosphites") and Their Reactivity[END_REF] precised that in presence of water, phosphonic acid gives dihydrogen and phosphorous acid through the following reaction:

H 3 PO 2 + H 2 O --→ H 3 PO 3 + H 2
The production of H 2 should lead to violent reaction in contact with air (lightnings, explosions...).

With alcohols.

The authors also reported the formation of hydroxyalkyl phosphinates (also named phosphinic esters) by the reaction of polyols with phosphonic acid in the following global reaction 156 :

H 3 PO 2 + ROH --→ RO-P(O)H 2 + H 2 O
This reaction is convenient and has been reported to work with high-molecular weight polyols, peptides and monosaccharides with relative success and ease: e.g. cellulose, poly(vinyl alcohol), glucose, xylitol, glycols... Moreover, these phosphinates can undergo thermal isomerization in the case of phosphinic esters and particularly with glucose as shown in Figure IV.13 but also levoglucosan. 
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With aldehydes. One knows that carboxylic acid can be reduced to aldehydes which have a specific behavior with phosphinic acid depending on the stoichiometry 156 :

H 3 PO 2 + RCHO --→ HO-PH(O)-CH(OH)-R
If the aldehyde is in excess, the two SHP P-H hydrogens are substituted by 1-hydroxyalkyl (or aryl) group coming from aldehyde:

H 3 PO 2 + 2 RCHO --→ HO-P(O)-[CH(OH)-R] 2
The yields are low and reactions are supposed to occur below 110 °C, an over-heating leading to degradation. Anyway, this proves that in some conditions, phosphinic acid can be substituted twice. It is important to note that, phosphinic acid salts (like SHP) can react similarly with the help of HCl and chloral. However authors 156 also suggested that reaction of phosphinic acid salts with carbonyl was possible only at high temperature and longer time compared to acids themself. They also note that salts are more stable than corresponding acids. 

Reduction of unsaturations.

Hypophosphites are also reported to reduce unsaturated organic compounds 29 . However, it seems that all the conditions include a Paladium/carbon catalyst which is not the case in GB4 conditions.

Covalent bonding with unsaturations. Phosphinic acid reacts with unsaturated compounds with low yields to form compounds with P-C bond. An example is the diethyl maleate, an unsaturated diester which can react without catalyst with phosphinic acid at 100 °C: it is described in Figure IV.15. This free-radical addition is well known for compounds containing phosphorous-hydrogen bond. However, no dialkylation is described in this review with phosphinic acid [START_REF] Yudelevich | Hypophosphites") and Their Reactivity[END_REF] . Nevertheless, phosphinates (esters of phosphinic acid) can lead to di-alkylation with excess of alkene (works with methyl acrylate for example): the reaction occurs with peroxides or at higher temperature without it, and leads to alkylated phosphinic esters (see Figure IV.16). This is interesting because Yang et al. [START_REF] Yang | Cross-linking cotton cellulose by the combination of maleic acid and sodium hypophosphite. 1. Fabrick Wrinkles Resistance[END_REF] reported in 2011 that SHP could be substituted two times with unsaturations of maleic acid (cf. previous section). This has to be clarified in the experimental study. Summary. Figure IV.17 summarizes some of the most interesting reactivities reported in literature with phosphinic acid/SHP couple. Experimental work is thus needed to identify or not the potential covalent structure in which SHP could appear. Indeed, most of the presented cases are probable because either the reactants are similar or the temperature is sufficiently high for SHP to react.

Figure IV.17 -Schematic summary of SHP reactivities according to Yudelevich et al. [START_REF] Yudelevich | Hypophosphites") and Their Reactivity[END_REF] and Guyon et al. [START_REF] Guyon | Synthetic applications of hypophosphite derivatives in reduction[END_REF] (free radical addition to alkenes).
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From previous chapters & sections

SHP effects have already been studied in previous chapters and even in this chapter. Let summarize them.

Effect on GB4 gel stability

Some issues have been encountered in Chapter II with SHP. Indeed, unexpected behavior was observed when extracting the soluble content out of GB4 (involving SHP) with the help of NaOH aqueous solutions. In fact, the gel content after extraction was much lower with than without SHP, and it could either be explained by the basic hydrolysis of ester functions at room temperature (which might be favored by SHP presence) or a higher sol content. This last explanation can suggest that SHP could be covalently inserted in the gel and modify its solubility parameters.

SHP thermal stability

As explained in Chapter III, stability of SHP alone had been assessed at 185 and 215 °C for different curing times by using 1 H coupled 31 P NMR spectroscopy techniques. However, the introduction of HCl led to small changes in the SHP structure since phosphorous acid was observed, testifying of an oxidation of phosphinic acid in aqueous conditions 156 even if SHP was still the major species after these tests.

SHP in CA thermal degradation

The effect of SHP on CA thermal degradation has also been clearly identified in Chapter III. In fact, SHP has a particular influence on kinetics since it favors the formation of unsaturated diacids/anhydrides, and then their evaporation even if it does not seem to quantitatively favor decarboxylation of CA. It also favors, in a lesser extent, the reduction of unsaturations of citraconic and/or itaconic species to convert them into methylsuccinic acid. Finally, SHP favors the dehydration then decarboxylation process (see Figure III.20 in Chapter III): it has also been noticed in PDO-CA reactive system in GB4 curing conditions in the previous section.

SHP & CA esterification with mPEG-OH

During this thesis, esterification of CA with α-hydroxyl-methoxy-poly(ethylene glycol) (mPEG-OH) has been performed at high temperature (185 °C-215 °C) as a CA reactivity model reaction (see Appendice D.1, p.310). Some interesting facts have been collected concerning SHP: high catalysis of PEG/CA esterification but especially PEG-OH/PEG-COOH esterification through thermo-oxidation of PEG-OH into PEG-COOH at 215 °C. Because of SHP, CA degradation strongly competes with esterification in GB4 curing conditions in these model reactions.

SHP effect on alcohols

According to the latest results, in the CA-PDO reactive system, SHP seems to favor the formation of ethers of PDO in GB4 curing conditions (215 °C; 20min): they have been identified thanks to HSQC and HMBC NMR. 207

Study of SHP reactivity

In this part, SHP was mixed with GB4 raw materials (CA and MtOH) or model molecules in bulk in several conditions (215 °C/185 °C, 20 min essentially) and then to observe the potential chemical environment changes by 1 H coupled 31 P NMR spectroscopy (see details in Experimental section, p.266); this method has never been used in any applicative context with SHP. Again, peak attribution has been possible thanks to previous works from Mavel 160 , Berger et al. [START_REF] Berger | NMR Spectroscopy of the Non-Metallic Elements[END_REF] and Kühl 162 and when possible by comparing spectra with databases 163 or reference spectra (see Table D 

Model reactions with alcohols

Maltitol. First of all, SHP with maltitol have been heated up for various times in the following conditions: (185 °C; 10min), (215 °C; 10min), (215 °C; 20min) and (215 °C; 20min) with HCl (in order to mimic acidic conditions). All solids look like frozen transparent glassy solids with a light yellow tint. As observed in previous parts, MtOH structure is difficult to observe even if it can be considered as mainly stable regarding its 1 H spectral signatures in all studied cases. Moreover, in the two first cases, i.e. for 10 minutes at 185 °C and 215 °C, SHP structure is not modified by the presence of MtOH ( After 20 minutes at 215 °C, a new phosphorus compound signal, λ M tOH , is observed (Figures D.49, IV.18 and IV.19): according to the 31 P NMR shift (λ M tOH = 6.73 ppm), multiplicity (doublet of multiplet (dm) or multiple (dm)) but also coupling constant (638 Hz), this type of molecule possesses one phosphorus atom directly and covalently linked to one hydrogen atom since a doublet (d) (which switches to singulet (s) when decoupled) is observed in 1 H NMR (Figure IV.18). Furthermore, the phosphorus atom electronically interacts with other protons that are in further positions, since the 31 P doublets of multiplets (dm) switches into a singulet (s) when decoupling [START_REF] Feng | Esterification of wood with citric acid: The catalytic effects of sodium hypophosphite (SHP)[END_REF] clear as well as 31 P decoupled 1 H NMR.

The molar content of this molecule (λ M tOH ) can be then calculated: it increases with temperature and addition of HCl droplets slightly favors the production of this molecule since it reaches 12mol% at 215 °C after 20 minutes with acid addition. However, no exact structure proposal can be formulated at this point even if it might be a coupling of MtOH with SHP: this needs to be checked.

It must also to be noted that phosphorous acid is observed (β), in Figures IV. 18 and IV.19, again when HCl is added confirming the ability of phosphinic acid (protonated SHP) to react with water and change its structure 156 . In this case, the λ signal is also observed since shifts and coupling constant of NMR peaks are similar to those described in the previous section dealing with MtOH and SHP reactions. Concerning multiplicity, the signal is much clearer in 31 P NMR: instead of a (dm), one can observe a doublet of triplet (dt) switching into a singulet when decoupling proton. This attests of the presence of two protons in 2 J, 3 J or 4 J which are most probably those of the methylene group of PDO. Summary of results. Figure IV.23 shows a summary of Alcohols/SHP reactivity results. SHP reacts with primary alcohols of PDO and MtOH to form phosphorous acid alkyl derivatives. These molecules derive from the condensation of alcohol on SHP with departure of H 2 O, followed by its isomerization at high temperature. Relative to MtOH, Figure IV.22 presents a potential explanation for the presence of the doublet of multiplet (dm) in 31 P NMR spectrum: indeed, there are both primary and secondary alcools in MtOH, if both react then the signal of phosphorus atom will be slightly different especially in terms of multiplicity. With a secondary alcohol, the obtained signal would be a doublet of doublet (dd) and with primary, as for PDO, it will be a doublet of triplet (dt). 

Model reactions with CA degradation products

Reaction with maleic acid. As demonstrated in Chapter III, CA suffers various reactions that may lead to unsaturated diacids and anhydrides. Moreover, knowing the potential reactivity of SHP with unsaturation [START_REF] Guyon | Synthetic applications of hypophosphite derivatives in reduction[END_REF][START_REF] Yang | Cross-linking cotton cellulose by the combination of maleic acid and sodium hypophosphite. 1. Fabrick Wrinkles Resistance[END_REF][START_REF] Peng | Nonformaldehyde durable press finishing of cotton fabrics using the combination of maleic acid and sodium hypophosphite[END_REF][START_REF] Yang | Cross-linking cotton cellulose by the combination of maleic acid and sodium hypophosphite. 2. fabric fire performance[END_REF] or anhydrides [START_REF] Yudelevich | Hypophosphites") and Their Reactivity[END_REF] without mentioning its potential role in anhydride formation [START_REF] Dehabadi | Durable press finishing of cotton fabrics: An overview[END_REF][START_REF] Yang | FT IR Spectroscopy Study of the Ester Crosslinking Mechanism of Cotton Cellulose[END_REF][START_REF] Gu | FT-IR and FT-RAMAN spectroscopy study of the cyclic anhydride intermediates for esterification of cellulose: I. formation of anhydrides without a catalyst[END_REF][START_REF] Gu | FT-IR & FT-RAMAN spectroscopy study of the cycliv anhydride intermediates for the esterification of the cellulose: II Formation of Anhydride Catalyzed by Sodium hypophosiphite[END_REF] , it has been chosen to first perform reactions in bulk at 185 °C and 215 °C with maleic acid as it is an unsaturated diacid (see structure Figure IV.24). Technically, the aim was either to be able to observe the reduction of unsaturations by the formation of succinic acid (see structure Figure IV.24) and/or maleic anhydrides by dehydration with FTIR spectroscopy and different NMR spectroscopy techniques, but also to discover the changes of structure of SHP with 1 H/ 31 P NMR spectroscopy in case a reaction occurred. Both the MAc/SHP reactions at 185 °C and 215 °C had to be stopped prematurely (respectively 2:30 and 1:30 minutes) because of a violent foaming: the obtained solids look both like wide expansed, dense, crusty, smelly and yellow foams. Moreover, the solids are both perfectly soluble in water confirming there is no crosslinking reaction nor loss of polarity. For the upcoming analyses, only 215 When comparing FTIR spectra of obtained products with neat succinic acid and maleic acid (Figure IV.25), one first observes the presence of intense characteristic streching carbonyl bands of MAc acids (i/i', 1701 cm -1 in addition to 2300-3200 cm -1 wide OH carboxylic acid stretching bands) but also anhydride (i", 1790 cm -1 ). However, the carbonyl band for the final product is much wider than the reference maleic species (there is an intense acid peak on maleic anhydride reference spectrum since this chemical is unstable in moist atmosphere): this wideness is explained by the overlapping of maleic acid band with the characteristic band of succinic acid (k/k', 1674 cm -1 ) and potentially corresponding anhydrides 112 (k", 1780 cm -1 ): there might be a lot of anhydride in the leftovers. Other peaks from succinic acid (l/l', 1410-1304-1197 cm -1 ) can be distinguished from the overall signal especially in the saturated C-H bond regions as well as those of maleic acid (j/j', 860 cm -1 ). • First of all, 1 H NMR spectroscopy confirmed the presence of succinic acid (l/l') and maleic acid (j/j'): the study of integrals showed that succinic acid is more concentrated than maleic acid, there is thus an important process of unsaturation reduction. [START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] ) confirmed these assignments. However, numerous CH 2 multiplets in the 2.25-2.75 ppm region could only be attributed to succinic-like structures without higher precision at this stage. In the same way, SHP derivatives region is crowded and did not permit alone to identify specific phosphorus structures.

• Then, 1 H together with 31 P NMR allowed us to confirm the presence of phosphorous acid (β) and SHP (α) by studying the shifts, coupling constants and multiplicity in a similar way than in Chapter III. In addition to these observations, a new SHP derived molecule has been observed thanks to 31 P NMR: this molecule shows several doublets of multiplet (dm) all centered at 19.6 ppm (545 Hz, 3.02 Hz): its structure, called γ will be investigated hereafter. From 1 H NMR and 31 P NMR, a new signal (γ) is observed: in order to go further into description of this structure, [START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] C NMR (Figure IV.28) was performed. In the [START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] C NMR spectrum, a curious triplet appears at 86.77 ppm with a coupling constant of 93 Hz. This is quite rare in carbon NMR to observe multiplets and in fact, it could be a coupling with a phosphorus nucleus [START_REF] Berger | NMR Spectroscopy of the Non-Metallic Elements[END_REF]162 and the coupling constant is found to be in similar order of magnitude than ones already observed in previous reports [START_REF] Berger | NMR Spectroscopy of the Non-Metallic Elements[END_REF][START_REF] King | Synthesis and structural characterization of methylenebisphosphinic acid, CH2[PH(O)OH]2[END_REF] . Again, 1 H/ [START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] ) spectra are available hereafter. HSQC permitted to identify the directly covalent 1 H/ 13 C 1 J connexions whereas HMBC permitted to identify the further 1 H/ 13 C 2,3,4 J couplings. When focusing on this peak at 86 ppm, one can clearly note that there is no proton coupled to this carbon (no HSQC coupling dot): it might be then a quaternary carbon or a carbonyl or an unsaturated carbon substituted only with carbons. Now, the HMBC shows interesting information about the undirect chemical environment of this carbon; indeed, one can observe three main dot groups demonstrating the existence of several molecules with close structures. The two first dots are showing intense long distance coupling with the proton bared by the phosphorus γ (6.91 ppm (dt)) which confirmed a C-P coupling. The last dot shows a lower intensity and demonstrates that there is another long distance interaction with protons of the succinic-like clump identified previously. The number of correlation dots on each clump in HMBC is probably confirming the existence of several close structures which have not been all determined yet.

All these pieces of information together led to the definition of a specific structure for γ signals which is presented Figure IV.30: this structure is deriving from three phenomena: the reduction of maleic acid unsaturation, the anhydration of succinic or maleic acid and finally the violent reaction of SHP with succinic anhydride, which is more likely since any maleic acid-grafted-SHP signal is observed. This needs to be further confirmed. D.18 are presented in Appendice D.6. Figure IV.32 shows here a summary of related results. Unlike diacids, no grafting of SHP onto CA was observed. However, in this case, citric acid seems to favor the oxidation of SHP since it probably provides to the reaction other protons which have been proven to favor oxidation in Chapter III. Indeed, there is a non-time-linear production of phosphorous acid: between 1 and 5 minutes, 6 to 80mol% of phosphorous acid are detected in the leftovers. Moreover, unsaturated tri-and dicarboxylic acids are also produced during this reaction, as it is presented in Chapter III: however no clues of SHP grafting with any saturated anhydrides is reported here unlike previous observations made with maleic and succinic acid reactions (which were performed under (1:1) stoichiometric ratio). In fact, methylsuccinic acid is not produced in high amount during CA degradation (except after 5 minutes) and this probably should explain why methylsuccinic-phosphinic acid is not observed on spectra. Moreover, hindrance issues could prevent the anhydration of these methylated species explaining why there is no production of SHP grafted methylsuccinic acid after 5 minutes of reaction.

Reactions with citric acid

SHP reactivity: conclusion

SHP shows an important potential activity during GB4 polymerization according to model reactions made in similar curing conditions and NMR identifications which led to several structures involving:

• Alcohols and especially maltitol reacts with SHP through the formation of isomerized phosphinic esters called phosphorous acid alkyl. SHP can react either with primary or secondary alcohols. This structure has been described in literature by Yudelevich et al. [START_REF] Yudelevich | Hypophosphites") and Their Reactivity[END_REF] .

• Unsaturated anhydrides can react with SHP by a combination of unsaturation reduction and formation of a C-P covalent bond involving the anhydride carbonyl. It has been named succinic-phosphinic acid in the case of maleic and succinic acid. This kind of structure has also been described in literature [START_REF] Yudelevich | Hypophosphites") and Their Reactivity[END_REF] . This molecule is probably not that stable since it is not observed in the case of CA degradation. Moreover, unsaturation reduction of CA degradation products by SHP is not the major phenomenon occuring and thus the number of potential reactions with this kind of anhydride is low. Steric hindrance could also prevent formation of this molecule.

• Indeed, no original structures have been found in presence of CA meaning that no degradation product (especially methylsuccinic acid) has reacted with SHP (all products being soluble).

Finally, these results need to be compared with measurements :made on final products to have an idea of their relevance.

The aim of this chapter was to better understand the reactivity of GB4 starting materials, in order to draw a schematic picture of what GB4 network look like according to model reactions and statistical analysis. To do so, four main studies have been carried out: a literature study, a theoretical study and two experimental studies which focused on CA and SHP reactivities.

From the bibliographic data, highly interesting information has been collected about MtOH [START_REF] Heesen | Method for the preparation of esters of polyalcohols[END_REF] , CA [START_REF] Yang | Formation of Cyclic Anhydride Intermediates and Esterification of Cotton Cellulose by Multifunctional Carboxylic Acids: An Infrared Spectroscopy Study[END_REF][START_REF] Noordover | Enhancing the functionality of biobased polyester coating resins through modification with citric acid[END_REF][START_REF] Ding | Synthesis, characterization and in vitro degradation study of a novel and rapidly degradable elastomer[END_REF][START_REF] Barroso-Bujans | Structural characterization of oligomers from the polycondensation of citric acid with ethylene glycol and long-chain aliphatic alcohols[END_REF] and SHP [START_REF] Guyon | Synthetic applications of hypophosphite derivatives in reduction[END_REF][START_REF] Yang | Cross-linking cotton cellulose by the combination of maleic acid and sodium hypophosphite. 1. Fabrick Wrinkles Resistance[END_REF][START_REF] Yudelevich | Hypophosphites") and Their Reactivity[END_REF][START_REF] Wu | Flame retardant finishing of cotton fleece fabric: Part III The combination of maleic acid and sodium hypophosphite[END_REF][START_REF] Peng | Nonformaldehyde durable press finishing of cotton fabrics using the combination of maleic acid and sodium hypophosphite[END_REF][START_REF] Peng | The combination of itaconic acid and sodium hypophosphite as a new cross-linking system for cotton[END_REF] : at 160 °C, MtOH esterifies mainly as a mono-and diester with fatty acids; less than 15% of the MtOH becomes triesters [START_REF] Heesen | Method for the preparation of esters of polyalcohols[END_REF] . Thus, in GB4, MtOH can be qualified as a co-monomer, end-chain monomer, but also as a crosslinker assisting agent of CA. Moreover, CA has been studied with primary and secondary alcohols but also endo and exo alcohol at low temperature (150 °C). Its reactivity seems to be intermediate to high and the central acid of CA showed a lower reactivity than lateral ones. Moreover, as expected, primary alcohols have been proven to be more reactive with CA than secondary ones, as well as exo versus endo. Finally, SHP reactivity literature reports showed an impressive number of options for SHP to covalently bind with a lot of different organic compounds.

From our own studies, a lot of information has been collected. According to probabilisitic model using literature 137 (140 °C; 8 h; p-toluene sulfonic acid) as input data, the CA crosslinking would be due to low CA triester amounts (less than 3% of the final CA molecules distribution), leaving a lot of COOH groups unreacted (32% CA and 53% monoesters). This means that, potentially, a lot of unesterified residual COOH of citric acid are present in GB4 and thus could act as acidic hydrolysis auto-catalysis sites [START_REF] Bellenger | Lifetime prediction in the hydrolytic ageing of polyesters[END_REF][START_REF] Von Burkersroda | Why degradable polymers undergo surface erosion or bulk erosion[END_REF] .

CA reactions with PDO demonstrated also that CA seems to be able to crosslink via esterification even if another phenomenon, which is not related to SHP, might help the crosslinking (identified thanks to stoichiometric conditions). GB4 case experiments (y = 0.65) also showed that, in soluble part, PDO reached low extent of esterification (32% OH conversion and 71% PDO monoesters) leaving a lot of unreacted OH free to interact with water. Experiments also demonstrated the high content of CA central ester among CA esters in the soluble part, testyfying of the presence of a mechanism involving anhydride intermediates. This also goes in favor of the presence of low esterified citric acid in GB4 with residual COOH. Complementary to these results, mPEG-OH experiments (see Appendice D.1, p.310) have shown that, at 215 °C, SHP favors either the quick degradation of CA and all possible esterification reaction (CA, PEG-COOH).

Complementary to these results, PDO-model reaction experiments have been performed in different time-temperature conditions (2 steps at 140 °C) with molecules that are formed at high temperature from CA degradation (see Appendices D.3, p.317 and F.3, p.361). It has been demonstrated that CA degradation derivatives are intermediately reactive towards esterification with PDO: aconitic acid is even able to form a gel (insoluble content is observed after condensation) which confirms its ability to act as a crosslinker. Itaconic and methylsuccinic acids systems are able to reach high OH conversions without forming gel in these conditions, whereas citraconic acid does leads only to intermediate conversion. Despite this, more NMR analyses would be appropriate to finely determine the specificity of aconitic signals which were not validated.

Finally, in addition to its ability to favor the alcohol etherification (in PDO-CA systems), SHP reacts with alcohol (especially MtOH) through the formation of isomerized phosphinic esters called phosphorous acid alkyl: either primary or secondary alcohols react with SHP. This is interesting since it suggests that SHP would be able to insert the GB4 network by "esterification" on maltitol. By this way, it would be logical that the final network shows higher hydrophilic sites which would not be washed by the weathering water during storage. Succinic anhydride has been identified as able to react with SHP even if the resulting molecule has not been identified during CA degradation. This of course has to be compared to measurements on final GB4 glasswools.

For next steps, PDO-CA reactions could be improved by working on kinetics. It could also be interesting to refine hypotheses of the probabilistic model in order to build a more realistic one. Using 100% soluble content input data could also be helpful to do so. Furthermore, comparison of these analyses with similar analyses on GB4 final products (glasswools or other GB4 composites) would be needed to evaluate the relevance of these hypotheses.

Chapter V A final GB4 study inspired from previous chapters 1 Introduction

This chapter acts as a methodological guide to study a complex foaming thermoset. It has been inspired by studies described in previous chapters and aims at summarizing all pieces of information concerning GB4 sol and gel structures that have been collected in this thesis. From 1 H and 31 P NMR to TGA-IR coupling methods, an analytical library was built up in the previous chapters and will be used in the current chapter while new experiments and analyses will be presented as possible next steps.

Three sets of experiments are presented in this chapter. The first one concerns TGA-IR efforts to valorize the work done in Chapter III about citric acid degradation. A second part is dedicated to 31 P NMR as well as 1 H NMR, similaraly to what has been presented in Chapter IV works. NMR analyses carried out on soluble species extracted from GB4 foams are also presented in this section as a sequel to Chapter II. Finally, the last part focuses on a new analytical method based on X-ray Photoemission Spectroscopy (XPS); it is also correlated with Chapter IV results and especially the understanding of SHP changes during curing.

Following these experimental studies, a first conclusion will be drawn followed by the general conclusion which will sum up all the work done in this thesis.

A study of vapors emitted during GB4 curing

In this section, the aim is to use the TGA-IR methodology developed in Chapter III in order to collect information (identification of CA degradation products or not, kinetics information, etc.) about GB4 reaction directly in the real system. In all the studied cases, final products looked similarly to those described in Chapter II: small browny foams in their TGA-cup.

Study of GB4 aqueous solution in TGA-IR

A first study focused on GB4 formulation (CA, MtOH, SHP) dissolved in water before curing. In this experiment, TGA results shows interesting features (see Figure V.1 (a)): the weight losses are observed in two steps: first, a loss of 26wt% at 1.7 minutes which refers to water according to FTIR results. Indeed, 3600 cm -1 and 1500 cm -1 wide and ribbed characteristic signals of H 2 O are mainly detected from 1.4 min to 6 min (traces observed until 7min) with a maximum at 2.5 minutes (shift between TGA and FTIR values is due to the travel into the transfer line but also to a problem of exact attribution of maximum weight loss time in TGA because of the successive changes of slope). Unfortunately, the origin of this water loss could not be identified precisely: it could come from either vaporization, anhydrisation, esterification or the three of them at the same time. In fact, it would be more logical that water used as solvent escapes first to permit other equilibrated phenomena to occur. A second weight loss of 20wt% at almost 4 min is assigned to the departure of CO 2 : 2200 cm -1 and 669 cm -1 bands show their maximum intensities at 4.1 min and last between 2.8 and 7.6 minutes. Of course each of the weight losses cannot be assigned only to one molecule so no direct quantification can be performed from these data: e.g. water still escape the TGA furnace while CO 2 loss is detected. No other losses are detected in FTIR even if 2wt% losses are detected by TGA after 5 minutes (6 minutes on FTIR): it could be due to the loss of esterification water.

Another measurement has been used for this study: the Heat Flow measurement thanks to a contact detector placed below the scale. Two interesting peaks have been identified by coupling this measurement with previous results. A first intense endothermic peak matches with the first weight loss and the maximum intensity of a water band, confirming that water evaporation is mainly detected (esterification is not detected since its enthalpy is too weak). However, this first endothermic peak shows two different slopes (one first from 0 to 2 minutes and another from 2 to 2.5min) which could be assigned to two different phenomena. A second peak that is exothermal matches perfectly with the second weight loss and the CO 2 intensity maximum, confirming the presence of an exothermic decarboxylation. This coupling analysis, connected with an heat flow detector, permited to decorrelate some of the phenomena (water and decarboxylation loss). However, this formulation is not necessary representative of what occurs on fibers since blending/spraying water is supposed to be removed on hot fibers (before curing the glasswool, see Chapter I); thus, another kind of GB4 formulation need to be analyzed.

Study of atomized GB4 formulations in TGA-IR

In order to better represent GB4 curing on fibers, two atomized formulations of GB4 (thick grain powders) were used and analyzed by TGA-IR: GB4 dry and GB4 dry _noSHP formulations are described in Experimental section 6, p.276.

TGA. Interestingly, the TGA results (see Figure V.2 (a)) suggest that all phenomena occur more or less simultaneously. One can note that a weight loss is observed earlier for GB4 dry (compared to GB4 dry _noSHP ) even if more final losses are observed for GB4 dry _noSHP (38wt% instead of 32wt%). This behavior is similar to what had been seen with CA degradation and suggests that this phenomenon drives GB4 weight losses. Moreover, having a look on heat flow signals (HF, Figure V.2 (b)) and comparing it to Figure V.1, a wider decarboxylation seems to be observed for GB4 dry _noSHP : indeed the exothermic signal (previously observed clearly after an endothermic peak due to water loss) is located in the middle of the endothermic peak corresponding to water. This is validated again by FTIR spectrum which shows simultaneous maximum departure of H 2 O and CO 2 . When comparing the two signals, one can clearly observe that losses of H 2 O and CO 2 have a similar starting profile and that they seem to be relatively more important (area) and last longer without SHP. However, it is important to consider that there is more CA in GB4 dry _noSHP than in GB4 dry thus, quantitative aspects of this study should be carefully handled. • The first molecule to be detected is H 2 O (two characteristic massifs at 3600 cm -1 and 1500 cm -1 ): it first appears as traces from 45 s to 4 min and then intense losses are detected between 4 and 6 min with a maximum at 4.2 min (residual losses are detected until the end of the reaction),

• CO 2 is also observed (2200 cm -1 and 669 cm -1 ) with a relatively intense signal detected from 4 to 8 min with a maximum at 4.7 min,

• Finally, unsaturated acids and cyclic anhydrides escape (can also explain the higher weight loss): with the 1792 cm -1 carbonyl band (from 3 to 7 min), the 1235 cm -1

anhydride C=O acyl band (from 5 to 7min) and 980/890 cm -1 unsaturations bands, their maximum absorbance peak is observed at 4.7 min again and traces are still observed until 20 min of reaction (explaining the higher derivative coefficient after 6 minutes).

Concerning GB4 dry , molecules detection can be summarized as follows (see • The first molecule to be detected is H 2 O (two characteristic massifs at 3600 cm -1 and 1500 cm -1 ): it first appears as traces from 0.7 to 4 minutes and then important losses are detected between 4 and 9 min (even if some traces are also detected until 20minutes but in much lower amounts than for GB4 dry _noSHP ) with a maximum at 4.1min,

• CO 2 is also observed to escape (2200 cm -1 and 669 cm -1 ) with a relatively intense signal detected from 3 to 9 min with also a maximum at 4.1min,

• Finally, unsaturated acids and cyclic anhydrides escape according to their weak characteristic signals: the 1792 cm -1 carbonyl band (from 3 to 7min), the 1235 cm -1 anhydride C=O acyl band (maximum at 4.1min) and 980/890 cm -1 unsaturations bands are detected, their maximum absorbance peak is again observed at 4.1min.

The peaks maxima are here located few seconds before compared to the previous experiment (as shown in TGA and HF analysis) and no molecule departure is observed after 9 minutes. Thus, during GB4 reaction, SHP limits the duration of water and CO 2 losses as a function of time. However, in term of quantification, no conclusion can be drawn regarding the difference of anhydride signals relative intensities since citraconic anhydride (assigned as the main volatile molecule escaping from CA degradation) can also react with alcohol instead of escaping. In both cases, water escapes first in lower amount because of residual water in the formulation (from CA or SHP) but also from esterification (and anhydration) which begins earlier in the process; and then, few seconds before CO 2 loss, relatively high amounts of water are detected. This last fact is interesting because it could mean that formation of anhydrides favors decarboxylation of CA in GB4 conditions.

Finally, based on the quantitative TGA-IR method that has been developed in Chapter III, quantification of CO 2 and relative quantification of CO 2 amounts in vapors has been tried. Technically, higher initial weight of dry formulations needs to be used since CA represents 50wt% of the formulation: CO 2 vapor concentration need to be sufficiently high to reach detection level and calibration level (as shown in Chapter III). Unfortunately, increasing the initial amount of formulation implies a larger foaming phenomenon: this is critical for the apparati because the design of the cups and the furnace "ceilings" are not suited to foaming materials. Thus, several apparati and experiment design (incorporation of glass fibers or galss paper in the cup to limit foam expansion) were tested and each time the experiment failed. Only one the METTLER TGA/DSC 3+ showed promising preliminary result with a wide weight sensor able to carry a 900 µL cup. Unfortunately, the design of the alumina cups led to breakages after each trial. Thus, no further attempts were performed but there is still good hopes to converge towards successfull results.

Summary & perspectives

Unfortunately, problems of low intensities in FTIR spectra is due to the low amount of input material in order to avoid a large foaming that could damage the TGA weight detector and furnace as mentioned in the experimental part. Quantification was tried but unfortunately, obtained volume values are much smaller than calibration measurements, preventing any further analyses. To address this issue, it would be much better to work with a device with a bigger furnace. Several apparati were tested and the METTLER TGA/DSC 3+ is promising with a wide weight sensor able to carry a 900 µL cup (only manufactured in alumina for now). Another solution would be to work around the problem of TGA furnace and use quartz tubes joined with spectroscopic accessories (tranfer line and FTIR transmission cell for example). This kind of set up has been developed in studies led by Guy Raffin [START_REF] Raffin | Développement d'un couplage analyse thermique/cpg/sm applications sur des résines hautes performances[END_REF] at ISA (Institut des Sciences Analytiques, Lyon).

Anyway, some pieces of information can be extracted out of this section: GB4 curing leads to an endothermic release of water and an exothermic release of carbon dioxide, the latter confirming the existence of citraconic and itaconic anhydrides in the formulation. Despite the presence of these molecules in the volatile part of uncatalyzed GB4 (GB4 dry _noSHP ), none of them were detected in vapors GB4 curing (GB4 dry ), which could favor the hypothesis of an esterification of those molecules, in oligoesters and in the GB4 network.

3 Direct NMR studies of GB4 systems

Introduction

In this second part, the aim was to use the same 1 H and 31 P NMR tools than those presented in Chapter III & IV respectively. This time, instead of performing model reactions, GB4 composites were cured in conditions as close as possible as what is done in Isover plants. In order to go further, real GB4 glasswool samples were characterized. These glasswools had been manufactured in CRIR and consist of two Isover products:

GR32 and IBR which are cured differently because of their difference of thickness and density: GR32 are thin and dense products, whereas IBR are thick and light products. Consequently, GR32 products spends more time in the curing oven than IBR ones. Main differences between glassmats and glasswool samples lies in the formulation: indeed, GB4 glasswool samples, cured in CRIR are formulated with all the additives (oil, silicon, etc.) whereas glassmats were cured in SGR with the resin part (i.e. only MtOH, CA and SHP). In both cases, a gel point is reached and only partial information is collected from NMR because of the low solublity of the binder. Finally, a short study were also performed similarly to what has been presented in Chapter II GB4 gel experiments in order to identify properly by 1 H NMR the potential molecules in the sol of GB4 foams (not composites but useful for them too): it is first presented in Section 3.2.

NMR short study of GB4 foam soluble part

Following Chapter II experimental study of gel point for GB4 foams, soluble parts of GB4_SHP_0 and GB4_SHP_12 series were analyzed by 1 H NMR spectroscopy in order to follow the changes of structure all along the polymerization, especially before and after the gel point appearance. This is logical since the oligomers (representing high amounts of monomers) are, at this gel point, inserted in the insoluble part. Focusing on CA, its peaks shift approximately of 1 ppmbetween the beginning and the end of the reaction (this can be due to a difference of pH) and CA esters (IV') are observed even at the end, testifying of the presence of CA oligesters in soluble species even at the end of reaction.

Moreover, citraconic species are observed (1.9 ppm (E) and 5.7 ppm(D)) because of CA degradation which occurs during GB4 curing. Itaconic acid is also identified as traces irregularly in the spectra. More interestingly, these species appear in sol after the gel point, their relative content seems to increase until the end meaning that residual citric acid degrades and that resulting products are partially (or not) incorporated into the gel. Moreover, no aconitic acid is observed: knowing its relatively high reactivity (see Section D.3, from p.317), it can be guessed that it is inserted into the gel structure as soon as it is formed by dehydration of CA. However, some of it might further degrade (decarboxylation) especially at the end of the reaction, when reactive options and sites decrease. Finally, typical CA degradation consisting of formation of acetonedicarboxylic acid followed by formation of acetone [START_REF] Verhoff | Citric Acid. Ullmann's Encyclopedia of Industrial Chemistry[END_REF][START_REF] Carlsson | Study of Sequential conversion of Citric to Itaconic to Methacrylic Acid in Near-Critical and Supercritical Water[END_REF] is observed in these conditions. It is confirmed by the presence and increasing content of acetone with polymerization. The presence of aconitic species is also highlighted as shown in the spectra.

Thanks to previous detection by NMR spectroscopic methods (see Chapter IV), identifications of SHP and its derivatives has been possible here: even if only the α-signal of SHP is observed at 5 minutes of curing, at the end of the reaction (20 min), a blend of αsignal of SHP and β-signal of phosphorous acid (in 1 H NMR: d, 6.76 ppm, 628 Hz; in 31 P NMR: d, 2.66 ppm, 628 Hz) can be easily detected (same trend than for CA degradation, as shown in Chapter IV).

Finally, except in terms of kinetics, GB4_SHP_0 series showed a similar pre-gel (high CA and MtOH contents) and post-gel (low CA and MtOH content and appearance of CA degradation products) profile of its spectra during polymerization (see Figure E.63 in Appendices, p.349) confirming that a signature of gel for GB4 polymerization as foams does exist. Even if it is less accurate, this identification method is really convenient since the solubilization protocol developed in Chapter II is quite tedious. Nevertheless, GB4_SHP_0 shows few differences: e.g. aconitic species are observed in sol.

Summary & perspectives

To summarize these results, Figure V.4 describes the probable different species contents of gel and sol (before and after the gel point). As next steps, one could think about performing solid NMR analyses (such as HR-MAS NMR a ) on gel in order to get a complete picture of GB4 after curing even if this method is quite tedious to adapt to specific systems such as GB4 foams: small devices with low matter amounts, severe conditions of solid swelling in solvent, etc. 

NMR study of leached GB4 composites

GB4 glassmat curing

Glassmats are GB4-impregnated and cured woven glassfabrics made as model samples in the laboratory to mimic glasswool. After leaching, the evolution of their NMR spectra aquired on sol parts all along the reaction (both 31 P-{& 1 H} and 1 H-{ 31 P} NMR spectra) can be plotted Figure V.5) while a summary of identifications and quantitative results (from 31 P-{& 1 H} NMR) is presented Figure V.8. As a strong convective oven is used to cure the glassmats, the curing durations at 215 °C are much lower than for experiments made in cups (glassmats are not as good insulators as glasswool): 2 minutes are sufficient to observe main usual phenomena.

First, proton shifts in 1 H and 31 P NMR spectra (Figure V.5) allow the easy identification of that MtOH (between 3.5 ppm and 5.1 ppm) [START_REF] Hoffman | 1H and 13C NMR assignment of maltitol by a combination of 2D NMR and H/D isotope effects on nuclear shielding[END_REF][START_REF] Hoffman | 1H NMR assignment and conformational analysis of glucitol: Comparison with maltitol[END_REF] and CA (IV), observing the well resolved peaks on the spectra after 10 s of curing. Then, gradually their resolution decreases, peaks of CA esterification (IV') appear: this is clearly imputed to the esterification of these two molecules and presence of oligoesters in the soluble part. This phenomenon is observed until 48 s when CA and MtOH peaks disappear from the soluble part because of the oligoesters insertion into the gel. Meanwhile, from 27 s, a citraconic peak (E) appears and its intensity increases until 120 s, the end of the reaction. Similar observations have been made in Figure V.3 concerning the NMR study of GB4 foam gel point. When coupling these two studies, one can predict the gel point appearance of glassmat study looking at the spectra typical gel signature in this evolution. Indeed, in Figure V.3, the gel appearance has been measured at 7 min when CA and MtOH peaks resolution and intensity drastically decrease and when a slighlty shifted citraconic signal (E) begins to show up in sol. In the same way, the gel point of glassmat binder could be estimated to appear between 27 s and 34 s (i.e. when CA and MtOH peaks resolution and intensity drastically decrease and when citraconic acid shows up).

Then, focusing on Phosphorus fate with SHP in this reaction shows interesting trends (see [START_REF] Feng | Esterification of wood with citric acid: The catalytic effects of sodium hypophosphite (SHP)[END_REF] P-{& 1 H} and 1 H-{ 31 P} NMR spectra together in Figure V.5). Indeed, from the beginning to the end, the α signal of SHP is observed, even if its relative content decreases from 34 s when β typical signals of phosphorous acid begin to show up: finally, at the end of the reaction (120 s), SHP only represents 40mol% of Phosphorus molecules in sol, the rest being phosphorous acid (60mol%). How can we explain this change after only 34 s of reaction? First, this phenomenon is also observed for CA degradation (see Figure IV.32). When measuring the pH of the sol, it rises from approximately 1.5 to 8: pH rise occurs simultaneously with SHP oxidation. This change cannot be due to the concentrations variations of these two molecules since they are both acids with a low pKa. Moreover, the partial leaching of glassfibers into water could be considered as impacting the pH, but this does not explain the increasing effect with time of curing. However it could be attributed to the massive disappearance of COOH functions of CA but also CA-based oligoesters (which newly formed the gel) in the sol: this leads to a drastic decrease of acid species in sol and thus a change of pH. This goes in favor to the first estimation of 34 s as the gel point of these GB4 glassmat reactions from spectroscopic signature considerations (disappearance of CA and MtOH leaving only some low concentrated esterified species and SHP in sol). Thus, from all these observations, this SHP oxidation phenomenon is linked to the disappearance of CA. 

Isover GB4 glasswools curing

This last interesting part is dealing with the leaching of a real product: Isover GB4 glasswool samples. Since they have been manufactured on the pilot line, only final products are available. Two products have been studied in the same way than glassmats: IBR, which spends a short period of time in the curing oven, and the GR32, which spends more time in the curing oven. Full NMR spectra (both [START_REF] Feng | Esterification of wood with citric acid: The catalytic effects of sodium hypophosphite (SHP)[END_REF] Both IBR and GR32 NMR spectra are different from those obtained with the two other "GB4 modelizations": i.e. glassmat composites and foams. Indeed, after 20 min in the 215 °C oven of the CRIR pilot line, sol fractions contain an important amount of unreaacted citric acid (IV) (which had totally disappeared in foams and glassmats cases). However, only traces of MtOH can be observed over 3.5 ppm. This could be explained by the heterogeneity of the glasswool binders curing which prevents a full COOH conversion of CA. As in previous experiments, an important signal of citraconic acid/anhydride is measured (E), testifying of the degradation of CA by dehydration/decarboxylation in GB4 glasswools. Finally, a lot of weak signals can be seen between 0 and 1.5 ppm; they could correspond to the additives of the industrial GB4 formulation.

Moreover, instead of phosphorous acid appearance as the major phosphorus derivative at the end of the reaction, SHP is still major in sol and a new signal, φ, is observed: regarding to its multiplicity and coupling, it is again a molecule constituted of only one P-H covalent bond (doublets observed both in 1 H and 31 P NMR spectra) with a similar environment than phosphorous acid since shifts are similar (see Table E.20, p.351). Even if the shifts are similar (6.74 ppm proton, 3 ppm phsophorus), coupling constant are different since it is 570 Hz instead of 630 Hz. Moreover, the pH is similar to those measured (pH=8 for both samples) on glassmats leaching solutions so the change of pH does not explain a potential different equilibrium in the phosphite/phosphorous acid base/acid couple. Moreover, this cannot come from an industrial blend water pollution (according to regular Isover process water analyses). This shift has thus to be assigned to a different molecule deriving from SHP and which is probably a reaction product of SHP or phosphorous acid with glasswool binder additives. 

Summary

Summaries of identifications and quantitative results of 31 P-{& 1 H} NMR for glassmat and glasswool are presented 

An introduction to XPS with GB4

Finally, in order to characterize directly the gel structure, a last study was carried out on X-ray Photoemission Spectroscopy (XPS) on a cured GB4 foam (GB4_SHP _12, cured 20 min at 215 °C) and SHP as reference. This study has focused only on Phosphorus signal and especially P2p peak because of several technical hindering reasons: interference of Na KLL with O1s peaks (amount of oxygen is overestimated because of high content of sodium), carbon pollution of powders, etc. Nevertheless, the P2p peak is centered at 133.4 eV for GB4_SHP _12 and at 133 eV for a SHP powder. Thus, in spite of a low resolution of GB4 signal due to the low concentration of SHP in the full-GB4 sample, differences appear at higher binding energy in the P2p area. Indeed, one can observe that SHP and GB4 P2p peaks start approximately at the same low binding energy (131 eV approximately). However, GB4 has a wider peak towards the higher binding energies meaning that most probably, there is still SHP but also one or more phosphorus molecule(s) with close but different electronic environments (all their peaks merge). Now considering the potential molecules in the GB4 fully cured foams, O=P(H)H Phosphorus nucleus is less electropositive than O=P(C)H nucleus thus the binding energy is supposed to be higher for P-C peak.

This reasoning goes in favor of what is observed on XPS spectra (P2p peak) and one could imagine that, knowing all the previously discovered molecules (presented Chapter IV, Section chapter 3) which might appear in GB4 network, a peak deconvolution could be performed properly with identification of all the molecules by XPS. Unfortunately, even if three-oxygenated Phosphorus nuclei signals (≈133 eV) can be differenciated from tetra-oxygenated Phosphorus nuclei signals (≈134 eV), it is quite difficult to identify any difference of signal between P-H and P-C compounds because of the close C, H and P electronegativities. Thus, these spectra make possible the identification of the potential presence of SHP and phosphorous acid but not those of SHP grafted to maltitol (λ NMR signal) nor SHP grafted to anhydride (γ NMR signal). In the same way, phosphorous acid and its di-or polymers cannot be distinguished. Moreover, this kind of organic compound is not well studied in XPS literature so neither theoretical nor reference spectra could be afforded by previous reports.

Conclusion & perspectives

To conclude, collected evidences converge towards the hypothesis of a GB4 network structured mainly with maltitol-citric acid esters but with an increased structural complexity due to: incorporation of reactive CA degradation derivatives (itaconic (ITA), aconitic (ACO), methylsuccinic (MSU) acids) in gel and non-incorporation of non-reactive other derivatives (CTA); reaction of SHP with Maltitol and in a lesser extent with saturated anhydrides (MSU). Etherification of maltitol (favored by SHP) was not identified in soluble species but it can still be considered in gel. Figure V.10 shows a summary of encountered structures in sol and proposal of encountered structures in gel.

All of these facts are difficult to highlight by a direct study of GB4 even if the tools developed in this thesis can be useful for the understanding of GB4 network building phenomena. Indeed, TGA-IR demonstrated that GB4 curing leads to an endothermic release of water and an exothermic release of carbon dioxide. The latter phenomenon confirms the existence of aconitic, citraconic and itaconic anhydrides in the formulation. Despite the presence of some molecules (ITA or CTA) in the volatile part of uncatalyzed GB4, none of them have been detected in GB4, which could favor the hypothesis of an esterification of those molecules in oligoesters and/or in the GB4 network. Moreover, NMR spectroscopy permitted to roughtly estimate the gel point appearance from spectra profiles and showed that CTA is not easily inserted into the gel once it is formed. SHP study also showed the presence of phosphorous acid (in GB4 model systems) and unknown phosphorous derivatives (in GB4 glasswool), which demonstrates the increase of chemical complexity in the industrial GB4 system. Finally, GB4 foams (gel and sol part together) have been analyzed by XPS method which confirmed NMR results without precisely leading to the identification of the expected presence of P-C molecules in the gel. Les objectifs de la thèse étaient de comprendre la chimie mise en jeu dans la formation d'une résine thermodurcissable polyester, dit GB4, de Saint-Gobain Isover. Ceci afin de mieux appréhender, à terme, les phénomènes de vieillissement observés dans les laines de verre qui en sont composées. De cette façon, le projet de thèse s'est rapidement basé sur une méthode visant à décrire la formation du réseau, les différents phénomènes chimiques en jeu et finalement la structure macromoléculaire de la résine qui découle du traitement thermique (215 °C; 20 minutes) des trois principaux constituants du mélange initial du GB4: l'acide citrique (CA), le maltitol (MtOH) et le SHP. Cette méthode a été structurée en 3 axes: la stabilité des réactifs de départ, leur réactivité mais aussi celle de leurs dérivés à travers un certain nombre de réactions modèles, enfin la comparaison de ces résultats avec l'étude du système GB4 complet dans les mêmes conditions. Cuite à haute température, cette résine, hydrophile, réticulée et moussée est très difficile à caractériser. S'appuyant sur une étude bibliographique systématique et approfondie, le développement d'expériences et d'outils analytiques, aussi originaux que pertinents, a constitué un réel enjeu de ce travail de thèse: de nombreuses réactions modèles ont été mises en place afin de simplifier l'étude du système GB4. Un protocole d'extraction des solubles d'un thermodurcissable en formation a aussi été développé afin de déterminer le point de gel pour différentes compositions en SHP. L'identification et la quantification, aussi complètes et précises que possible, de la structure des molécules étudiées se sont appuyées sur de nombreuses méthodes spectroscopiques: par exemple, la spectroscopie infrarouge (FTIR) en absorbance réalisée sur des solides, mais aussi la spectroscopie de Résonance Magnétique Nucléaire du proton, du carbone, du phosphore couplées/découplées, en deux dimensions ou quantitatives ont été réalisées sur des produits de réaction solubles. Des analyses thermogravimétriques couplées FTIR ainsi que des analyses de thermodésorption couplées chromatographie en phase gazeuse elle-même couplée à un détecteur de spectrométrie de masse (GC-MS) ont été menées afin de compléter les analyses sur les solides par la détection de molécules organiques dans les gaz. Enfin, plus succinctement, l'XPS a aussi été utilisée pour tenter d'étudier l'environnement chimique de certains atomes clés comme le phosphore, le carbone et l'oxygène à la suite de certaines réactions.

Ces travaux ont mené à la formulation d'un certain nombre de conclusions qui peuvent être résumées par chapitre. Dans le Chapitre II, l'approche théorique de Macosko-Miller a été appliquée au GB4 et a démontré l'importance de la fonctionnalité de l'acide citrique dans la construction du réseau GB4, l'impact du maltitol devenant important pour de faibles valeurs de fonctionnalité effective. Le protocole expérimental d'étude du point de gel a lui permis de démontrer que le gel apparaît plus tôt lorsque le SHP est présent dans le mélange initial, confirmant ainsi sa capacité à favoriser la réticulation du système. La présence croissante d'ester dans les résines obtenues a été clairement identifiée tout au long de la réaction confirmant le rôle fondamental de l'estérification dans la réticulation. Dans le chapitre III, les stabilités relatives du maltitol, du sirop de maltitol et du SHP ont été observées dans des conditions proches du procédé Isover. En revanche, l'acide citrique se dégrade, dans ces mêmes conditions: ceci a été confirmé par l'identification de plusieurs mécanismes dont le principal est la déshydratation/décarboxylation produisant des acides et anhydrides insaturés. Le SHP a un important impact puisqu'il favorise une simultanéité des phénomènes de dégradation dans des temps plus courts. Dans le chapitre IV, les réactivités de l'acide citrique, de ses dérivés et du SHP ont été étudiées. Une courte étude bibliographique [START_REF] Heesen | Method for the preparation of esters of polyalcohols[END_REF] a démontré que le maltitol s'estérifiait majoritairement une fois ou deux fois et plus rarement trois fois ou plus à des températures plus basses avec des acides gras. Une approche théorique appliquée aux données de la littérature 137 a permis de démontrer que l'acide citrique est susceptible de laisser une quantité très importante d'acides carboxyliques libres dans le réseau final, après estérification dans des conditions de réticulation; ces acides carboxyliques constituent des sites potentiels d'auto-catalyse acide d'hydrolyse. Les réactions modèles avec l'acide citrique ont permis de prouver la présence conséquente d'un mécanisme impliquant des intermédiaires anhydrides de l'acide citrique puisque les esters centraux de l'acide citrique étaient sur-représentés dans les parties solubles de la résine. Des réactions modèles (dans des conditions différentes du procédé Isover: 140°C en deux étapes) impliquant les produits de dégradation de l'acide citrique ont permis d'identifier des molécules réactives vis à vis de l'estérification (espèces aconitiques et itaconiques) et d'autres moins réactives (espèces citraconiques). Enfin, Il a aussi pu être démontré que le SHP peut se greffer sur le maltitol dans les conditions du procédé Isover. Dans le chapitre V, finalement, même si l'étude directe des résines GB4 s'est montrée délicate, certains phénomènes ont été identifiés lors de leur préparation: c'est le cas de la nette décarboxylation/déshydratation de l'acide citrique ou de la concentration des dérivés de l'acide citrique non-réactifs dans les parties solubles mais aussi de la forte réactivité du SHP menant à la formation d'espèces dérivées identifiées et non identifiées en présence des additifs du liant GB4.

Pour conclure ce manuscrit, deux figures récapitulatives ont été produites. La première (Figure .1) schématise les principaux phénomènes mis en jeu lors de la formation du réseau GB4 dans les conditions du procédé Isover. Elle s'articule autour des trois principaux constituants du mélange initial, l'acide citrique (CA), le maltitol (MtOH) et le SHP et décrit leurs évolutions identifiées pendant la thèse et susceptibles de se produire dans ces conditions. Premièrement, des acides carboxyliques de l'acide citrique vont former avec des groupes hydroxyles maltitol des liaisons esters par formation préalable d'anhydrides cycliques à 5 atomes catalysée par le SHP. Des diesters de CA vont être très favorablement produits ainsi que des monoesters (justement par formation des anhydrides). La formation de triesters (caractère réticulant de l'acide citrique) est moins favorable à cause de l'impossibilité de former successivement trois anhydrides à 5 atomes (ce qui explique par ailleurs que l'acide citrique avec l'acide central estérifié se retrouve majoritairement dans les solubles). On peut cependant conjecturer qu'à cette température, l'estérification directe est facilitée et que, rarement, des triesters de l'acide citrique vont aussi pouvoir se former sans passer par des anhydrides, ce qui permet de penser que l'acide a bien un caractère réticulant. Il est aussi envisageable que l'acide citrique ne réagisse pas du tout et ceci a été observé dans l'application numérique du modèle probabiliste développé et confirmé par de fortes concentrations en CA libre dans les solutions issues de la lixiviation de laines de verre GB4: ceci prouve, en outre, la spécificité de leur mode de préparation puisque les concentrations en acide citrique sont beaucoup plus faibles à la fin des cuissons des résines GB4 modèles aussi bien pour les mousses que pour les composites. Enfin, de manière plus sûre, l'acide citrique, en plus de former des anhydrides (perte d'une molécule d'eau), peut perdre une deuxième molécule d'eau en formant une insaturation (formation d'anhydride aconitique, ACOa, qui est un triacide insaturé). Une décarboxylation consécutive à ces déshydratations a aussi été observée pour conduire à la formation de diacides/anhydrides insaturés (espèces itaconique ITA et citraconique CTA) et saturés après réduction anecdotique, par le SHP (espèces méthylsucciniques MSU). Cette dégradation est favorisée par le SHP qui aura tendance à favoriser la perte d'eau et accélérer la cinétique des phénomènes de dégradation. La réactivité de toutes ces espèces a été étudiée à 140°C: par exemple, le CTA semble être bien moins réactif que les autres molécules, alors que l'acide aconitique (ACO), trifonctionnel, peut conduire à la réticulation. De plus, l'acide citraconique présente une volatilité supérieure aux autres et est parfois retrouvé dans les vapeurs à l'état de traces. Il peut aussi s'isomériser pour former plus favorablement l'acide itaconique qui est bien plus réactif vis-à-vis de l'estérification. Concernant le maltitol, il a été démontré qu'il ne se dénaturait pas pendant la réaction et la littérature a permis de confirmer qu'il s'estérifiait préférentiellement une et deux fois alors que les triesters (et plus) étaient plus rares (10 à 20% des espèces) [START_REF] Heesen | Method for the preparation of esters of polyalcohols[END_REF] . Il faut cependant noter que ces réactions avaient été menées à plus basses températures et qu'elles impliquaient des acides gras à faible encombrement stérique (ce qui n'est pas forcément le cas des oligo-esters terminés acide, formés au cours de la réaction à plus haute température). Enfin, pour ce qui est du SHP, il semble intervenir dans chaque phénomène soit de manière individuelle ou bien en synergie avec des espèces acides: l'estérification, la formation d'anhydrides, la formation d'éthers, la dégradation de l'acide citrique mais aussi des polyéthers (de manière plus annexe à ce sujet mais en synergie avec l'acide citrique), la réduction des insaturations ou la réaction avec les additifs de la formulation GB4. Finalement, la Figure .2 donne une image partielle mais à jour des explorations de la structure soluble et insoluble qui forment à elles deux l'entité "résine GB4". On peut y observer des mono-, di-et tri-esters de maltitol préférentiellement sur les alcools primaires, potentiellement plus réactifs car moins encombrés. Des éthers pourraient aussi se former plus rarement grâce à l'effet du SHP, ceci n'est pas représenté dans cette structure. On y observe aussi des di-esters de l'acide citrique ainsi que ses monoesters, tous deux existant dans le gel. Les triesters sont présents de manière certaine mais minoritaire dans le gel; ils ne sont pas représentés sur cette figure. Les oligoesters, peu polymérisés, sont aussi présents dans le sol à faible concentration à la fin des 20 minutes: l'ester central de l'acide citrique y est majoritaire qu'il soit mono-ou diester. Les produits de dégradation de l'acide citrique sont aussi représentés: l'acide aconitique triestérifié dans le gel, l'acide itaconique ici di-estérifié dans le gel ainsi que plus rarement l'acide méthylsuccinique aussi réactif. L'acide citraconique est lui représenté non-estérifié dans les solubles comme cela a pu être identifié dans les parties solubles de la résine; il peut aussi apparaître dans le gel mais minoritairement. Finalement, concernant le SHP, une grande partie semble rester dans les solubles même si sa dénaturation est bien effective: production très probable d'acide phosphoreux par oxydation, réaction avec les additifs de formulation pour former des dérivés d'acide phosphoreux. Dans le gel, on retrouve aussi des produits de réaction du SHP fortement liés avec le maltitol par des liaisons covalentes P-C. Cette dernière information peut être un élément de réponse permettant de dire que la résine GB4 serait très fortement impactée par l'humidité à la fois par ses OH résiduels en nombre important (plus de 50% des fonctions initialement présentes) mais aussi par la présence de SHP greffé encore plus hydrophile. Ce SHP n'est pas lessivable par un premier cycle en humidité puisqu'il est greffé de manière covalente au gel liant les fibres de verre. Avec un peu de recul sur toutes ces informations, il paraît complexe de retirer le SHP de cette formulation sans en changer drastiquement la structure et donc les propriétés du matériau, d'autant que les effets de cette molécule semblent ne pas être linéaires avec sa concentration (la concentration du SHP dans le GB4 semble correspondre à un pic d'efficacité). En revanche, on pourrait très bien imaginer utiliser d'autres alcools biosourcés cités dans l'étude bibliographique et qui seraient beaucoup plus hydrophobes une fois estérifiés: on pense notamment à l'isosorbide, au pentaérythritol, au propanediol, ou même aux huiles végétales. Dans une temporalité un peu plus lointaine sans doute, on pourrait même imaginer utiliser les insaturations créées lors de la dégradation de l'acide citrique pour renforcer la résine préréagie par polymérisation radicalaire amorcée par UV, ceci afin de diminuer son affinité avec l'eau.

Bien sûr, tous ces résultats représentent l'état de la connaissance à un instant t et ces recherches ne demandent qu'à être approfondies. Par exemple, la RMN des solubles pourrait être complétée par le développement d'analyses de RMN du solide adaptées au GB4. L'analyse des gaz par ATG-IR pourrait être implémentée avec des appareils plus adaptés qui permettraient de quantifier directement la décarboxylation de l'acide citrique pendant la réaction mais aussi les pertes d'eau. Enfin, le modèle probabiliste permettant d'obtenir des distributions de structures estérifiées de l'acide citrique pourrait être appliqué à des systèmes modèles non-réticulants ou étudiés avant le gel, et ce, à partir de la réaction de CA avec le PDO ou même d'autres alcools modèles stables thermiquement. 

Materials

Citric acid (CA), maltitol (MtOH) and sodium hypophosphite (SHP) were all provided by SGR (Saint-Gobain Recherche) and CRIR (Centre de Recherche Isolation de Rantigny d 'Isover). Main technical data are described in Table .1. 

Trans-aconitic acid (Sigma-Aldrich), cis-aconitic acid (Sigma Aldrich) and anhydride (Sigma Aldrich), itaconic acid (Sigma Aldrich) and anhydride (Sigma Aldrich), citraconic acid (Sigma-Aldrich) and anhydride (Sigma Aldrich), methylsuccinic acid (Sigma Aldrich) and ammonium carbonate (Sigma Aldrich) have been used as received and sealed carefully after the first use.

Sodium hypophosphite (SGR), HCl (Sigma Aldrich), 1,3-propanediol (Merck), maltitol (SGR), succinic acid (Bioamber), maleic acid (Sigma Aldrich) , triethyl citrate (Sigma Aldrich) were all used as received. Phosphorus references such as phosphorous acid (H 3 PO 4 , Sigma Aldrich), dimethyl phosphinic acid (Sigma Aldrich), α-hydroxybenzyl phosphinic acid (Sigma Aldrich) were used as received.

GB4 dry formulations were supplied by Roquette and stored in dry containers with silica dessicants.

2 Study of GB4 foams 2.1 General method for gel point measurement

STEP 1: formulation & synthesis

Different aqueous solutions of GB4 and GB4-like formulations, which are described in Table .2, were first prepared in similar conditions than those used in Isover TEL process as described by Chenal and Savonnet 11 in 2015: SHP, maltitol and citric acid were weighted precisely in a 500 mL flask. Then, deionized water was added to reach the total intial dry content of 70wt% (taking into account dry content of each monomer indicated in Table .1). The mixture was stirred until full solubilization. This solution was then split in several aluminium cups containing each 25 g of the initial olution. Each sample was then successively heated to 215 °C for various times from 4 to 20 minutes allowing polymerization to proceed. Final weight was measured precisely in order to follow reaction weight loss but also to study gel point. 

STEP 2: insoluble & soluble parts separation

As a reminder, the gel point is, practicaly speaking, the step from which one high molecular weight insoluble crosslinked molecule is formed in the reaction medium. In order to be able to measure a gel point, a method based on polymer swelling in good solvent was used: it is summarized in Figure II.8, Chapter II. STEP 2.A: swelling & solubilization. All reaction products were submitted to swelling and solubilization process: 1 g of the cured sample was weighted into a 100 mL flask before adding 60 mL of solvent (deionized water, acetone and ethanol were tested). Few droplets of sodium azide (NaN 3 ) were also added in water to avoid any bacterial development during the process. Finally, flasks were left for 1 to 72 h at room temperature.

The solvent selection have been performed as following: 1 g of GB4 resin (after 5 and 15 minutes curing) was crushed and transferred in flasks containing a large excess of the three solvents (60 mL each) with 3 droplets of chloroform in order to avoid any bacterial development. After three days at room temperature, insoluble fractions were extracted and dried: the weight content of the insoluble fraction has then be compared.

STEP 2.B: separation of soluble & insoluble parts. When the sample was not

totally dissolved in the first step, filtration with Büchner tunnel was carried out and the solid part was washed several times with deionized water in order to finely isolate insoluble content from soluble species (both parts being kept for further treatments). STEP 2.C: purification. Insoluble content was freeze-dryed at -83 °C / 0.02 mbar to remove residual water and a dried solid corresponding to the gel part was obtained. Attempts to dry the soluble part by evaporation under reduced pressure were not successful because of strong adsorption of water. Concerning the other solvents (acetone and ethanol), insoluble parts were dried by evaporation under reduced pressure.

An optional step: basic water treatment test

During STEP 2.A, the solvant can be replaced by a 0.1M aqueous solution of NaOH (pH = 13) for several analyses purposes (spectroscopic measurement and gel fraction study). Performing this treatment at this step permitted to avoid further post treatment steps (as another freeze-drying for example) to this process which is already quite long and tedious. performed by Caroline Grossiord. Physical and chemical characterization of powders have been performed in order to study species at the uppermost surface. Analytical and instrumental specifications are summarized in Table .4. 

Raw material stability & degradation

Thermogravimetric analysis, TGA

Relative thermal stabilities of raw materials were first assessed using TGA (Thermal Analysis Q500 equipped with a 16-position-autosampler) under air with a flow rate of 90 mL/min. 5 to 15 mg of sample were prepared in platinum pans. First materials were exposed to temperature ramps (10 °C/min from 25 °C to 550 °C) under both air and nitrogen atmosphere. The measurements were also performed under TEL-process inspired conditions: from room temperature to 215 °C at a heating rate of 50 °C/min and then under isothermal condition at 215 °C during 20 minutes. Finally, results were analyzed thanks to TA Universal analysis software.

Thermal treatment in oven

Method

2 g of each neat raw material was weighted in previously tared aluminium cup. Concerning blends of monomers and SHP (called monomer/SHP: e.g. CA/SHP for citric acid), aqueous solutions were prepared with a minimal amount of water which was sufficient to dissolve them in an intimate blend. Then water was removed as much as possible by freeze-drying at -83 °C / 0.02 mbar and the resulting mix was distributed in several aluminium cups. However for CA/SHP blends, no water was used and materials were crushed together in a mortar. Each cup was successively heated to 215 °C under air atmosphere from 2 to 20 minutes allowing potential degradation reactions to proceed. Final sample weights were, at the end, measured precisely in order to follow respective weight losses.

Characterization of solid leftovers

Fourier-Transform Infrared spectroscopy, FTIR. Spectra were recorded from degradation products using the same devices and method described in Section 2.2.1.

When the determination of the Phosphorus atoms number corresponding to each peak (which is usually 1) was possible, a relative quantification calculation was performed based on the following formula:

n SHP di = n P i * I i i n P i * I i (3.1)
, where n SHP di is the molar content of Phosphorus derivative i, n P i is the number of Phosphorus atoms corresponding to molecule i, and I i standing for the integral of corresponding peak i. 

Analyses of gases during thermal treatment

Thermal analysis coupled to GC-MS, TA-GC-MS

A first analysis of gas was performed on citric acid and citric acid/SHP 90/10 (wt/wt) blend using Perkin-Elmer devices based on Turbomatrix 350 Thermal Desorber coupled to a Clarus 680 gas chromatography system and a Clarus SQ8T mass spectrometer (thanks to Valentin Cinquin, IMP, Lyon). 10 to 20 mg of sample were introduced in a PTFE tube filled with quartz wool. Samples were then heated in a preheated oven at 215 °C during several time durations under Helium. Gases were stored in a Peltier-cooled trap at -30 °C during all the heating process. Afterwards, the trap is heated at 280 °C in order to inject and separate gases in the gas chromatography column. Separated gases were finally analyzed by mass spectrometer.

Thermogravimetric analysis coupled to infrared, TGA-IR

Set up of TGA, IR & DTA. Experimental set up have been realized with the help of Caroline Pillon (IMP, Saint-Étienne) and Olivier Boiron (C2P2, Lyon). ThermoGravimetric Analysis, TGA measurement were recorded thanks to a Mettler Toledo TGA/DSC 1 equipped with a small furnace. Various amounts of sample were weighted in aluminium (100 µL) or alumina (70 µL) crucibles depending on the needs. Experiments were recorded under 80 mL/min air flow with thermal condition set up as following: 50 °C/min from 25 °C to 215 °C followed by 215 °C isothermal step of 20 minutes.

TGA-produced gases were transferred to a Thermo-fischer Scientific Fourier-Transform Infrared FTIR Nicolet™ iS™10 spectrometer transmission cell via a thermostated transfert line (from Thermo-Fischer Scientific) heated at 220 °C. Acquisition was set up as described in Table .7. Correction for atmospheric moisture and carbon dioxide in transmission cell was realized before each experiment as well as a vector. TGA and IR spectra shift a little bit (time for vapors to reach the cell and for the cell to record 32 scans), that is why time has been correlated together thanks to the Gram-Schmidt curve which corresponds to the TG-derivative from TGA and is calculated by summing all absorbances at each wavenumber for one spectrum.

Finally, direct differential thermal analysis (DTA) was possible by measuring sample heat flow with an integrated thermocouple placed beneath the scale plateform. A thermal ramp correction was realized manually by recording measurement in the same empty cup and by subtracting this signal to the experimental measurement signal.

Calibration for quantification. For calibration, two standards were used in more than 15 experiments: ammonium bicarbonate (NH 4 HCO 3 ) and pure water. For each standard various amounts of sample (0.7-16 mg) were weighted in aluminium or alumina crucibles in order to be 100% degraded following the well known and described reactions:

NH 4 HCO 3 (s) --→ CO 2 (g) + H 2 O (g) + NH 3 (g) H 2 O (l) --→ H 2 O (g)
To do so, samples were heated in TGA oven following a dynamical heating: 25 to 400 °C 20 °C/min. TGA-IR coupling was otherwise set up in the same way (especially IR cell and transfer line since FTIR spectral profiles depends on temperature).

TGA-IR for gas qualification & quantification.

Concerning the degradation of citric acid and CA/SHP blend respectively, 35 mg were weighted for both specimens: this amount was previously adjusted since CA/SHP blend is particulary unstable on the scale platform. CA/SHP blend was prepared in the same GB4 proportions i.e. CA/SHP 90/10 (wt/wt). Furthermore, a specific algorithm was developed based on an integrationcalculus mathematical method detailed in section F.1, Appendices. Algorithmic volume calculus parameters which are shown in Table .8 was used. 4 Study of poly(CA-co-PDO)

Syntheses

In this part, citric acid was allowed to react with 1,3-propanediol in bulk during 20 minutes at 215 °C. Flasks (100 mL volume) were prepared with 2 g of total initial weight of reactive blends which are described in Table .9. Amounts of SHP were calculated with respect to the amount of citric acid in GB4. The corresponding stoichiometric ratio have been chosen for reasons explained in Chapter IV by using theoretical calculation described in Chapter II. Flasks were then immersed in a thermostated oilbath (20-275 °C silicone oil grade purchased from Huber company) at 215 °C during 20 minutes. 

Solubilization tests 4.2.1 Swelling, solubilization & separation

Samples from reaction products were submitted to swelling and solubilization process as described in STEP 2 of Section 2.1.2 using the following solvents: deionized water, DMSO and HFiP have been tested and DMSO has been selected based on preliminary experiments. Precise weight measurements have been performed in order to follow the amount of gel before and after each treatment step.

Purification

Unsoluble parts from polymer suspended in aqueous media were dryed in oven at 50 °C during 72 h followed by a drying step in vaccum oven at 50 °C / 8.25 mbar during 24 h to remove residual solvent and a relatively dried solid corresponding to the swollen gel part was obtained.

Nuclear Magnetic Resonance Spectroscopy, NMR

The chemical structures and compositions of the soluble part were determined by 1 H NMR spectroscopy. To do so, 200 mg of the sample were swollen and solubilized in 5 mL of deutered dimethylsulfoxide (DMSO_d 6 ) and tetramethylsilane (TMS) used as internal standard for 1 H NMR. After 24 h in a sampling vial, the soluble part can be transferred in 5 mm NMR tube and analyzed with satisfying resolution with a Bruker RMN Avance III 400 NMR spectrometer operating at 400 MHz and using a BBFO+ 5 mm probe at 298 K. Spectra were processed and analyzed with MestReNova 6.0.2 software. HSQC was also performed with experimental set up described in Table .5.

Lixiviation of different GB4 composites

The work presented in this section is a part of a wider SGR study, some of the experiments have been led by the Polymer Binder team in SGR and CRIR thanks to Marion Chenal, Cyrille Bétron and Edouard Obert.

GB4 glassmat composites were prepared by a SGR method developed by Chenal et al. [START_REF] Chenal | GB 4 Optimization: 2016 Key Results[END_REF] which can be summarized in this way: first, "naked" glasswool mats (supplied by Saint-Gobain Adfors, see Figure .4) were enducted with a previously prepared GB4 aqueous solution (provided by CRIR). In a second step, samples were cured for different time durations in a glassmat-curing-specific oven with monitored air convection. After curing, sampleswere cut into several pieces of 5x5 mm and placed into sealed vials containing 1 mL of pure H 2 O during 72 h at room temperature. After this, samples were centrifugated in order to separate solids from the aqueous solution of interest. GB4 GR32 and IBR glasswool samples have been provided directly by CRIR. The products have been manufactured on Isover pilot line. All samples are displayed in Table .11. 

Nuclear Magnetic Resonance Spectroscopy, NMR

The chemical structures and compositions of the resulting products were determined by a combination of proton nuclear magnetic resonance spectroscopy ( 1 H NMR) and Phosphorous ( 31 P NMR) detailed in Table .6, Section 3.2.2. When the determination of the Phosphorus atoms number corresponding to each peak (which is usually 1) was possible, a relative quantification calculation was performed based on the Equation 3.2.2. 

GB4 reaction TGA-IR study 6.1 Formulations

Aqueous solutions of GB4 formulation, described in Table .12, were first prepared in similar conditions than those used in Isover TEL process as described by Chenal and Savonnet 11 in 2015: SHP, maltitol and citric acid were weighted precisely in a 500 mL flask. Then, deionized water was added to reach the total initial dry content of 70% considering dry content of each monomer indicated in Table .1. The mixture was stirred until full solubilization. The two other formulations are spray-dried samples prepared by Roquette, they also consist of a formulation described in Table .12. 

Method & characterization

The exact same method presented in Section 3.3.2. Special attention has been paid to the initial inserted weights. Indeed, this TGA apparatus model presents a "low-ceiling" furnace which is not very adapted to foaming systems in addition to the small cup sizes. Thus, the inserted weights have been as lowered as possible and reached weights below 10 mg per sample. 276 and maltotriose but it is also relevant for higher DP of maltitol since maltitol syrup shows a polymerization degrees over DP3 (see Table II.3).

A.2 A short reminder of transport phenomenon

Let's explain briefly and more precisely these parameters and the physical meaning which is hidden behind.

Considering an isotopic medium in a one dimensional case and in steady state, the heat flux (amount of heat flowing per second per unit of area) can be defined as follows:

q = . Q A (A.1)
,where

.

Q is the amount of heat flowing per second through a constant surface with area A, giving:

.

Q= dQ dt = -kA dT dx (A.2)
, where dT dx is the temperature gradient.

In steady state, .

Q is constant and, in the case of an insulated bar (Figure A.2), both ends being non insulated, one can here integer the previous expression to obtain: 

T 1 > T 2 . . Q ∆x = A T 2 T 1 k (T ) dT (A.3)
,where ∆x is the constant lenght of the bar. By simply using integral properties, the previous equation becomes:

. Q= A ∆x T 1 0 k (T ) dT - T 2 0 k (T ) dT (A.4)
Finally, if the temperature difference is low, k can be considered as a constant called λ, which is the thermal conductivity and the following equation is obtained:

. Q= Aλ T 1 -T 2 ∆x (A.5)
From this simple equation, representing a "sample" of the insulator materials, it can easily be concluded that the amount of heat will be lowered both by the thickness ∆x of the product and the intrinseque thermal conductivity λ of the given material. Another interesting application value is the thermal resistance R which is defined as follows:

R = ∆x λ (A.6)
, with ∆x in meters and λ in W.m -1 .K -1 .

A.3 Mechanical properties of glasswools

Parting strength -Ring tensile test: this test is relative to tensile strength measurement on bulk materials: in the case of glasswool, a ring shaped sample is prepared and pulled on a tensile test bench (see Figure A.3). The parting strength is then calculated by taking into account the maximum force recorded and the sample mass. Bending measurements: are used to assess the macroscopical rigidity of the panel.

Bending is defined as the deflection (d) of the panel set on a table and having a fixed length overhanging as shown in Figure A.5. The lower value is, the better (the more rigid), an increase of d means that the material is loosing its bending properties. This parameter is used mainly to characterize high density products. 

A.4 A short classification of biobased thermosets

Biobased thermosets can be divided into 4 main categories 42 : epoxy resins, phenolic resins, polyurethanes, and finally polyesters (described in Chapter I).The three first categories are described hereafter. Epoxy resins. Epoxy resins which are prepolymers bearing at least two epoxide groups, are the most important category in the thermosetting resins since they represent approximately 70% of the market [START_REF] Auvergne | Biobased thermosetting epoxy: Present and future[END_REF][START_REF] Shen | Product overview and market projection of emerging bio-based plastics[END_REF][START_REF] Ma | Research progress on bio-based thermosetting resins[END_REF] . Famous examples are the DGEBA resins (DiGlycidyl Ether of Bisphenol A). Epichlorydrine (one of the DGEBA precursors) can be produced from glycerol while bisphenol A can be replaced by plant oils since they own triglycerides containing unsaturations [START_REF] Ma | Research progress on bio-based thermosetting resins[END_REF] . Thank to them, plant oil can be converted to epoxy resin by oxygenation reactions of C=C double bonds [START_REF] Xia | Bio-based Thermosetting Polymers from Vegetable Oils[END_REF] . Rosin, cardanol 212 as well as vanillinbased products [START_REF] Llevot | From Lignin-derived Aromatic Compounds to Novel Biobased Polymers[END_REF] and other derived molecules from tannins 213 can better mimic bisphenol structures since they own phenolic groups and thus can be used as building blocks for so-called bio-DGEBA resin synthesis. In fact, a lot of biobased platform molecules can further react by different methods and lead to epoxidized compounds [START_REF] Ma | Research progress on bio-based thermosetting resins[END_REF][START_REF] Llevot | From Lignin-derived Aromatic Compounds to Novel Biobased Polymers[END_REF] : glycerol, sorbitol, gallic acid (see example Figure A.6), itaconic acid, isosorbide, furan derivatives, or even lignin-derived aromatic compounds. Again, more complex structures can be synthesized as epoxy resin: e.g. epoxy-functional polyester resins with various architectures (linear, tri-branched, or tetra-branched) can be synthesized through condensation of fatty acids derived from epoxidized vegetable oil with different functional polyols [START_REF] Pan | High biobased content epoxy-anhydride thermosets from epoxidized sucrose esters of fatty acids[END_REF][START_REF] Torron | Biocatalytic Synthesis of Epoxy Resins from Fatty Acids as a Versatile Route for the Formation of Polymer Thermosets with Tunable Properties[END_REF] . Phenolic resins. Nowadays, phenolic resins (Novolacs and Resoles) are well known in the high performance materials field, since they have been used for a long time in many industrial applications. They are traditionally synthesized from formaldehyde and phenol. In the one hand, alternatively to formaldehyde, hexamethylenetetramine (hexamine) and glyoxal (ethanedial) are good candidates even if they are not biobased. Glyoxal is a highly reactive dialdehyde with a low vapor tension and low toxicity [START_REF] Arbenz | Chemical modification of tannins to elaborate aromatic biobased macromolecular architectures[END_REF][START_REF] Ramires | Biobased composites from glyoxal-phenolic resins and sisal fibers[END_REF] whereas the use of hexamethylenetetramine is difficult to handle because of high dependence on pH concerning its decomposition; this impacts the thermosets crosslinking [START_REF] Arbenz | Chemical modification of tannins to elaborate aromatic biobased macromolecular architectures[END_REF] . In the other hand, biobased phenolic groups are mainly known naturally in lignin and tannins (see example Figure A.7) even if their structures lead respectively to steric hindrance (limits the reactivity with formaldehyde) and low mobility during reaction (early gel point and brittle materials) in the case of phenolic resins. One solution to this is the transformation product of hydrolyzable tannins [START_REF] Raquez | Thermosetting (bio)materials derived from renewable resources: A critical review[END_REF][START_REF] Arbenz | Chemical modification of tannins to elaborate aromatic biobased macromolecular architectures[END_REF] : gallic acid, phloroglucinol and pyrogallol are aromatic alcohols which have been used in biobased composites. One other new alternative is the cashew nut shells. Their constituents are one of the major and cheapest resources of naturally occurring phenols 42 : cardanol, cardol, anacardic acid and 2-methylcardol are in fact C15 molecules ended by phenol structures being really interesting for phenolic thermosetting synthesis purposes. Polyurethanes. Polyurethanes are made from the reaction of polyols with isocyanates (general structure of thermoset polyurethanes is shown in Figure A.8), the latter being mainly oil-based. Indeed, biobased polyurethanes are prepared starting from renewable polyols, while isocyanates have been more difficult to find as biobased platform molecules [START_REF] Raquez | Thermosetting (bio)materials derived from renewable resources: A critical review[END_REF] . Nevertheless, recent researches have proven the possibility to synthesize biobased isocyanates from soybean oil [START_REF] Raquez | Thermosetting (bio)materials derived from renewable resources: A critical review[END_REF] or cyanates from phenol moeties of lignin [START_REF] Llevot | From Lignin-derived Aromatic Compounds to Novel Biobased Polymers[END_REF] . Even if any polyol can be used with isocyanates, eucalyptus pitches (lignin-like oligomers with high structure complexity and low aromatic content) have been mainly incorporated to produce thermosetting polyurethanes in addition to castor oil or soy flours 212 . Also, more complex structures comprising poly(ester-amide) as polyol [START_REF] Patil | Synthesis of bio-based polyurethane coatings from vegetable oil and dicarboxylic acids[END_REF] or epoxy-modification 217 have been described. 

B.2 Weight losses during GB4 curing

First, before measuring gel point, following the weight losses of the medium has been tricky. Indeed, the water used to prepare the resin represents 30 wt% of the initial mass and esterification water should evaporate only when all blend water is gone (at least locally) because of the reversible nature of this reaction. Figure B.9 shows the evolution of weight losses for all the experiments of this section. The first observation is the low reproducibility of this measurement, especially at the end of the reaction. One can observe that the blend water level (30wt%) is reached around 8 minutes (bewteen 7 and 10 minutes) for all samples: after that should begin esterification. The final weight loss is located between 40 and 50wt% after 20 minutes regardless the sample. This means that approximately 10 to 20wt% of the reactants could be lost because of esterification in these curing conditions. 

B.3 IR spectra after basic treatment

C.2.2 Spectroscopic analyses

C.3.2 Impact of temperature on CA isothermal degradation

In order to understand more precisely the shape of TGA thermograms for CA and CA/SHP blend, a comparative study has been shortly performed concering the temperature influence on CA degradation. Results are presented in Figures C. 23 For citric acid only, it is obvious : the first degradation step slightly depends on final step temperature (derivative peaks shift to the higher times when temperature decreases, this can be due to the slight differences in terms of temperature profile) whereas the second step totally depends on temperature. Indeed one can see that the final plateau is more and more delayed, the derivative peak is "broadening" and the final weight is lower when temperature decreases: 15wt%, 25wt%, 54wt% for 185, 200, 215 °C respectively. This could come from the volatility of derivatives which is different with temperature.

For mixtures of CA with SHP, thermogram general shapes are different and temperature does not change the step morphology. However, the maximum degradation derivative peaks are strongly impacted by temperature (increases with temperature): this can be due to the slight differences in terms of temperature profile. Nevertheless, a higher impact of temperature is observed on the final plateau: the final measured weights are indeed 23wt%, 26wt%, 32wt% for 185, 200, 215 °C respectively. This seems to come from the same reasons than citric acid second step (different species volatility) but further analyses could give more information on these behaviors. C.5. NB: cis-aconitic anhydride and transaconitic acid (both molecules exist as commercial standards) show similar chemical shifts; this can be explained by the low structural stability of cis-aconitic anhydride (which seems to transform into trans-aconitic acid) at room temperature: there is thus poor chances to find cis-aconitic anhydride in CA degradation derivatives.

C.3.3 Structure of CA leftovers: NMR assignments

Reference (ID)

13 C NMR shift (ppm) 

Molecule ID Structure & assignment

Citric acid CA

Cis-aconitic acid csACO

Cis-aconitic anhydride csACOa 

Trans-aconitic acid trACO

Itaconic acid ITA

Itaconic anhydride ITAa

Citraconic acid CTA

Citraconic anhydride CTAa

Methylsuccinic acid MSU

C.3.6 Citric acid degradation: vapor analyses

Introduction

These studies originally aimed at inspiring previous works about CA clusters as discussed in Chapter IV [START_REF] Ding | Synthesis, characterization and in vitro degradation study of a novel and rapidly degradable elastomer[END_REF][START_REF] Barroso-Bujans | Structural characterization of oligomers from the polycondensation of citric acid with ethylene glycol and long-chain aliphatic alcohols[END_REF][START_REF] Baguenard | Synthèse et caractérisation d'architectures macromoléculaires complexes à base d'un polymère stimuli-responsive[END_REF] . Indeed, it was described that, when CA is esterified, its carbonyls shift and form clusters depending on their original position on CA (lateral or central position, see superimposed and compared to one reference trace of neat PEG (called "PEG" in red) and the baseline (dark blue line). In the first row (without SHP), PEG main chain distribution stays globally stable according to the shape of the trace. Moreover, a shoulder appears and increases with time for both temperatures: this has been identified as di-and/or triester of CA/mPEG-OH which are supposed to have a higher hydrodynamic volume. In the second row (with SHP), however the distribution shifts to lower mass and the phenomenon accentuates with time: this is the mark of a PEG chain degradation in addition to the absence of shoulder (which might be explained by a localized degradation of PEG near CA-ester end leading to small molecules which cannot be identified by SEC).

D.1.2 Identification of PEG degradation at high temperature

In literature. In fact, degradation of PEG by thermoxidation processes has been described by Han et al. [START_REF] Han | Thermal/oxidative degradation and stabilization of polyethylene glycol[END_REF] 

Summary about PEG degradation.

• mPEG-OH is not as stable as expected at 215 °C since a radical-induced thermooxidation is observed with & without SHP,

• SHP alone does not increase the thermo-oxidation phenomenon at 215 °C,

• SHP & CA have a synergetic and specific effect on PEG degradation at 185 °C and especially 215 °C,

• 1 H NMR shows PEG methylene esterification peaks at 4,22, 4,18, 4,11 ppm which stand for PEG/CA esterification but also PEG/PEG esterification: so they cannot be properly used for CA-PEG esterification quantitative purposes (??)

• Concerning CA esterification, hopefully, in [START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] C NMR, PEG degradation peaks did not merge with those of CA acid and ester carbonyl clusters (I, I', II, II'). 

D.1.3 Conclusion about PEG model reaction

Unfortunately, CA degradation is too strong in 215 °C/SHP conditions and shows an important competition with esterification. This is in fact due to the set up of this model reaction since CA is present in extremely low amount compared to PEG (for a 2 g bulk, CA represents 66 mg). The phenomenon, even if finely identified and quantified (thanks to [START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] C NMR) represents really low amounts of molecules and functions: the results related to CA are even more impacted by each of the phenomena. This reaction would thus be perfect to be performed at low temperature (below 150 °C for example).

D.3 Syntheses of oligo(dCA-co-PDO)

During this thesis, a project have been led and aimed at synthesizing oligoesters of PDO and isolated degradation products of CA (dCA) in different conditions (140 °C, 2 conventional steps of polyesterification, experimental section can be found in Section F.3) than GB4. This work were inspired from intern previous studies and literature [START_REF] Robert | Itaconic acid -a versatile building block for renewable polyesters with enhanced functionality[END_REF][START_REF] Takasu | Environmentally benign polyester synthesis by room temperature direct polycondensation of dicarboxylic acid and diol[END_REF] . Hereafter are summarized some interesting results.

D.3.1 Summary of NMR shifts & spectra for model reactions

Chemical shifts have been assigned thanks to calculation from integrals, reference spectra from literature or from our work (Table D.9) but also by mutual comparison of NMR spectra from various reactions (similarities or difference of chemical environment, resonance...). Even if some peaks of carboxylic diacids shift after esterification of their respective neighboring acid, most of the time it is difficult to identify properly the differences between these peaks (that is why their assignments are generally indexed as ei, e1, e2 or e3). However, PDO ε-methylenes show an interesting trend to own a specific chemical shift depending on which acid (with a specific chemical environment) of the trior diacid PDO is esterified. For example, with itaconic acid (ITA), there is one primary acid and one acid linked with an unsaturated carbon (see Figure D.37). There is also a primary acid in trans-aconitic acid (trACO, here "ACO", see Figure D.38) and methylsuccinic acid (MSU, see Figure D.39): their corresponding PDO-esters show all an ε' p methylene peak below 4.1ppm. For these molecules, the second ε' methylene peak is thus assigned to the other kind of acid generally linked to an unsaturated carbon (ε' u ) except for methylsuccinic acid where the difference between primary and secondary ester is not felt by the PDO methylenes (assignment ε' p/s ). Concerning CTA (citraconic acid), because of its particular resonance structures, the methylated/unsaturated carbon-linked carboxylic acid should have a slightly higher electro-density (like primary acids of this study) than the other one: by this way, its corresponding ester assignments ε' 1 and ε' 2 have been suggested as presented Of course all these specific assignments should be confirmed by 2D NMR measurements or reference molecules spectra. Anyway, for all these reactions, methylene in β position with respect to the carbonyl (referred as µ) of PDO shows µ' and µ" shifts which are characteristic of mono-and di-esters with characteristic shapes. Only ACO shows specific shapes of µ' and µ" shifts which let think that another chemical specificity exists for their description. 

D.3.2 Summary of NMR quantifications in model reactions

In all these cases, quantification were performed to verify PDO assignments but also to follow the esterification extent after the esterification step and the condensation step: see Table D Thereby, further calculi could be performed as described in Table D.11 and following these equations. First, PDO OH ester conversion can be expressed as following:

w = i ε i ε + i ε i = 0.5µ + µ µ + µ + µ (D.1)
, then, PDO monoester content, is expressed in the following way:

u = µ µ + µ (D.2)
Finally, specific acid esters relative content among esters can be calculated as follows (general formula with specific meaning for each experiment n):

z n = ε 1 i ε i (D.3)
, with ε 1 standing for the more shielded ε i chemical shift. z n can be expressed as :z IT A , z CT A or z ACO as shown and explained in details in Table D.11. Conclusions for this study are the following:

• ACO is able to form a gel after recombination of oligoesters (condensation): it acts as a crosslinker.

• OH conversions are intermediate for all diacids expect for ITA and MSU after the condensation step: after this step, these reactions can end properly (increase of OH conversion, significant decrease of monoester content). This can also be expected for ACO. CTA, is less reactive than the other CA degradation derivatives.

• CTA isomerizes into ITA which reacts through esterification as well: pure oligo(CTAco-PDO) cannot exist with this process, ITA "impurities" will necessarly insert into the oligoester.

• Primary acid of ITA esterifies preferentially compared to its α-unsaturated one. CTA acids have an approximately equal reactivity. Surprisingly, ACO acids, however show a preferential esterification of α-unsaturated acids compared to its primary acid but this must be handled carefully since assignments could not be that accurate and would need to be refined.

D.3.3 Perspectives

13 C NMR spectroscopy to identify and quantify esters depending on the carbonyl: 2D

NMR could permit to confirm the identifications of proton ester peaks of diacids in model reaction: by this way, their relative reactivities could be surely compared. , their mathematical expression are the following: 

D.4 Literature study of CA reactivity

                             v =

Glasswool reference

Shift ID Let {x, y, z} be an orthogonal coordinate system (see Figure F.65). The xy plane is subdivided by a grid which shows an x-resolution of wl_res and y-resolution of ti_res. For each point [x i , y i , 0] in this grid is associated another point P i with coordinates: [x i , y i , z i ]. A surface S is thus created by linear interpolation of the set of points P i creating triangles which are defined as following: from points P 0 , P 1 , P 2 and P 3 , related to the vertex of a grid rectangle (sides wl_res and ti_res), two triangles P 0 P 1 P 2 and P 1 P 2 P 3 can be respectively formed with points: Hereafter, in order to simplify the reasoning, only triangles P 1 P 2 P 3 are considered even if it applies also to P 0 P 1 P 2 . For each triangle P 1 P 2 P 3 , one can define: 

V min ≤ V u ≤ V max (F.1)
where :

V min = A base × z min (F.2)

V max = A base × z max (F.3)
with A base , the area of the base triangle:

A base = 1 2
× wl_res × ti_res (F.4) role in this equation. Thereby, volume under any triangle P i P j P k is written as:

V u = 1 3
× A base × (z i + z j + z k ) (F.10) 

F.1.4 Application to the total volume calculus

Now, one can carry out the result (F.10) to the whole surface S described subsection F.1.1. For any P i point is associated a multiplier k i which is equal to the number of triangles to which P i belongs in S. Thus, the total sum of unit volume under S, called V s is expressed as following:

V s = 1 3 × A base × i (k i × z i ) (F.11)
In a general case, P i belongs to six triangles of S and bound conditions of S differs. Thereby, all the k i can be gathered into matrix K (see Equation F.12) which can be multiplied, term by term, with the z i matrix for the final application of Equation F.11. 

K =            1 3 • • • 3 2 3 6

F.2.2 Synthesis

The functionalization of mPEG-OH with CA, Figure D.31, was performed in bulk with a stoichiometric functional feed ratio (carboxylic acid COOH versus alcohol OH). The monomers and SHP were weighted in a 100 mL round-bottom flask equipped with a suited magnetic stirrer and then immersed in a thermostated oilbath (20-275 °C silicone oil grade purchased from Huber company) at 185 °C or 215 °C during various time durations (from 4 to 20 minutes, see Table F .22). Finally, the reaction was stopped by placing the flask under cold tap water to cool it down at room temperature.

F.2.3 Characterizations

Size Exclusion Chromatography, SEC SEC was used to determined the molecular weight distribution and dispersity of the synthesized polymers. Samples were prepared by dissolving 15 mg of the sample in 5 mL of tetrahydrofuran (THF). The polymers dissolved in THF were anaylzed after syringe filtration with a Shimadzu CTO-20A column oven equipped with a Shimadzu RID-10A RI detector and a specific column for low molecular weight polymers. The samples were injected with an autosampler and THF was used as the mobile phase. Viscotek OmniSEC 4.6.2 software was used to process data and calibration curve was built using linear polystyrene standards with a narrow molecular 

  La mine d'or de la Serra Pelada | État du Pará, Brésil, 1986 | Sebastião Salgado. "[...], je découvrais sous mes pieds un trou grand comme le stade de France. 50000 hommes travaillaient ensemble sans un seul instrument mécanisé, à 70 mètres de profondeur. Ils semblaient sculptés dans la boue." De ma terre à la Terre | Sebastião Salgado.
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Figure . 0 -

 0 Figure .0 -Répartition des émissions anthropiques totales de Gaz à Effet de Serre (GES, en Gt éq CO 2 /an) entre les secteurs économiques. La couronne montre les parts revenant en 2010 à cinq grands secteurs économiques. L'arc agrandi à droite indique la répartition des émissions indirectes de CO 2 découlant de la production d'électricité et de chaleur entre les secteurs qui consomment l'énergie finale. Le sigle AFAT désigne les émissions liées à l'Agriculture, Foresterie et autres Affectations des Terres. Figure extraite du rapport du GIEC sur le climat publié en 2014 1 .

Figure I. 1 -

 1 Figure I.1 -Example of an Isover glassmat or glasswool panel. "Glasswool" is here defined to be the material and "glassmat" or "glasswool panel" the final product.

Figure I. 2 -

 2 Figure I.2 -Isover TEL process scheme: (1) Composition, (2) Glass melting, (3) Fiberizing and binder spraying, (4) Forming and Curing, (5) Cutting, (6) Packaging and (7) Storing. Taken from Isover website 6 .

Figure I. 3 )

 3 Figure I.3) and reaches at least 40wt% of the overall content: each glasswool roll contains at least 10 recycled glass bottles. The raw materials are stored in silos, automatically weighed, mixed and poured into the furnace by an automatic batch feeder depending on the targeted glass properties.

Figure I. 3 -

 3 Figure I.3 -Calcin used for glass composition.

  Figure I.4.

Figure I. 4 -

 4 Figure I.4 -Feeder conducting the melted glass from the furnace to the fiberizing section.

  Figure I.5)

Figure I. 5 -

 5 Figure I.5 -Composition of a glasswool binder (weight percentages), which represents 5wt% of the final material.

Figure I. 6 -

 6 Figure I.6 -Picture of the fiberizing TEL machine above (a), the "blister" of hot fibers going down and the binder spraying belt and nozzles below (b).

Figure I. 7 -

 7 Figure I.7 -Picture of "Glasswool" impregnated with uncured binder.

Figure I. 8 -

 8 Figure I.8 -Pictures of a rolling machine compressing the glasswool blankets.

Figure I. 9 -

 9 Figure I.9 -Final aspect of a GB4 glasswool panel.

  Figure A.1 (see Appendices, p.283).More precisely, maltose is a disaccharide consisting of two glucose (dextrose) molecules joined by an α(1-4) linkage leaving a residual reducing group available for hydrogenation. The reaction opens the terminal glucose residue by hydrogenation of the free reducing aldehyde groups on the maltose, converting it to sorbitol. The process conditions to prepare maltitol are similar to those used to make other polyols: reaction with hydrogen at 100-150 °C, 100-150 bar in the presence of a catalyst (usually based on nickel, molybdenum, palladium or platinum) during 1 to 2 hours.The specific structure (showing 9 hydroxyl groups) but especially its spatial conformation (with very stable hydroxyl groups) shown in Figure I.10 18 are responsible for the unique characteristics of maltitol (especially biochemical ones)[START_REF] Toufeili | Synthesis and taste properties of maltose and maltitol analogues[END_REF][START_REF] Bensouissi | Effect of conformation and water interactions of sucrose, maltitol, mannitol and xylitol on their metastable zone width and ease of nucleation[END_REF] .

Figure I. 10 -

 10 Figure I.10 -Structure of maltitol according to Toufeili and Dziedzic 18 . Dotted lines relate to probable hydrogen bonding.

Figure I. 11 -

 11 Figure I.11 -Examples of thermal conductivity (λ) values at room temperature: glasswool is standing with building materials as one of the best solutions for housing insulation. Taken from Netzsch 35 .

Figure I. 12 -

 12 Figure I.12 -Evolution of bending properties of GB4 and Ref R225 (phenolic reference) glasswool series after manufacture and after several months ageing. GB4 looses its bending properties after several months or after florida test (21 test cycle of 8 hours between 25°C and 55 °C and variable relative humidity). NB: The lower value is, the better (the more rigid); an increase of d means that the material is loosing its bending properties. This parameter is used mainly to characterize high density products. Taken from Chenal et al.[START_REF] Chenal | GB 4 Optimization: 2016 Key Results[END_REF] .

Figure I. 13 -

 13 Figure I.13 -Multidimensional percolating polymerization. Taken from Payamyar et al.[START_REF] Payamyar | Two-dimensional polymers: concepts and perspectives[END_REF] : ordered lattice of monomers (black dots) get covalently bonded (red lines). The percentages indicated under each scheme are the fraction of the formed bonds compared to all the bonds that can be built.

Figure I. 14 -

 14 Figure I.14 -Reaction equilibrium of esterification.

Figure I. 15 -

 15 Figure I.15 -The step-growth polymerization process for a bifunctional monomer which homopolymerizes. Taken from Thermosetting Polymers chapter II 52 .

Figure I. 16 -

 16 Figure I.16 -An example of biobased phtalic anhydride derived monomers: New route to renewable substituted phthalic anhydrides via Diels-Alder addition, hydrogenation, and aromatization of furan derivatives with maleic anhydrides. Taken from Thiyagarajan et al.104.
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 104 Figure I.16 -An example of biobased phtalic anhydride derived monomers: New route to renewable substituted phthalic anhydrides via Diels-Alder addition, hydrogenation, and aromatization of furan derivatives with maleic anhydrides. Taken from Thiyagarajan et al.104.

  Figure I.16 -An example of biobased phtalic anhydride derived monomers: New route to renewable substituted phthalic anhydrides via Diels-Alder addition, hydrogenation, and aromatization of furan derivatives with maleic anhydrides. Taken from Thiyagarajan et al.104.

Figure I. 18 -

 18 Figure I.18 -Schematic representation of poly(poly(ethylene glycol) maleate citrate crosslinked acrylic acid) (PPEGMC) synthesis. Taken from Gyawali et al. 99 .

Figure I. 19 -

 19 Figure I.19 -Lipase-catalyzed ring-opening addition/condensation polymerization. ITAa, SUa and GAa stand respectively for itaconic, succinic and glutaric anhydrides. Taken from Yamaguchi et al.114.

114

 114 Figure I.19 -Lipase-catalyzed ring-opening addition/condensation polymerization. ITAa, SUa and GAa stand respectively for itaconic, succinic and glutaric anhydrides. Taken from Yamaguchi et al.114.

  Figure I.19 -Lipase-catalyzed ring-opening addition/condensation polymerization. ITAa, SUa and GAa stand respectively for itaconic, succinic and glutaric anhydrides. Taken from Yamaguchi et al.114.

  report (see Figure I.20): they designed elastomers based on erythritol (sugar derivative) and several biobased dicarboxylic acids which mainly differ in their aliphatic chain length, adding more or less flexibility to the final elastomer: glutaric (C5), adipic (C6), pimelic (C7), suberic (C8), azelaic (C9), sebacic (C10), dodecanedioic (C12), and tetradecanedioic (C14) acids. After a prepolymer synthesis of 2-7 h at 145 °C under argon and reduced pressure, elastomers were finally manufactured at 120-140 °C during 2-3 days producing micro-molded scaffolds and foams.

Figure I. 20 -

 20 Figure I.20 -Synthesis of saturated polyester elastomers based on several biobased dicarboxylic acids (n=5-10;12;14) and erythritol. Taken from Barrett et al. 95 .

4. 4 Maltitol-based saturated polyester thermosets 4 . 4 . 1

 4441 The case of poly(maltitol sebacate) In 2008, Bruggeman et al. 20 synthesized different kinds of poly(polyol sebacate) (PPS) as biocompatible, biodegradable and biobased polymers for medical use. The aim was to esterify sebacic acid with several polyols such as xylitol, sorbitol, mannitol and maltitol in order to produce non-toxic elastomers with suitable mechanical properties. Typical reaction equations and structures are presented in Figure I.21.

Figure I. 21 -

 21 Figure I.21 -General synthetic scheme of polyol-based polymers. Xylitol (1), sorbitol(2), mannitol (3) and maltitol (4) were polymerized with sebacic acid (5) in different stoichiometries, yielding PXS (6), PSS(7), PMS(8) and PMtS (9) respectively. Taken from Bruggeman et al.[START_REF] Bruggeman | Biodegradable poly(polyol sebacate) polymers[END_REF] .

Figure II. 1 -

 1 Figure II.1 -Simplified scheme of a network growth during an A3 monomer homopolymerization. Taken from Pascault et al.52.

52

 52 Figure II.1 -Simplified scheme of a network growth during an A3 monomer homopolymerization. Taken from Pascault et al.52.

  Figure II.1 -Simplified scheme of a network growth during an A3 monomer homopolymerization. Taken from Pascault et al.52.

Figure II. 2 -

 2 Figure II.2 -Simplified scheme of homopolymerization Af reaction according to Macosko and Miller 148 showing all statistical options for peaking randomly a function A.

  presented in Figure II.3, -M w can be calculated.

Figure II. 3 -

 3 Figure II.3 -Scheme of attached weights in a case of a copolymerization. Notations are similar regarding Af homopolymerization. Taken from Odian 46 .

Figure II. 4 -

 4 Figure II.4 -Structure of GB4 monomers and catalyst. From left to right: maltitol, citric acid, sodium hypophosphite.

Figure II. 5 -

 5 Figure II.5 -Theoretical gel conversion in default function against OH functionality for different COOH functionality. p gel i , where i is COOH or OH, represents the theoretical gel conversion in default function i. For a better readability, f i represent the hypothetical functionalities of CA and crystalline MtOH such as f COOH = f e and f OH = g e .

Figure II. 6 -

 6 Figure II.6 -Evolution of physical properties of the thermosetting polymer as a function of reactive groups conversion (it can be also plotted aginst time of reaction): (a) zero-shear viscosity and elastic modulus, (b) sol fraction. Taken from Pascault et al.52.

Figure II. 7 -

 7 Figure II.7 -An example of GB4 resin cured 20 minutes at 215 °C.

Figure II. 8 -

 8 Figure II.8 -Summary of initial methodological scheme for gel point measurement of GB4 resins.

Figure II. 10 -

 10 Figure II.10 -Evolution of chemical structure for GB4 cured resins measured by ATR FTIR spectroscopy containing (a) 0mol%, (b) 1mol%, (c) 12mol% SHP. Exact attributions are discussed in subsection 3.5.1.

Figure II. 11 -

 11 Figure II.11 -An example of ATR FTIR spectra of one samples of GB4_SHP_12 (12 mol% of SHP in the formulation) cured at 215 °C during 20 minutes (a) and which have been (b) solubilized in water and rinsed with droplets of NaOH, or (c) in an aqueaous solution of NaOH: peaks IV' (ester band) and IV" (carboxylate band) in (c) spectrum are replacing IV in (a) and (b) spectra.

  .7. Results are plotted Figure II.12 . Unfortunately, the results show values evoluating almost randomly due Table II.7 -Recording of ATR FTIR spectroscopic data for different formulations of GB4 after solubilization in water or NaOH solution: vibration wavenumber ν C=O , their corresponding absorbances (I C=O ) and the ratio ester (peak IV') over acids (peak IV"). Corresponding spectra are available Figure B.10, Figure B.11, Figure B.12 in Appendices (Section B.3, p.292). Italic values are reproductibility values.

Figure II. 12 -

 12 Figure II.12 -Evolution of COO -over COOR intensity ratio r versus time of polymerization.

  Figure II.8) and results are shown Figure II.13 as a comparison of NaOH treatment with water treatment.

Figure II. 13 -

 13 Figure II.13 -Influence of NaOH in solubilization medium on gel fraction for different 215 °C cured resins with distinct SHP contents (0, 1, 12mol%). Method reminder: 24 h solubilizations with 4wt% dry content (1 g solid for 25 mL solvent) at room temperature.

  Figure III.1.

Figure III. 1 -

 1 Figure III.1 -Thermogram of SHP during a TGA ramp of 10 °C/min between 25 °C and 500 °C under air.

2. 5 (

 5 125 °C) and 3.1 min(155 °C). This can be due to different levels of complexation of water with SHP in the crystals. After these losses, no weight loss is observed anymore confirming the thermal weight stability of SHP during 20 min at 215 °C.

Figure III. 2 -

 2 Figure III.2 -TGA thermogram of SHP during GB4-like process (a): 50 °C/min to 215 °C followed by an isothermal step of 20 minutes. FTIR 3D spectrum of SHP losses during GB4-like process (b): 50 °C/min to 215 °C followed by an isothermal step of 20 minutes.

  °C during 20 min (SHP_185-5), during 5 then 20 min at 215 °C (SHP_215-5 and SHP_215-20) and finally 20 min at 215 °C with HCl in bulk (SHP_215-20_H). Chemical structures and absolute mole content evaluation of different species presented Figure III.4 is discussed in the following paragraphs.In acidic conditions (SHP_215-20_H), a new doublet at 6.8 ppm in 1 H NMR with

Figure III. 3 -

 3 Figure III.3 -Neat SHP NMR spectra and assignment. (a) 1 H coupled (red) and decoupled (blue) 31 P NMR spectra ; (b): 31 P NMR coupled (red) and decoupled (blue) 1 H NMR spectra.

Figure III. 4 -

 4 Figure III.4 -Molar content in different heated SHP samples calculated from 31 P-{ 1 H} NMR spectra. Chemical structure of SHP (a), phosphorous acid (b) and diphosphorous acid (c) are presented below the chart.

Figure III. 5 -

 5 Figure III.5 -TGA Thermogramm (TG) and its derivative (DTG) of maltitol decomposition recorded at 5 °C/min in the 25-800 °C range under air flow. Taken from Petković et al. 166 works.

  Figure C.13 (in Appendice C.2, p.295) shows the resulting thermogram: 96wt% of the initial maltitol is lost between 220 °C and 430 °C and its maximal degradation temperature is 310 °C (which corresponds to the minimal value of thermogram derivative) which is almost 100 °C upper than the TEL process temperature. This confirms literature conclusions (see Figure III.5

Figure III. 6 -

 6 Figure III.6 -Thermogram of crystalline MtOH during a 50 minutes isotherm at 210 °C under air atmosphere.

  H NMR. No significant change is observed until 15 min except a global decrease of peak resolution as shown in Figure III.7. Indeed, identified characteristic maltitol peaks 168,170 (Figure III.8) are clearly visible like 3.45 ppm (5), 3.58 ppm (

Figure III. 7

 7 Figure III.7 -D 2 O 1 H NMR spectra of crystalline MtOH (a) between 3.2 and 5.5 ppm and after (b) 4 min, (c) 6 min, (d) 15 min and (e) 20 min at 215 °C. All stacked spectra are normalized regarding their respective concentrations (approximately 0.07 g.mL -1 ).

Figure III. 8 -

 8 Figure III.8 -Maltitol 1 H NMR peak assignment; bold values match with peaks which can be easily identified on the spectra and have been used for quantification.Identified multiplicity are (d) for doublet, (t) for triplet, (dd) for doublet of doublet, (qi) for quintuplet.

Figure III. 9 -

 9 Figure III.9 -TGA Thermogram of maltitol syrup with (MtOH:SHP=1:0.4) and without SHP during a ramp at 20 °C/min followed by an isotherm at 210 °C.

  and Al-Sammerrai 178 studied CA decomposition by TGA and DSC a Meaning: Research on pyrolysis derivatives of citric acid.

Figure III. 10 -

 10 Figure III.10 -Chemical pathway of CA decomposition to acetone dicarboxylic acid (or 3oxopentanedioic acid oPDA) and further derivatives according to Roger et al. 183 , Bouchard and Merritt 184 and Ye et al.119.

Figure III. 12 -

 12 Figure III.12 -Chemical pathway for methylsuccinic acid (MSU) by SHP reduction: ITA stands for itaconic acid, CTA for citraconic acid and MC for mesaconic acid (these three molecules are isomers).

Figure III. 13 -

 13 Figure III.13 -Important proposed pathways for decomposition of citric acid in water taken from Carlsson et al.179.

Figure III. 14 -

 14 Figure III.14 -Thermogram of CA and CA/SHP blend (CA:SHP=1:0.21) recorded during heating under 80 mL/min air flow at 50 °C/min followed by an isotherm at 215 °C during 20 minutes.

Figure III. 15 -

 15 Figure III.15 -FTIR spectra of (a) citric acid and its degradation products after (b) 6 minutes (c) 16 minutes (d) 20 minutes at 215 °C.

A

  fine identification of CA derivatives. First of all, citric acid (I to (IV)) typical signals (see Figure III.16a and Table

  summarized in Figure III.11) in our conditions? It is difficult to answer now based on these results.Finally, even if major peaks have been identified, other peaks appear in the different

Figure III. 16 -

 16 Figure III.16 -DMSO-d 6 1 H NMR spectra of (a) citric acid and its degradation leftovers at 215 °C, after (b) 6 minutes, (c) 16 minutes, (d) 20 minutes. Structures and assignments are available Table III.2, p.139.

Figure III. 17 -

 17 Figure III.17 -DMSO-d 6 13 C NMR spectra of (a) citric acid and its degradation leftovers at 215 °C, after (b) 6 minutes, (c) 16 minutes, (d) 20 minutes. Structures and assignments are available Table III.2, p.139. NB: No peak appears over 180 ppm.

  Figure III.21b. Identification of degradation product & kinectics by NMR spectroscopy. NMR spectra are presented in Figure III.18 and Figure C.25 (p.305) while structure assignments are presented in Table

Figure III. 18 -

 18 Figure III.18 -DMSO-d 6 1 H NMR spectra of degradation leftovers of (a) CA/SHP blend at 215 °C after (b) 2 minutes and (c) 6 minutes. Structures and assignments are available Table III.2.

  structure of insoluble derivatives of CA/SHP blends. Because of solubility problems after heating for more than 6 min, the corresponding CA residual solids have been analyzed by ATR FTIR spectroscopy. Results are shown in Figure III.19. New bands appearing in SHP/CA degraded blends (813 cm -1 (xiii), 1026 cm -1 (xii), 2270-2319 cm -1 (xi)) are in fact attributed to SHP. 6 min spectrum (Figure III.19b) shows a

Figure III. 19 -

 19 Figure III.19 -FTIR spectra of (a) citric acid, and degradation products of CA/SHP blend after (b) 6 minutes (c) 8 and 10 minutes at 215 °C.

Figure III. 20 .

 20 The role of SHP in CA degradation has been investigated and it has been demonstrated that it drastically shortens the degradation phenomena duration from 15 min to less than 10 min : trans-aconitic and itaconic acid contents are much lower and further low molecular weight derivatives are much concentrated after only 6 min of degradation (A summary of residual leftovers contents is presented in Figure III.21), testifying of a shift of degradation level to final stages of CA degradation.

Figure III. 20 -

 20 Figure III.20 -Proposal for a CA degradation pathway with or without SHP in GB4 conditions based on solid leftovers analysis. Blue arrows represent the proposed pathways. Blue dotted-line highlight the molecules identified by FTIR and NMR spectroscopy in solid leftovers. Italic names correspond to molecules which have not been identified but which might be produced based on the presence of methylated-unsaturated unidentified NMR signals. Taken and modified from Figure III.11 137 .

Figure III. 21 -

 21 Figure III.21 -Summary of molar contents of CA degradation for CA (a) and CA/SHP (b) leftovers according to NMR spectroscopy and their corresponding structures (c). FTIR permitted to identify the probable presence of a blend of acid and anhydrides (which are more complicated to analyse by NMR) of the presented species.

  4, 8, 12, 16 and 20 min. Results are shown in Figure III.22 (MS) and Figure C.26 (GC, in Appendice C.3.6, p.307).

Figure III. 22 -

 22 Figure III.22 -GC-MS mass spectra for several GC peaks of interest compared to library database. Gas chromatogram and corresponding peaks are presented in Figure C.26 in Appendice C.3.6.

Figure III. 23 -

 23 Figure III.23 -TGA thermogram and on-line 2D FTIR spectra of citric acid degradation vapors production during a TGA ramp of 50 °C/min to 215 °C followed by a 20 minutes isotherm. 3D FTIR spectrum is presented is Figure C.27 in Appendice C.3.6 (p.308). Z axis represents Absorbance (-). Assignments are the following: (I) for H 2 O, (II) for CO 2 , (III) for carboxylic acids and (IV) for citraconic anhydride (CTAa).

Figure III. 24 -

 24 Figure III.24 -TGA thermogram and on-line 2D FTIR spectra of CA/SHP degradation vapors production during a TGA ramp of 50 °C/min to 215 °C followed by a 20 minutes isotherm. NB: here a zoom from 0 to 14 minutes. 3D FTIR spectrum is presented in Figure C.28 in Appendice C.3.6 (p.308). Z axis represents Absorbance (-). Assignments are the following: (I) for H 2 O, (II) for CO 2 and (IV) for citraconic anhydride (CTAa).

155 4. 5

 1555 Summary of citric acid degradationTwo figures has been edited in order to summarize the evolution of solid and vapor structure contents during the thermal treatment of CA with or without SHP at 215 °C during 20 min. Figure III.25 describes the degradation features of CA while Figure III.26 concerns the degradation of CA in presence of SHP. Both figures are built around their corresponding TGA thermogram during 20 minutes at 215°C, inspires from vapors analyses and complete the solid leftovers conclusions (Figure III.21 and Figure III.20 from p.145). They aim at synthesizing both the observations made on solid leftovers and vapors: they are of course general trends (degradation methods are differents for solid and vapors, i.e. kinetics).

Figure III. 25 -

 25 Figure III.25 -Summary of CA degradation deriviative contents in gas and solid leftovers. Filled arrows represent solid contents. Tick marks on the arrows represent: the maximum concentration time-range in solid leftovers (2 tick mark) or maximum content in vapors (one tick mark).

Figure III. 26 -

 26 Figure III.26 -Summary of CA/SHP degradation deriviative contents in gas and solid leftovers. Filled arrows represent solid contents. Tick marks on the arrows represent: the maximum concentration time-range in solid leftovers (2 tick mark) or maximum content in vapors (one tick mark).

Figure IV. 1 -

 1 Figure IV.1 -Schematic synthesis of maltitol ester stearate and palmitate at 160 °C according to Jan et al.19.

Figure IV. 2 -

 2 Figure IV.2 -13 C NMR spectrum zoom on the carbonyl region of the reaction product between CA and 1-butanol (CA:1-butanol = 1:3) 150 °C during 450min. Numbers presented are assigned by Noordover et al. 137 in figure Figure D.41 in Appendix D.4 (p.324). Taken from Noordover et al.137.

Figure IV. 3 -

 3 Figure IV.3 -Structures of (a) isosorbide, (b) isoidide and (c) isomannide. Inspired from Noordover et al.137.

  i.e. l and r have a symmetrical contribution in terms of reactivity in this model. Graphically, on Figure IV.7 , the solutions will be the intercept of l as a function of r (blue line) and the red-dotted line representing l = r.

Figure IV. 7 -

 7 Figure IV.7 -Graphic representation of l as a function of r in the following hypothetical case: x = 0.85 and z = 0.7. The curve consists of an hyperbola with horizontal axis l = 1 and vertical axis r = 1. The window with a physical meaning is the not crosshatched square.

I

  /I and II/II are respectively the integrations of central and lateral acid/ester carbonyl clusters (see Figure IV.2 and Equation 2.1).

Figure IV. 8 -

 8 Figure IV.8 -CA-ester derivative distribution of Noordover et al. 137 CA/1,4-Butanediol reaction from a mathematical model. Results are calculated with respectively c and l (or r) from the mathematical model including hypothesis 1 and hypothesis 1&2 (see Table IV.7 and IV.8). Calculated values are available Table D.8 in Appendice D.2, p.316.

First

  , let's consider the PDO signature of the central methylene (called µ) in this work, see Figure IV.10). Indeed, µ-methylene will have different signatures depending on the esterification degree of PDO. As shown in Figure IV.10, PDO-monoester µ-methylene (µ ) is expected to have a different shift than PDO µ-methylene (µ) and PDO-diester (µ ). Then, recording of reference spectra of CA and triethyl citrate (shown in Figure D.42, p.325, Appendices) permitted to refine the spectral attribution especially concerning the PDO signature of the "lateral" methylenes (in α-position wsith respect to the oxygen atom). Indeed, for triethyl citrate, "lateral" methylenes ( i ) do not have the same signature depending whether they are attached to central COOH of CA ( c ) or on laterals COOH ( s ). The equivalent methylenes in PDO are thus called ε c and ε s respectively (see Figure IV.10). CA (IV) and CA-esters (IV') cannot be distinguished in their common massif.

Figure IV. 9

 9 Figure IV.9 also shows the final peak assignments for the six different experiments thanks to Figure D.42 (p.325) and Figure IV.10. Thus, one can clearly see the presence

Figure IV. 9 - 1 H

 91 Figure IV.9 -1 H NMR normalized spectra in DMSO_d 6 and corresponding assignments (collected in Table D.13 in Appendice D.5, p.326) of the six CA-PDO different experiments.

Figure IV. 10 -

 10 Figure IV.10 -Proposed structures assignment of PDO and CA esters in CA-PDO systems. On the left side, specificity of µ-methylenes is highlighted whereas on the right side, those of ε-methylenes is shown. Green arrows represent the esterification of PDO with CA lateral acids while the blue arrow represents esterification of PDO with CA central acid.

  2-dimensional NMR (HSQC and HMBC) analyses on CA_PDO_0.5_SHP sample have been performed in order to investigate its origin. According to the results (Figure D.43, Appendice D.5, p.327), this is an etherification product of PDO (-CH 2 -O-CH 2 -) which is favored by the presence of SHP. The 2D NMR analyses also confirmed all the previous assignments.

Figure IV. 11 -

 11 Figure IV.11 -Example of reaction of SHP with cis-1,2-cyclohexanedicarboxylic anhydride (CHDN). Taken from Yang 203 .

Figure IV. 13 -

 13 Figure IV.13 -Initial esterification of phosphinic acid is followed by isomerization of the ester into the corresponding substituted alkyl phosphinic acid. Inspired from Yudelevich et al.156.

  With anhydrides. Hypophosphite salts can also react with anhydrides during a more or less violent reaction (especially for high salt concentrations). Several salts comprising SHP as well as other anhydrides (e.g. acetic anhydride) react in the same way, involving a Michealis-Arbuzov mechanism according to authors (see Figure IV.14).

Figure IV. 14 -

 14 Figure IV.14 -Reaction of anhydrides with SHP. Taken from Yudelevich et al. 156 .

Figure IV. 15 -

 15 Figure IV.15 -Reaction of Phosphinic acid with alkenes. Inspired of Yudelevich et al.[START_REF] Yudelevich | Hypophosphites") and Their Reactivity[END_REF] . R and R' represent alkyl groups.

Figure IV. 16 -

 16 Figure IV.16 -Dialkylation of alkyl phosphinate with excess of alkene. Inspired of Yudelevich et al. 156 . R and R' represent alkyl groups.

  1 H and 31 P NMR spectra (Figures D.47 to D.49) as well as related Table D.18 are presented in Appendice D.6 (p.331). In this part, Figure IV.18 and Figure IV.19 respectively show the 1 H and 31 P NMR spectra of the (215 °C; 20min) experiment with addition of HCl.

  Figure D.47 and Figure D.48).

Figure IV. 18 - 1 H

 181 Figure IV.18 -1 H NMR spectra of MtOH/SHP (215 °C; 20 min; HCl) reaction product. In red line: 1 H coupled 31 P NMR spectrum; whereas in blue line: 1 H decoupled 31 P NMR spectrum.

Figure IV. 19 - 1 , 3 -

 1913 Figure IV.19 -31 P NMR spectra of MtOH/SHP (215 °C; 20 min; HCl) reaction product. In red line: 31 P coupled 1 H NMR spectrum; whereas in blue line: 31 P decoupled 1 H NMR spectrum.

Figure IV. 20 - 1 H

 201 Figure IV.20 -1 H NMR spectra of PDO/SHP (215 °C; 20 min; HCl) reaction product. In red line: 1 H coupled 31 P NMR spectrum; whereas in blue line: 1 H decoupled 31 P NMR spectrum.

  Now, based on the previoulsy studied literature[START_REF] Yudelevich | Hypophosphites") and Their Reactivity[END_REF] , potential structures and pathways can be proposed (see FigureIV.22 and Figure IV.23): this SHP derivative consists of a phosphorous acid alkyl molecule which derives from the ester of phosphonic acid with PDO (d) followed by the isomerization to a phosphorous acid alkyl (e). Finally, contents of this new molecule were calculated and it increases again from 16mol% to 28mol% with the increase of temperature.

Figure IV. 21 -

 21 Figure IV.21 -31 P NMR spectra of PDO/SHP (215 °C; 20 min; HCl) reaction product. In red line: 31 P coupled 1 H NMR spectrum; whereas in blue line: 31 P decoupled 1 H NMR spectrum.

Figure IV. 22 -

 22 Figure IV.22 -Schematic summary of structures and potential pathways found during the reactions of SHP with alcohols: 1,3-PDO (a) reacts with SHP (b) to create Phosphinic acid PDO-ester (d) which further isomerizes to phosphorous acid alkyl (e). λ values are the corresponding attributions on NMR spectra.

Figure IV. 23 -

 23 Figure IV.23 -Summary of the reactivity of SHP with MtOH and 1,3-PDO. Presented values are relative molar contents (based on 31 P NMR spectra peak integration) in several conditions: temperature (185 °C-215 °C), time (10-20min) or addition of protons (H).

Figure IV. 24 -

 24 Figure IV.24 -Structure of (a) maleic acid (MAc) and (b) succinic acid (SU).

  °C experiment is presented since the results are similar. Results from the 185 °C experiment are presented in Appendice D.6, Figure D.51 (.p339). Concerning the 215 °C experiment, FTIR and NMR spectra are shown in Figures IV.25, IV.26 and IV.27 respectively; values are summarized in Table D.18 which is presented in Appendix D.6.

Figure IV. 25 -

 25 Figure IV.25 -FTIR spectra of MAc/SHP 215 °C reaction product (a) compared to references: maleic acid (b, light blue) and its anhydride (b') and succinic acid (c, dark blue).

  C, HSQC and HMBC 2D NMR (see Figure IV.28, Figure IV.29, and Figure IV.30

Figure IV. 26 - 1 H

 261 Figure IV.26 -1 H NMR spectra of MAc/SHP 215 °C reaction product. In red line: 1 H coupled 31 P NMR spectrum; whereas in blue line: 1 H decoupled 31 P NMR spectrum.

C 2 -

 2 dimensional NMR experiments confirmed this assumption: HSQC (Figure IV.29) and HMBC (Figure IV.30, zooms available in Appendices, p.340 in Figure D.52

Figure IV. 27 -

 27 Figure IV.27 -31 P NMR spectra of MAc/SHP 215 °C reaction product. In red line: 31 P coupled 1 H NMR spectrum; whereas in blue line: 31 P decoupled 1 H NMR spectrum.

Figure IV. 28 -

 28 Figure IV.28 -13 C NMR spectra of MAc/SHP 215 °C reaction product. Identifications were possible thanks to HSQC and HMBC analyses.

Figure IV. 29 -

 29 Figure IV.29 -HSQC NMR spectra of MAc/SHP 215 °C reaction product.

Figure IV. 30 -

 30 Figure IV.30 -HMBC NMR spectra of MAc/SHP 215 °C reaction product. Structure proposal for the reaction product of diacids with SHP corresponding to the γ signals.

  CA has been heated in presence of SHP similarly to what has been shown in Chapter III (formulation ratio included): after different durations of reaction at 215 °C, but, this time, chemical structures have been observed from the "side" of SHP. NMR spectra (Figures D.58 to D.60, from p.345) and related Table

Figure IV. 32 -

 32 Figure IV.32 -Summary of the reactivity of SHP with CA. Presented values are relative molar contents after 1, 3 and 5 minutes at 215 °C.

Figure V. 1 -

 1 Figure V.1 -TGA-IR thermogram (a), comprising heat flow signal (b, in pink dotted line) & 3D IR spectrum (c) of GB4 aq .

FTIR analyses .

 analyses Concerning GB4 dry _noSHP , molecules detection can be summarized as follows (see Figure V.2 (c), 2D spectrum available Figure E.61, p.348):

Figure V. 2 (

 2 d), 2D spectrum available Figure E.62, p.348):

Figure V. 2 -

 2 Figure V.2 -TGA-IR thermogram ((a) full lines), comprising heat flow signal ((b) dotted lines) & 3D IR spectra ((c) GB4 dry _noSHP ; (d) GB4 dry ).

1 H

 1 NMR results are presented Figure V.3. At the beginning of the polymerization, one can notice on NMR spectra characteristic peaks of CA/MtOH and their esters but also SHP (IV, dd, 2.7-3.0 ppm for CA; d, 6.4-7.7 ppm for SHP (α); 3.2 ppm to 5.1 ppm for MtOH). From previous results, the gel appears after 7 min of polymerization and after this time, spectra of the sol content show a change concerning CA and MtOH peaks since their intensities drop, testifying of an important decrease of CA/MtOH concentrations.

Figure V. 3 - 1 H

 31 Figure V.3 -1 H NMR spectra of GB4 foams (GB4_SHP_12 series) soluble parts (D 2 O) during polymerization. Gel forms between 7 and 8 minutes. α and β signals correspond to SHP and phosphorous acid respectively, IV and IV' to CA and its esters respectively.

Figure V. 4 -

 4 Figure V.4 -Summary of gel & sol compositions of GB4_SHP_12 (GB4 industrial resin) according to soluble parts 1 H NMR results. Dotted lines can either be a proton or an ester linkage, however unesterified citric acid and maltitol can only exist in soluble part. Grey molecules show a decreasing concentration in sol after gel point.

Figure V. 5 -

 5 Figure V.5 -1 H-{ 31 P} (up) & 31 P-{ 1 H} (down) NMR spectra (H 2 O) of leached samples of GB4 glassmats cured at 215 °C during (a) 10 s, (b) 20 s, (c) 27 s, (d) 34 s, (e) 41 s, (f) 48 s, (g) 62 s and (h) 120 s. After 41 s, MtOH and CA (IV) and its esters (IV') are only detected as traces in the soluble part while citraconic acid (E) content increases from it first appearance in soluble species (27 s) as well as phosphorous acid content (β).

Figure V. 6 -

 6 Figure V.6 -Summary of quantitative results of 31 P-{& 1 H} NMR for GB4 leached glassmats. pH measurements were performed with pH paper and added to this chart. Identifications were possible thanks to 31 P and 1 H NMR coupled methods.

  P and 1 H) of IBR, (Figure V.7) are presented hereafter and GR32 similar spectra are available Figure E.64 in Appendice E.3 (p.352).

Figure V. 7 -

 7 Figure V.7 -Coupled (red) & uncoupled (blue) 1 H (up) & 31 P (down) NMR spectra (in H 2 O) of leached GB4 IBR glasswool (Short curing time).

  Figure V.6 and Figure V.8. Even if NMR analyses did not allow the identification of SHP-deriving structures in GB4-model sol (as found in Chapter IV), last experiments made on glasswool confirmed the high reactivity of SHP which is probably able to react with MtOH, anhydrides but also other compounds of the full-GB4 formulation: this is much more than the original hypothesis saying that it simply catalyzes esterification.

Figure V. 8 -

 8 Figure V.8 -Summary of quantitative results of 31 P-{& 1 H} NMR for GB4 leached glasswools. pH measurements have been performed with pH paper and added to this chart. Identifications have been possible thanks to 31 P and 1 H NMR coupled methods.

Figure V. 9 -

 9 Figure V.9 -XPS spectrum zoom on Phosphorus P2p peak of GB4 (measured on two different zones of the sample: blue and red lines) and SHP (idem: light green and light blue lines).

Figure V. 10 -

 10 Figure V.10 -Summary of structures encountered in GB4 according to the direct study of GB4 foams and comosites. Grey molecules should be low concentrated in soluble.

Figure . 1 -

 1 Figure .1 -Schéma général: résumé des résultats de thèse du point de vue de l'acide citrique (CA), de l'hypophosphite de sodium (SHP) et du maltitol (MtOH). La dégradation thermique de l'acide citrique engendre la production de ACO (acide aconitique), CTA (acide citraconique), ITA (acide itaconique), MSU (acide méthylsuccinique) et de leurs anhydrides correspondants relativement plus réactifs (non représentés ici par soucis de clarté).

Figure . 2 -

 2 Figure .2 -Une vision macromoléculaire finale du GB4 après cuisson 20 minutes à 215 °C incluant les molécules et motifs suivants: l'acide citrique (CA), de l'hypophosphite de sodium (SHP) et du maltitol (MtOH). Mais aussi: ACO (acide aconitique), CTA (acide citraconique), ITA (acide itaconique), MSU (acide méthylsuccinique).
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Figure . 3 -

 3 Figure .3 -Scheme of an NMR coaxial tube set for 1 H and 31 P NMR.

Figure . 4 -

 4 Figure .4 -Microscope picture of naked Saint-Gobain Adfors glassmat.

Figure A. 1 -

 1 Figure A.1 -Hydrogenation of maltose syrup to maltitol syrup from O'Donnell and Kearsley[START_REF] O'donnell | Sweetener and Sugar Alternatives in Food Technology[END_REF] 's review published in 2012. The figure present the hydrogenation of glucose, maltose and maltotriose but it is also relevant for higher DP of maltitol since maltitol syrup shows a polymerization degrees over DP3 (see TableII.3).

Figure A. 2 -

 2 Figure A.2 -Scheme of an insulated bar: T 1 > T 2 .

Figure A. 3 -

 3 Figure A.3 -Principle of ring tensile testing set up: a ring shaped sample of glasswool (I) is pulled on a tensile test bench and deformation and strength are measured online (II), (III) the parting strength can be finally calculated.

Figure A. 4 -

 4 Figure A.4 -Principle of Thickness Recovery test (TR). Initial sample (I) is compressed by a normal load (II) and finally released after a specific time (III). TR is defined as the ratio of (a') to the nominal thickness (declared on the label).

Figure A. 5 -

 5 Figure A.5 -Principle of bending measurement: deflection (d) is the deviation (II) of an overhanging mineral wool panel set on a table compared to its initial horizontal plan (I).

Figure A. 6 -

 6 Figure A.6 -An example of bio-based epoxy resin synthesis from gallic acid, 3,4,5trihydroxybenzoic acid, which is widely present both free and as part of tannins in gallnuts and other plants. Taken from the review of Ma et al.44.

Figure A. 7 -

 7 Figure A.7 -An example of tannin-formaldehyde resin synthesis. Methylolation reaction followed by condensation reaction of a flavanoit unit in mimosa tannin. Taken from Raquez et al. 42 .

Figure A. 8 -

 8 Figure A.8 -General structure of thermoset polyurethane; R and R' can be of different natures: aliphatic, aromatic, polyester, etc. Functionality are here arbitrary choosen.

Figure B. 9 -

 9 Figure B.9 -Evolution of weight losses (∆m) during curing of GB4 (a) 0mol%, (b) 1mol%, (c) 12mol% SHP content resin. (c) being the case of GB4 industrial formulation.

Figure B. 10 -

 10 Figure B.10 -Evolution of chemical structure of GB4 gel fractions after NaOH solubilization measured by ATR FTIR spectroscopy for 0mol% SHP. Peaks (IV') and (IV") are attributed to ester carbonyls 1724 cm -1 and carboxylate ions from carboxylic acid at 1580 cm -1 respectively (see subsection 3.5.1).

Figure B. 11 -

 11 Figure B.11 -Evolution of chemical structure of GB4 gel fractions after NaOH solubilization measured by ATR FTIR spectroscopy for 1mol% SHP. Peaks (IV') and (IV") are attributed to ester carbonyls 1724 cm -1 and carboxylate ions from carboxylic acid at 1586 cm -1 respectively (see subsection 3.5.1).

Figure B. 12 -

 12 Figure B.12 -Evolution of chemical structure of GB4 gel fractions after NaOH solubilization measured by ATR FTIR spectroscopy for 12mol% SHP. Peaks (IV') and (IV") are attributed to ester carbonyls 1724 cm -1 and carboxylate ions from carboxylic acid at 1580 cm -1 respectively (see subsection 3.5.1).

Figure C. 14

 14 Figure C.14 -A reminder of maltitol 1 H NMR peak assignment; bold values match with peaks which can be easily identified on the spectra.

Figure C. 15 -

 15 Figure C.15 -Structure of maltotriitol with identifiable assignments of its two characteristic anomeric protons: 2 and 2 bis .

Figure C. 16 -

 16 Figure C.16 -FTIR spectra evolution of crystalline maltitol (a) heated at 215 °C after: (b) 10 minutes, (c) 15 minutes and (d) 20 minutes at 215 °C.

Figure C. 17 -

 17 Figure C.17 -Evolution of D 2 O 1 H NMR spectra of crystalline MtOH with SHP between 2.4 and 6.2 ppm after (a) 10 minutes, (b) 13 minutes, (c) 16 minutes and (d) 20 minutes. A reminder of the maltitol structure and assignments is available in Figure C.14.

Figure C. 18 -

 18 Figure C.18 -Evolution of FTIR spectra of maltitol syrup (a) heated at 215 °C after different times: (b) 10 minutes , (c) 15 minutes and (d) 20 minutes.

Figure C. 19 -

 19 Figure C.19 -Evolution of D 2 O 1 H NMR spectra of MtOH syrup between 3 and 6.4 ppm after (a) 4 minute, (b) 6 minutes, (c) 10 minutes, (d) 15 minutes and (e) 20 minutes at 215 °C. A reminder of the maltitol structure and assignments is available in Figure C.14. On these spectra, 2 bis signal is assigned to the second anomeric peak of maltotriitol (see structure in Figure C.15), which is the second main compound of maltitol syrup.

Figure C. 20 -

 20 Figure C.20 -Evolution of FTIR spectra of maltitol syrup (a) heated at 215 °C in presence of SHP after different times: (b) 6 minute, (c) 8 minutes, (d) 12 minutes, (e) 15 minutes and (f) 20 minutes.

Figure C. 21 -C. 3

 213 Figure C.21 -Evolution of D 2 O 1 H NMR spectra of MtOH syrup with SHP between 3.2 and 6 ppm after (a) 6 minute, (b) 8 minutes, (c) 12 minutes, (d) 15 minutes and (e) 20 minutes at 215 °C. A reminder of the maltitol structure and assignments is available in Figure C.14. On these spectra, "2 bis " signal is assigned to the second anomeric peak of maltotriitol (see structure in Figure C.15), which is the second main compound of maltitol syrup.

  (no SHP) and C.24 (with SHP).

Figure C. 23 -

 23 Figure C.23 -Thermograms of CA degradation under isothermal heating during 20 minutes at different temperatures: 185 °C, 200 °C and 215 °C.

Figure C. 24 -

 24 Figure C.24 -Thermograms of CA/SHP blend degradation under isothermal heating during 20 minutes at different temperatures: 185 °C, 200 °C and 215 °C.

Figure C. 25 -

 25 Figure C.25 -DMSO-d 6 13 C NMR spectra of CA/SHP degradation leftovers at 215°C, during (a) 0 minutes , (b) 2 minutes and (c) 6 minutes. Structures and assignments are available Table III.2 or Table C.5.

Figure C. 26 -

 26 Figure C.26 -Gas chromatogramms of CA (a to d) heated at 215 °C after: 8 (a), 12 (b), 16 (c), 20 (d) minutes. Gas chromatogramms of CA/SHP blend (e to f) heated at 215 °C after: 4 (e), 8 (f), 12 (g), 16 (h), 20 minutes (i). Assignment (see Figure III.22): peak (1) is assigned to acetone, peak (2) to citraconic anhydride (CTAa), peaks (3) and (4) are assigned to higher molecular weight molecules (pollutions), peak (5) to acetic acid and peak (6) to methylsuccinic anhydride (MSUa).

Figure C. 27 -

 27 Figure C.27 -On-line 3D FTIR spectra of citric acid degradation vapors production during a TGA ramp of 50 °C/min to 215 °C followed by a 20 minutes isotherm. Assignments are the following: (I) for H 2 O, (II) for CO 2 , (III) for carboxylic acids and (IV) for citraconic anhydride (CTAa).

Figure C. 28 -

 28 Figure C.28 -On-line 3D FTIR spectra of CA/SHP degradation vapors production during a TGA ramp of 50 °C/min to 215 °C followed by a 20 minutes isotherm. NB: here a zoom from 0 to 14 minutes (no losses after 14 minutes). Assignments are the following: (I) for H 2 O, (II) for CO 2 and (IV) for citraconic anhydride (CTAa).

Figure C. 29 -

 29 Figure C.29 -TGA-IR Beer-Lambert calibration of CO 2 with ammonium bicarbonate for two typical bands interpolated volumes.

Figure C. 30 -

 30 Figure C.30 -TGA-IR Beer-Lambert calibration of H 2 O with ammonium bicarbonate for 3500-4000 cm -1 typical band interpolated volumes.

  Figure IV.2 and Figure D.41). By this way, CA/mPEG-OH esterification reactions were carried out (expected structures are presented Figure D.31 at 185 and 215 °C during several durations and analyzed as described in Appendice section F.2. A first NMR identification was performed: CA clusters were assigned as shown in Figure D.32 and several unknown peaks were oberved. Moreover, when adding SHP, a change of behavior of the reaction has been observed thanks to SEC results as shown in Figure D.33 leading to suspicions regarding PEG stability.

Figure D. 31 -

 31 Figure D.31 -Expected functionalization of α-methoxy-ω-hydroxy poly(ethylene glycol) by citric aid with a functional stoichiometric ratio.

Figure D. 32 -

 32 Figure D.32 -13 C NMR first carbonyls assignment of CA-PEG experiments. Spectra are related to experiment 215 PEG CA SHP, 0 min (a), 4 min (b), 10 min (c), 20 min (d).

Figure D. 33 -

 33 Figure D.33 -SEC traces in THF of CA-PEG experiments: (a) 185 PEG CA (b) 215 PEG CA, (c) 185 PEG CA SHP and (d) 215 PEG CA SHP. Time-depending traces aresuperimposed and compared to one reference trace of neat PEG (called "PEG" in red) and the baseline (dark blue line). In the first row (without SHP), PEG main chain distribution stays globally stable according to the shape of the trace. Moreover, a shoulder appears and increases with time for both temperatures: this has been identified as di-and/or triester of CA/mPEG-OH which are supposed to have a higher hydrodynamic volume. In the second row (with SHP), however the distribution shifts to lower mass and the phenomenon accentuates with time: this is the mark of a PEG chain degradation in addition to the absence of shoulder (which might be explained by a localized degradation of PEG near CA-ester end leading to small molecules which cannot be identified by SEC).

  in 1997 as shown in Figure D.34.

Figure D. 34 -

 34 Figure D.34 -Mechanism proposal for PEG thermo-oxidation according to Han et al.[START_REF] Han | Thermal/oxidative degradation and stabilization of polyethylene glycol[END_REF] ; thermo-oxidation involves formation of α-hydroperoxyde and radicals while resulting aldehyde can also further oxide and form corresponding carboxylic acid.

Figure D. 35 -

 35 Figure D.35 -Final NMR assignment & molar content estimation for PEG validation experiments (215 PEG and 215 PEG SHP). All these peaks are observed for CA/mPEG-OH experiment confirming the degradation of PEG: they also appear as clusters (e.g. ε'' cluster (162-163 ppm) match with the "unknown peaks" of Figure D.32 peaks). Quantitatively, PEG-COO-PEG ester is always major component (approximately 20mol%) and PEG-aldehyde and PEG-carboxylic acid contents are always below 5mol% as they are considered as intermediate products of reaction. Assignments symbols are only valid in this section.

Figure D. 36 -

 36 Figure D.36 -SEC THF traces of PEG validation tests at 215 °C during 20 minutes: 215 PEG and 215 PEG SHP. Traces are compared to one reference trace of neat PEG (called "PEG" in red) and the baseline (dark blue line). PEG chains distribution is much wider (mainly more lower-size chains) after curing with or without SHP.

  Figure D.40. Moreover, low amounts of ITA and its esters are observed in CTA esterification products testifying of an izomerization of CTA into ITA.

Figure D. 37 - 1 H

 371 Figure D.37 -1 H NMR spectra after esterification and condensation reactions of PDO with itaconic acid (ITA) compared to PDO spectrum.

Figure D. 38 - 1 H

 381 Figure D.38 -1 H NMR spectra after esterification reactions of PDO with trans-aconitic acid (ACO) compared to spectrum of PDO. The material was insoluble after condensation (HFiP, DMSO) proving that a gel is formed by crosslinking of ACO.

Figure D. 39

 39 Figure D.39 -1 H NMR spectra after esterification and condensation reactions of PDO with methylsuccinic acid (MSU) compared to PDO spectrum.

Figure D. 40 - 1 H

 401 Figure D.40 -1 H NMR spectra after esterification and condensation reactions of PDO with citraconic acid (CTA) compared to PDO spectrum. ε' peaks are merging with a low intense peak which should be assigned to an ITA ester: indeed in the unsaturated protons region, one can observe traces of ITA and esterified ITA. This can lead to an overestimation of ε' 1 (impacting the verification and quantitative calculi).

Figure D. 41 -D. 5

 415 Figure D.41 -Reaction of CA with butanol via esterification according to Noordover et al. 137 . Carbonyl numbers are those corresponding to Figure IV.2.

Figure D. 43 -D. 5 . 2

 4352 Figure D.43 -HSQC (a) & HMBC (b) NMR spectra in DMSO_d 6 of CA_PDO_0.5_SHP experiments (y = 0.5, 215 °C, 20minutes).

Figure D. 47 -

 47 Figure D.47 -1 H (up) & 31 P (down) NMR spectra of MtOH/SHP (185 °C; 10 min) reaction product. Coupled spectra are plotted in red, decoupled in blue.

Figure D. 48 -

 48 Figure D.48 -1 H (up) & 31 P (down) NMR spectra of MtOH/SHP (215 °C; 10 min) reaction product. Coupled spectra are plotted in red, decoupled in blue.

Figure D. 49 -Figure D. 50 -D. 6 . 5

 495065 Figure D.49 -1 H (up) & 31 P (down) NMR spectra of MtOH/SHP (215 °C; 20 min) reaction product. Coupled spectra are plotted in red, decoupled in blue.

Figure D. 52 -D. 6 . 6

 5266 Figure D.52 -HMBC NMR spectra of MAc/SHP 215 °C reaction product: zooms on interesting spectral regions.

Figure D. 54 -

 54 Figure D.54 -31 P NMR spectra of SU/SHP 185 °C reaction product. Coupled spectra are plotted in red, decoupled in blue.

Figure D. 55 -

 55 Figure D.55 -13 C NMR spectra of SU/SHP 215 °C reaction product. Identifications have been allowed thanks to HSQC and HMBC analyses.

Figure D. 56 -Figure D. 57 -D. 6 . 7

 565767 Figure D.56 -HSQC NMR spectra of SU/SHP 215 °C reaction product.

Figure D. 59 -

 59 Figure D.59 -1 H (up) & 31 P (down) NMR spectra of CA/SHP (215 °C; 3 min) reaction product. Coupled spectra are plotted in red, decoupled in blue.

Figure D. 60 -

 60 Figure D.60 -1 H (up) & 31 P (down) NMR spectra of CA/SHP (215 °C; 5 min) reaction product. Coupled spectra are plotted in red, decoupled in blue.

E. 2

 2 Figure E.63 -1 H NMR spectra of soluble (D 2 O) part of GB4_SHP_0 foams during polymerization. The gel forms between 12 and 15 minutes. IV and IV' correspond to CA and its esters respectively.

Figure E. 64 -FF. 1 . 1 DefinitionsFigure F. 65 -

 641165 Figure E.64 -Coupled & uncoupled 1 H (up) & 31 P (down) NMR spectra in H 2 O of leached GB4 GR32 glasswool (Long curing time).
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  Figure F.66 -Bounds of volume under interpolated surface.

Figure F. 68 -

 68 Figure F.68 -Possible configurations of yellow tetrahedron.
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Table I .

 I 1 -Exact formulation of GB4. Bold values are the weight parts which are used in the plants. This formulation is in aqueous solution before spraying.

	Chemical	Molar mass (g.mol -1 )	Weight content (wt%)	Mole content (mol%)
	Maltitol (MtOH) 344.3	45.7 (48)	30
	Citric acid (CA) 192.1	49.5 (52)	58
	SHP	87.98	4.8 (5)	12

Table I .

 I 

	Molecule	Citric acid	Maltitol	SHP
	Chemical formula C Aspect White transparent crystals	White powder (crystals)	Transparent crystals
	Melting point (±5 °C)	155 °C	145 °C	90	°C
	pKa	3.1 (b), 4.8 (a), 6.4 (c), 14 (d)	12.8	1.2

2 -Some properties about raw materials used in GB4 resin found in literature

[START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF][START_REF] Verhoff | Citric Acid. Ullmann's Encyclopedia of Industrial Chemistry[END_REF][START_REF]Citric Acid[END_REF][START_REF] O'donnell | Sweetener and Sugar Alternatives in Food Technology[END_REF] 

. 6 H 8 O 7 C 12 H 24 O 11 NaH 2 PO 2 Chemical structure Molecular weight 192 g.mol -1 344 g.mol -1 88 g.mol -1

Table I .

 I 3 -Functionality of GB4 monomers.

Table I .

 I 4 -Most important thermosets made historically from petrochemical feedstock. Inspired from Shen et al.[START_REF] Shen | Product overview and market projection of emerging bio-based plastics[END_REF] .

	Abbreviation Full name of thermoset	Monomer 1	Monomer 2
	PF	Phenol formaldehyde resin	Phenol	Formaldehyde
	UF	Urea formaldehyde resin	Urea	Formaldehyde
	MF	Melamine formaldehyde resin Melamine	Formaldehyde
	UP	Unsaturated polyester	Unsaturated diacid	Diol
	EP	Epoxy resin	Bisphenol	Epichlorhydrin
	PI	Polyimides	Aromatic dianhydride Diamine
		57		

Table I .5 -Existing

 I technologies using citric acid as a cellulose crosslinker.

	Year ref			1967 116							1988 117					1996 25		1997 120			2013 26					2015 119				2010 121	2011 33	2014 122
	Other measured properties	Strength and elongation at break	Tearing strength	Stoll flex abrasion resistance	Dry and wet wrinkle recovery angles	Wash-wear rating	Strength and elongation at break	Tearing strength	Stoll flex abrasion resistance	Dry and wet wrinkle recovery angles	Durable press smoothness rating		-		Whiteness index	Dry crease recovery angle	Wrinkle Recovery Angle (WRA)	Tear strength and retention	Press finishing	Whiteness index	Thermal stability (TGA)	Wrinkle Recovery Angle	Tear strength and retention	Press finishing	Resistance to washing	Whiteness index	Fleece 45°flammability	Laundering cycle resistance	Whiteness index	Surface morphology by SEM	Wrinkle recovery angles	Tensile strength	Whiteness index	Bacteria growth tests	Compression strength testing on linerboards	Mechanical tests before & after humidity	cycles on final product
	Structural characterizations		Unesterified carboxyl groups titration	Total ester content titration					Unesterified carboxyl groups titration	Total ester content titration			FTIR spectroscopy:	NaOH treatment	to identify COOH/COOR	HPLC of the water extracted treatments		13 C NMR spectroscopy	on model reactions		LC-MS	HPLC	Conductometric titration of free COOH	Determination of CA crosslinks	Phosphorous content by element analysis	FTIR spectroscopy:	NaOH treatment	to identify COOH/COOR	-	Determination of acids structure	by extraction & HPLC	FTIR study of final product
	Interesting features			Study of crosslinking					CA used as additive	with tetracarboxylic acid	& several catalysts		Use of several	multifunctional carboxylic acids	Kinetics study		Ehancement of whiteness	& wrinkle recovery	with glycerol as chain extenders				Study of crosslinking			Flame retardant finishing	of cotton fleece	Efficient antibacterial agent	for medical textiles	Improved high-humidity	performances
	Reactants	(+ catalyst)		Various	polycarboxylic acids			Various	polycarboxylic acids	(+ SHP & various catalysts)	Softener	Various	polycarboxylic	acids	Pyromellitic acid,	BTCA (+ SHP)		Glycerol	(+ SHP)				(+ SHP)			Succinic acid	Malic acid	BTCA (+ SHP)	(+ SHP)	CA	(+ SHP)
	Oven curing	{t (min);T (°C)}			{10;160}							{1.30;160-180}					{2;110-210}		{0-1.40;90-180}			{1-10;150-180}					{5;160-200}				{4;170}	{0.9;180}	or microwave	[20;900 W]	{5;190}
	Topic					Durable	press	finishing																									Flame	retardant	finishing	Antibacterial	properties	High-humidity	resistance for	linerboard paper

Table I .6 -Existing reported

 I studies using citric acid as a monomer for polyesterification.

	Year Ref		1988 139				2004 27					2006 138					2006 140				2009 141					2014 142	2004 135	2015 87	2006 136
	Other measurements	DSC,	Drug incorporation & release,	Bacterial & fungal degradation			DSC,	Tensile tests	Water-in-air contact angle	In vitro degradation	Tissue engineering typical tests				DSC,	Mechanical tests,	Hydrolytic biodegradation	Tensile tests, SEM,	TGA, DSC, XPS	Hydrolytic degradation	TGA, DSC	Hydrophilic test	Mechanical test	Density, DSC, Tensile tests	Thermomechanical analysis	Dynamic mechanical analysis	Enzymatic degradation	Rheological & mechanical tests	TGA, DSC	Chemical resistance tests,	Biodegradation	Blood compatibility tests	Water Solubility Index	Ca 2+ titration	NaOH titration for acid content
	Structural characterizations	FTIR spectroscopy,	Swelling tests			GPC,	FTIR & 1 H NMR spectroscopy									GPC,	FTIR, 1 H NMR	& 13 C NMR spectroscopy,	Photo-acoustic FTIR	& 1 H NMR spectroscopy,	MALDI ToF-MS,	Swelling tests			FTIR & 1 H NMR spectroscopy	FTIR spectroscopy	(+ extent of reaction),	Wide-angle X-ray diffraction	FTIR & UV-visible spectroscopy,	Acid value by titration,	Hydroxyl value by titration,	Swelling tests	GPC,	FTIR & 13 C NMR spectroscopy
	Interesting features	Demonstration of a potential	use as biomaterial		Non porous/porous tubes	& sponge scaffold production	Copolymers with MDEA which:	Improves mechanical	& degradation properties	Decreases chain mobility	Lowers thermal stability		Excellent degrability behavior			Copolymers with	tunable properties	Higher content of 1,2-PDO:	Increases soluble content,	swelling degree & hydrophilicity	Decreases tensile strength,	degradation temperature,	crosslinking density & flexibility	Biodegradation with high	enzymatic degradability	Green synthesis,	Postfunctionalization with	poly(amido amine)	& hyperbranched epoxy modifiers	High water absorption index,	Ca 2+ sequestering ability,	solvent free synthesis
	Process steps {t ; T (°C)} Monomers (+ catalyst)	Nitrogen {16 h;170} Glycerol (p-toluene sulfonic acid)	Hexanediol, octanediol,	Nitrogen {0.5 h; 140} Decanediol, dodecanediol	+ Vacuum Poly(ethylene oxides)	{1-14 days; 60-120} Hexanediol, octanediol,	Decanediol, dodecanediol	N-methyldiethanolamine	(MDEA)	Nitrogen {7 h;140}	+ Nitrogen Poly(ethylene glycol)	{15-36 h;120}			Nitrogen {1 h;140-145} Octanediol, Sebacic acid			Nitrogen {0.5 h; 140} 1,2-propanediol (1,2-PDO), + Vacuum Octanediol {1-3 days; 80-120}	Nitrogen {3 h;165} Gluconolactone {4.5 h;140}	Poly(ethylene glycol)	Nitrogen {1 h;140} Glycerol	{4.5 h;140} 2,2-bis(hydroxyl methyl)	propionic acid (MPA)	vaccum oven D-sorbitol {2-4 h;110-150}	Nitrogen Succinic acid, isosorbide, isoidide, isomannide {0-6 h;160-170} 1,4-butanediol, 1-butanol + vacuum {3 h;170} (+ Ti(BuO)
	Application field					Drug delivery &	tissue engineering																							Enzymatic	degradation	Biomaterial	anti-corrosive	coatings	Absorbers	thickeners	coatings	Polyester	coatings

Table II .

 II 1 -Summary of parameters, variables and calculus intermediates in the general case of Macosko-Miller method.

	Symbol Name / Meaning	Formula [unit]

Table II . 2 -

 II2 Reminder of the exact formulation of GB4. Bold values are the weight parts which are used in the plants.

	Chemical	Molar mass (g.mol -1 )	Weight content (wt%)	Mole content (mol%)
	Maltitol (MtOH) 344.3	45.7 (48)	30
	Citric acid (CA) 192.1	49.5 (52)	58
	SHP	87.98	4.8 (5)	12

Table II .

 II 3 -Polymerization degree distribution, corresponding calculated functionality, molar mass and dry weight contents for a maltitol syrups: "Maltilite 5575" (specification: should contain 55wt% of maltitol among the 75wt% dry content). Italic values are average values of the DP range.

	DP	n	Functionality	Molar Mass (g.mol -1 )	5575 (wt%)
	DP0 (Sorbitol)	1	6	182	4.8
	DP1 (Glucose)	1	5	180	0
	DP2 (maltitol)	2	9	344	59.6
	DP3 (maltotritol) 3	12	506	18.6
	DP4	4	15	668	2.2
	DP5	5	18	830	3.2
	DP6	6	21	992	2.4
	DP7	7	24	1154	1.0
	DP8	8	27	1316	0.8
	DP9	9	30	1478	0.4
	DP9-30	9-30	62	3179	3.6
	DP30-50	30-50	123	6500	1.4
	DP50-60	50-60	168	8930	0.4
	DP60-125	60-125	281	15005	1.2
	DP125-300	125-300	641	34445	0.4
	DP300-600	300-600	1353	72920	0
	DP600-1250	600-1250	2778	149870	0
	>DP1250	>1250	-	-	0

Table II .

 II 4 -A brief summary of results concerning theoretical approach for gel point in the case of different maltitol species.

	Maltitol type	Maltilite 5575	Crystalline	
	f e (OH functionality)		18.3			9	
	g e (COOH functionality) 3	2	1.7 3	2	1.7
	r (COOH/OH)	0.60 0.40 0.34 0.64 0.43 0.37
	p gelCOOH (mol%)	22	38	49	31	54	70
		92					

Table II .

 II 5 -Evolution of 3 days solubility of GB4 resin after different curing durations in different solvents.

	Solvent Time of polymerization (min) Unsoluble fraction (wt%) Solubility
	Acetone	5 15	94 91	insoluble insoluble
	Water	5 15	0 85	fully soluble partially soluble
	Ethanol	5 15	97 96	insoluble insoluble

Table II .

 II 6 -Recording of ATR FTIR spectroscopic vibration band wavenumber ν C=O and their corresponding absorbances (I C=O ) for different formulations of GB4. Bold values are those were gel point is not reached yet. NB: Concerning GB4_SHP_12, the point at 9 minutes shows a gel fraction close to zero.

	Resin	Polymerization time Cured Resin: peak (V)
	GB4_SHP_mol%	minutes	ν C=O (cm -1 )
		7	1709
		15	1719
	GB4_SHP_0	8 10	1710 1709
		12	1717
		20	1724
		7	1710
		10	1719
	GB4_SHP_1	12	1716
		17	1719
		20	1717
		9	1713
	GB4_SHP_12	12 17	1718 1718
		20	1720

  Table C.3 and Table C.4 and figure Table C.5 in Appendices, from p.302) b . Finally, it has been possible to evaluate relative molar contents of CA and its degradation derivatives by integration of the 1 H typical signals of different previously identified species and basic comparative calculations 187,188 . Resulting 1 H and 13 C NMR spectra are presented in Figure III.16 and Figure III.17, respective structure assignments are presented in TableIII.2. Weight loss was also followed during this experiment and results were in the same order of magnitude than TGA results.

  : NMR integrals and calculations are summarized in Table C.7 (p.306), summary of results is presented Figure III.21a.

Table III . 2 -

 III2 Structure assignment of citric acid and identified CA deriviatives: corresponding chemical shifts are presented in Table C.3 to Table C.5, in Appendices (from p.302).

  : NMR integrals and calculations are summarized in Table C.7, Table C.6 in Appendice C.3.5 (p.306); summary of results is presented hereafter in

  ) to its corresponding H 2 O or CO 2 exact amount. Results for both calivrations are the following: • Resulting CO 2 calibrations curves at two different wavenumbers (2320 and 669 cm -1 ) are shown in Figure C.29 (Appendices, p.309). For this molecule, two bands volumes have been calculated in order to validate the calculus method and Beer-Lambert linearity for two volume orders of magnitude (0 to 3000 cm -1 .s.A and 4000 to 20000 cm -1 .s.A). Results for CO 2 are really positive since both peaks calibration show linearity with pretty good R 2 of 0.95. These first results validated the method.

• However H 2 O calibration (Figure C.30, Appendices, p.309) was much more complicated since water escaping from ammonium bicarbonate and from liquid pure water show completely different values and a high level of outliers values.

Table III . 3 -

 III3 Gas quantifications by TGA-IR FTIR 3D spectra treatment for citric acid and CA/SHP blend. Only CO 2 2320 cm -1 band (bold value) is diplayed in this table.

Table IV .

 IV 1 -Table of OH conversions for different CA-diol samples synthesized by Noordover et al. 137 .

	Diol used with CA	OH Conversion (mol%) endo exo Total
	Isosorbide	73	81	77
	Isoidide		84	84
	Isomannide	72		72
	1,4-Butanediol			91
		167		

Table IV .

 IV 2 summarizes the 6 different experiments run at (215 °C; 20min): there are in fact three different stoichiometric cases, each time divided in two parts, with SHP and without SHP:

	Table IV.2 -Summary of stoichiometric cases for citric acid (CA)-co-1.3-propanediol
	(PDO) reactions study with or without SHP at 215 °C during 20 minutes. These values
	have been calculated by using stoichiometric ratio as input data in Table B.1 (worksheet
	developed from Equation 2.12 in Chapter II), p.290, Appendices.
		Stoichiometric	Theoretical
	Approach	functional ratio	gel conversion
		y (COOH/OH)	x c th (%)
	Limit case 1 (y)	1	70
	GB4-like case (y)	0.65	87
	Limit case 2 (x c th )	0.5	100
	• The first case is the initial functional stoichiometric ratio, y equal to 1 meaning that
	there is 1 COOH function for 1 OH function initially b . Ideally, all COOH and OH
	functions can react together even if it is not likely. According to the calculation
	worksheet developed previously c , the gel point should be reached for reasonable
	COOH conversion at 70%.		

b CA hydroxyl function is not taken in account here. c Worksheet developed from Equation

2

.12 in Chapter II.

Table IV .

 IV 3 -Relative probabilities of existence for esterification of CA in a general case.

	Number Simplified structure Description	Probability of existence
	I	E-E-E	Triester	p 1 .p 2 .p 4
	II	E-E-A	Central diester 1	p

1 .p 2 .(1 -p 4

Table IV .

 IV 4 -Relative probabilities of existence for esterification of CA in the case of lateral acids equivalent reactivity. This table is related to Figure IV.5.

Table IV . 6

 IV6 

-Noordover et al. 

  .8: from these x and z values (Table IV.8), the "Hypothesis 1" (see Section 2.3.3) and "Hypothesis 1&2" (see Section 2.3.5) distributions have been calculated (see Table D.8, in Appendice D.2, p.316) and plotted in Figure IV.8.

Table IV .

 IV 7 -Indices input calculated and taken from Noordover et al.[START_REF] Noordover | Enhancing the functionality of biobased polyester coating resins through modification with citric acid[END_REF] : probabilistic model numerical application.

	Calculated indices input for the probabilistic model
	Central esters among esters z	21%
	COOH conversion	x	68%
	Calculated branch probabilities of the model
	Central acid reactivity c		14%
	Lateral acids reactivity l (or r)	39%
	According to both hypothetical cases (see Figure IV.8), mainly unreacted CA (A-A-
	A, 32%) is obtained at 135 °C during 8 h of reaction. All CA-monoesters are also well
	represented		

Table

IV

.

8 

-Calculated branch probabilities from Noordover et al.

[START_REF] Noordover | Enhancing the functionality of biobased polyester coating resins through modification with citric acid[END_REF] 

: from Noordover et al.

[START_REF] Noordover | Enhancing the functionality of biobased polyester coating resins through modification with citric acid[END_REF] 

: probabilistic model numerical application (hypothesis 1).

Table IV .

 IV 9 -Summary of experiments for citric acid (CA)/1.3-propanediol (PDO) reactions study with or without SHP at 215 °C during 20 minutes. y = 0.65 series correspond to GB4 formulation y ratio. CA:SHP molar ratio is 1:0.21 as in GB4 formulation.

		Stoichiometric	Theoretical
	Sample name	functional ratio	gel conversion
		y (COOH/OH)	x c th (%)
	CA_PDO_1	1	70
	CA_PDO_1_SHP	1	70
	CA_PDO_0.65	0.65	87
	CA_PDO_0.65_SHP	0.65	87
	CA_PDO_0.5	0.5	100
	CA_PDO_0.5_SHP	0.5	100

Table IV .

 IV 10 -Summary of final indices of soluble part for reactions of PDO-CA systems. CA_PDO_0.65_SHP experiment correspond to the GB4 initial functional ratio, y.

	Sample code CA_PDO	OH ester conversion (ε) w (mol%)	PDO monoester content u (mol%)	COOH ester conversion x (mol%)	CA central ester content z (mol%)
	_1	83%	33%	58%	64%
	_1_SHP	74%	53%	152%	67%
	_0.65	32%	71%	65%	67%
	_0.65_SHP	63%	63%	134%	65%
	_0.5	54%	78%	83%	70%
	_0.5_SHP	54%	70%	137%	60%

  .16 and Table D.17, p.333) which have been performed in the same analytical conditions. Examples of some typical shifts and coupling constants for several oxacids and derivatives are available in Figures D.44, D.45 and D.46 in Appendice D.6 (p.331) as a guide for structures and related nomenclature.

  P from 1 H (Figure IV.19). It is to be noted that even if 31 P coupled 1 H NMR signals are not intense, 1 H signals are still 208
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Table . 1

 . -GB4 monomers important data.

	Monomer name	Physical state	Molar mass (g.mol -1 ) Dry Content (wt%)
	Citric acid	Crystals	192,1	98
	Maltitol	Crystals/Powder	344,3	99
	Sodium hypophosphite	Crystals	87,98	

Table . 2

 . -Summary of GB4 formulations for Gel Point study with a variation of SHP content from 0 to 12%, GB4_SHP_12 matching with GB4 resin formulation.

	Series name	molar content (mol%)	Conditions of polymerization
	-	MtOH CA	SHP	(Temperature ; time)
	GB4_SHP_0	34	66	-	(215 °C; 4, 5, 6, 7, 8, 10, 12, 15, 20 min)
	GB4_SHP_1	34	65	1	(215 °C; 4, 5, 6, 7, 8, 10, 12, 15, 20 min)
	GB4_SHP_12	30	58	12	(215 °C; 4, 5, 6, 7, 9, 10, 12, 15, 17, 20 min)

Table . 4

 . -Analytical and instrumental specifications for XPS experiments. (see Table.2) . has been analyzed in this study. SHP was used as reference.

	Criteria	Specification
	Spectrometer	PHI Quantera SXM with monochromatized AlKα X-RAY
	Depth of analysis	Lower than 10 nm (average 3nm)
	Spot Diameter	200µm
	Detection limits	from 0.1% to 0.5%
	Quantitative analysis:	Precision 2 to 5% (depends on the concentration) Accuracy 10 to 20%
	GB4 foam called "GB_SHP_12" (20mol%SHP) cured in oven in following conditions
	(215 °C; 20 minutes)	

Table . 7

 . -FTIR experimental set-up for TGA-IR.

	Parameter	Value
	Spectrum acquisition frequency	1/41.28 spectrum/s
	Scan number	32
	Resolution	4 cm -1
	Analysis duration	34 (24+10) minutes
	Type of trigger	External automatic TGA trigger
	T IRcell	220	°C
	T transf ertline	220	°C

Table . 8

 . -TGA-IR: algorithmic volume calculus parameters.

	Calucus parameter	Value
	CO 2 focusing value 1 | interval 1	2320 | 150 cm -1
	CO 2 focusing value 2 | interval 2	669 | 12 cm -1
	H 2 O focusing value | intervalle	3800 | 1000 cm -1
	Number of inserted points for 2D interpolation	6|6

Table . 9

 . -Summary of formulations for citric acid (CA)/1.3-propanediol (PDO) reactions study with or without SHP.

	Sample name 'CA_PDO...'	Molar content (mol%) CA PDO SHP	Stoichiometric functional ratio r c	Theoretical gel conversion x c th (%)	(T; t) (°C; min)
	_1 _1_SHP	40 37	60 55	-8	1	70	(215; 20)
	_0.65 _0.65_SHP	30 28	70 66	-6	0.65	87	(215; 20)
	_0.5 _0.5_SHP	25 24	75 71	-5	0.5	100	(215; 20)

Table . 11

 . -Summary of GB4 leaching experiments.

	Sample code	Description	Time of curing (s)
	GM_GB4_10		10
	GM_GB4_20		20
	GM_GB4_27		27
	GM_GB4_34	Glassmat coated with	34
	GM_GB4_41	GB4 formulation	41
	GM_GB4_48		48
	GM_GB4_62		62
	GM_GB4_120-1		120
	GM_GB4_120-2	Repeatability	120
	IBR	Glasswool sample with short curing time curing
	GR32	Glasswool sample with longer curing time curing

Table . 12

 . -Summary of GB4 formulations for TGA-IR study.

	Formulation	molar content (mol%) MtOH CA SHP
	GB4 aq	30	58	12
	GB4 dry	30	58	12
	GB4 dry _noSHP	34	66	-
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Table B .

 B 1 -Example of a worksheet to calculate GB4 gel point conversion in the case of an excess of OH function (conversion in default functions, i.e. COOH). Citric acid is referred as A f i (with f standing for COOH functions) and crystalline MtOH as B g j (with g standing for OH functions). In this specific case i is useless since the formulation only contains crystalline MtOH and CA (no functionality distribution).

	Description of the quantity or calculus intermediate	Symbol	Monomer MtOH CA	Total Unit
	Molecular weight	M Af i , M Bgj	344	192	-	g.mol -1
	Number i of f-type function in a A f i monomer	f (COOH) = f i	-	3	3	-
	Number j of f-type function in a B g j monomer	f (OH) = g j	7	-	7	-
	Weight in the formulation of 100 g	w i , w j	48	52	100 g
	Number of f i or g j functional A-or B-type monomers	A f i , B g j	0.14	0.27 0.41 mol
	Total number of f (COOH) functions f i .A f i	-	0.81 0.77 mol
	Total number of g (OH) functions	g j .B g j	1.26	-	0.81 mol
	Functional stoichiometric ratio	r	-	-	0.94 -
	Molar average COOH functionality	f e	-	-	3.0	-
	Molar average OH functionality	g e	-	-	7.0	-
	Gel point conversion (in default function)	p gelCOOH	-	-	31% -
		290				

Table C .

 C 3 -Assignment table from reference 1 H and 13 C NMR spectra ( 13 C and 1 H signals are here correlated thanks to HSQC analyses by observing typical 1 J C-H coupling). Corresponding structures are presented Table

Table C .

 C 1 H NMR shift (ppm) Assignment 4 -Assignment table from reference 1 H and 13 C NMR spectra ( 13 C and 1 H signals are here correlated thanks to HSQC analyses by observing typical 1 J C-H coupling). Corresponding structures are presented Table C.5.

	Reference (ID)	13 C NMR shift (ppm) 1 H NMR shift (ppm) Assignment
		172.41	-	a
	Citric acid (CA) Itaconic acid (ITA)	174.42 167.86 171.12 135.67 72.25 42.62 127.84 37.7	-----2.70 (dd) 6.14 5.72 3.23	b I c II III d e IV f
	Cis-aconitic acid (csACO) Itaconic anhydride (ITAa)	170.89 167.27 166.68 166.67 164.87 136.22 149.32 128.28 38.56 129.62 37.9	-------6.24 3.26 6.13 5.72 3.22	1 a' 2 b' 3 c' 4 5 d' e' 6 f'
	Cis-aconitic anhydride (csACOa) Citraconic acid (CTA)	171.5 167.83 170.38 167.02 140.71 129.26 166.04 145.38 120.34 33.2 20.01	12.28 -12.54 --6.73 --5.84 3.74 1.96	1' A 2' 3' 4' B C D 5' 6' E
	Trans-aconitic acid (trACO) Citraconic anhydride (CTAa)	170.9 166.76 167.2 166.4 140.15 164.93 149.44 129.71 128.66 11.07	12.65 ------7.07 6.72 2.11	A' 1" 2" 3" B' C' D' 4" 5" E'
		33.6 176.32	3.72 -	6" Γ
	Methylsuccinic acid (MSU)	172.9 37.09 35.08	-2.30 2.65	Π Θ Σ
		16.74	1.10	Ω

Table C .

 C 5 -Structure of citric acid and its derivatives references: numbers match with NMR assignments presented in Table C.5 and Table C.3.

Table D .

 D 9 -NMR assignments for CA degradation products model reactions with PDO: ITA (itaconic acid), CTA (citraconic acid), ACO (aconitic acid), MSU (methylsuccinic acid).

				1 H NMR
	Shift ID molecule	Chemical group	Shift m
				ppm	-
	µ	PDO	CentralCH 2	1.57	p
	ε	PDO	Lateral CH 2	3.46	t
	ω	PDO	OH	∼4.29 s
	µ'	PDO-Acid	Central CH 2	1.7	m
	µ"	PDO-Acid		1.86	m
	ε' p	PDO-ITA	Lateral CH 2	4.07	m
	ε' u	PDO-ITA		4.14	m
	ε' 1	PDO-CTA		4.1	m
	ε' 2	PDO-CTA		4.17	m
	ε' p	PDO-ACO		4.08	m
	ε' u	PDO-ACO		4.21	m
	ε' p/s	PDO-MSU		4.06	m
	d	ITA	=CH 2	6.15	s
	d e	ITA-PDO		6.22	m
	e	ITA	=CH 2	5.76	s
	e e	ITA-PDO		5.83	s
	f	ITA	CH 2	3.31	m
	f e	ITA-PDO		3.37	s
	D	CTA	=CH	5.93	m
	D e	CTA-PDO		6.05	m
	E	CTA	CH 3	1.97	s
	E e	CTA-PDO		1.99	s
	5"	trACO	=CH	6.76	s
	5" e1	trACO-PDO		6.79	m
	5" e2	trACO-PDO		6.81	m
	6"	trACO	CH 2	3.73	s
	6" e1	trACO-PDO		3.77	s
	6" e2	trACO-PDO		3.79	s
	6" e3	trACO-PDO		3.84	s
	Ω	MSU	CH 3	1.1	d
	Ω e1	MSU-PDO		1.11	d
	Ω e2	MSU-PDO		1.12	d
	Θ	MSU	CH 2	2.4	dd
	Θ ei	MSU-PDO		2.58	dd
	Σ	MSU	CH	2.7	m
	Σ ei	MSU-PDO		2.79	m

Table D .

 D .10 and Table D.11. Concerning verifications, Equation2.19 was used and assignments could be all validated except for ACO because of µ unexplained signal shape and also over-estimation of ε due to water peak mergeing (seeFigure D.38). 10 -Summary of 1 H NMR verification calculi in dCA-PDO reactions. Only ACO could not be verified because of peak mergeing and shape problems.

	Caclulus	Sample						
		ITAest ITAcond CTAest CTAcond ACOest MSUest MSUcond
	µ + 2µ	948	788	211	404	603	222	19
	ε	864	648	184	388	348	221	17
	Difference	9%	18%	13%	4%	43%	0.3%	9%
	i ε i	113	205	186	367	807	357	91
	µ + 2µ	115	206	160	369	518	358	93
	Difference	2%	1%	14%	1%	36%	0.2%	3%
	ε + i ε' i	208	284	397	770	1410	579	110
	2(µ + µ + µ ) 201	271	344	758	860	579	111
	Difference	3%	5%	13%	2%	39%	0.02%	0.5%

Table D .

 D 11 -Summary of 1 H NMR quantitative results. "I ary ester" value measures the relative amount of primary acid esters among all the esters of ITA. "Methyl ester" represents the relative amount of methylated-unsaturated-carbon-linked acid ester of CTA. "Methyl VS unsat ester

	Sample Code	PDO OH ester (w)	Monoester PDO (u)	I ary ester (z IT A )	Methyl ester (z CT A )	I ary ester (z ACO )
	ITA_est	54%	60%	68%	-	-
	ITA_cond	72%	42%	61%	-	-
	CTA_est	47%	73%	-	49%	-
	CTA_cond	48%	70%	-	58%	-
	ACO_est	57%	42%	-	-	39%
	MSU_est	62%	56%	-	-	-
	MSU_cond	82%	32%	-	-	-

Table D .

 D 12 -Reference 1 H NMR shifts, multiplicity and coupling constants of SHP and phosphorous acid in DMSO_d 6 (TMS).

	Shift ID Molecule	Chemical group	Shift Multiplicity J ppm -Hz
	α	SHP	P-H 2	7.04 d	460
	β	Phosphorous acid P-H	6.73 d	643
			325		

Table D .

 D 13 -Summary of interesting 1 H & 13 C NMR shifts, multiplicity (m) and coupling constants (J) in DMSO_d 6 NMR spectra (Figure IV.10) for CA-PDO reactions. Shifts referenced with a "∼" are assigned to mobile protons which might appear at different chemical shift depending on the spectrum.

	Shift ID	Molecule	Chemical group	13 C NMR Shift	1 H NMR Shift m J
				ppm	ppm	-	Hz
	µ	PDO	CH 2	35.7	1.57	p	6.4
	ε		CH 2	57.6	3.46	t	6.4
	ω		OH	-	∼4.29 s	-
	µ'	PDO monoester	CH 2	31.3	1.69	m -
	µ"	PDO diester	CH 2	27.2	1.86	m -
	ε'c	PDO-CA central ester CH 2	62.1	4.11	m -
	ε's	PDO-CA lateral ester CH 2	61.4	4.05	m -
	θ	PDO-ether	CH2	58.6	3.7	m -
	I	CA	central COOH 171	-	-	-
	II		lateral COOH 175	-	-	-
	III		tertiary C	72.4	-	-	-
	IV		CH 2	42.9	2.71	dd (15; 42)
	V		OH	-	∼4.48 s	-
	I'	CA esters	central COOR 172	-	-	-
	II'		lateral COOR 169	-	-	-
	III'		tertiary C	72.8	-	-	-
	IV'		CH 2	42.8	2.78	dd (15; 60)

Table D .

 D CA are the numbers of moles of PDO and CA respectively; n OR and n OH the numbers of OH converted into ester (OR) and OH left; n COOR and n COOH numbers of COOH-ester (COOR) and COOH functions of CA.One wants to find back the literal expression of x, the COOH ester conversion, as a function of NMR-measured indices. It is logically defined by:The equivalent ester conversion of COOH is the OH ester conversion, w, which can be transformed in the same way: OR .3.n CA n COOR .2.n P DO (D.9) , and considering that only esterification is measured with the identified NMR peaks, one can easily affirm that: 14 -Summary of 1 H NMR verification calculi in CA-PDO reactions. See definitions and chemical meaning in Equation 2.19, Section 2.4.3. The term 0.5θ has been added to values noted with a "*" in order to take ethers into account in the cases of SHP experiments.

	n CA n P DO n OR n OH + n OR n COOR n COOH + n COOR First, this expression can be easily transformed into: w = x = x = n COOR 3.n CA w = n OR n OH + n OR = n OR 2.n P DO When dividing Equation D.8 by Equation D.7, one can obtain the following expression: (D.6) (D.7) (D.8) w x = (D.10) Thanks to Equation D.5 and Equation D.10, Equation D.9 becomes then: w x = 3.n CA 2.n P DO = 3.v 2 (D.11) However, it is easy to find a relation between v and y: y = n COOH + n COOR n OH + n OR = 3.n CA 2.n P DO = 3.v 2 (D.12) , and finally the following relation between conversions is obtained: x = 2.w 3.v = w y (D.13) Verification calculus Sample code "CA_PDO_" 1 1_SHP 0.65 0.65_SHP 0.5 0.5_SHP µ + 2.µ 20.02 0.64 0.96 1.01 1.00 1.67 ε 33.01 0.59 1.00 1.00 1.00 1.67 Difference 49% 8% 4% 1% 0% 0% ε + ε 164.40 1.96 0.48 1.91 1.16 2.05 µ + 2.µ 166.36 1.94 0.52 1.87 1.20 1.85 Difference 1% 1% 8% 2% 3% 10% ε + ε + ε 197.41 2.66* 1.48 3.01* 2.16 3.81* 2.(µ + µ + µ ) 186.38 2.58 1.48 2.88 2.2 3.52 n n OR = n COOR Difference 6% 3% 0% 4% 2% 8%

y = n COOH + n COOR n OH + n OR (D.5)

, where n P DO and n

D.5.3 Quantitative 1 H NMR description of CA-PDO reactions

Table D .

 D 15 -Difference between theoretical, and measured functional molar ratio (COOH/OH) called y before and after CA-PDO reaction. Evolution of molecular ratio v (PDO/CA) before and after CA-PDO reaction. A logical overall increase of PDO content after reaction can be observed after 20 minute reaction except for CA_PDO_1 and CA_PDO_0.5 (in a lesser extent) because of the low intensities (CA_PDO_1) and interfering peaks in the IV CA peak region or a little loss of PDO (despite the presence of a condenser over the bulk). Ethers are taken into account in the cases of SHP experiments. Tables of measured 1 H,[START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] C & 31 P NMR shifts

	Sample code	Theoretical	Measured y	Measured v
	"CA_PDO_"	initial y	Initial Final Initial Final
	1 1_SHP	1	0.96 0.99	1.43 0.48	0.64 0.66	0.95 0.32
	0.65 0.65_SHP (GB4)	0.65	0.65 0.62	0.50 0.47	0.43 0.41	0.33 0.32
	0.5 0.5_SHP	0.5	0.51 0.51	0.65 0.39	0.34 0.34	0.43 0.26

Figure D.46 -Example of 31 P NMR shifts for oxacids derivatives: signal are shifted downfield by esterification signal and shifted downfield by alkylation. Data taken from Berger et al. 161 and Kühl 162 . D.6.2

Table D .

 D 16 -Summary of measured 1 H and[START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] C NMR shifts correlated together by HSQC and HMBC NMR for succinic and maleic acids references.

	Molecule name	1 H NMR		13 C NMR
		shift (ppm) multiplicity shift (ppm) multiplicity
	Succinic acid (SU) 2.67	s	31.7	s
		-	-	180	s
	Maleic acid (MAc) 6.44	s	134	s
		-	-	172	s

Table D .

 D 17 -Summary of measured 1 H and 31 P NMR shifts, multiplicities and coupling constants for several phosphorus reference molecules in H 2 O."(m)" stand for multiplicity of corresponding shifts: "s" stands for singulet, "d" for doublet, "t" for triplet, "dd" for doublet of doublet, "hept" for heptuplet.

	Reference name	Shift ID	1 H NMR			31 P NMR		
		shift (m) 1 J n J	shift (m) 1 J	n J	
		ppm -	Hz Hz	ppm -	Hz	Hz	
	Phosphoric acid	-	∼	s	-	-	0	s	-	-
	Phosphorous acid β	6.87 d	661 -	4.13 d	661 -
	SHP	α	7.02 d	518 -	7.13 t	518 -
	Dimethyl phosphinic acid	-	1.53 d	14.4 -	55.3 hept 14.3 -
	α-hydroxybenzyl phosphinic acid	-	6.84 dd 517 1.35 26.6 dd	517 8.83

Table D .

 D 18 -Summary of measured 1 H and 31 P NMR shifts, multiplicities and coupling constants in H 2 O for all experiments of SHP reactivity study in Section 3. "(m)" columns stand for multiplicity of corresponding shifts ("md" stands for "multiple doublets"). α stands for SHP shifts, β for phosphorous acid, δ for di-or polyphosphorous acid, γ Succinic-Phosphinic acid and λ for phosphorous acid alkyl either derivating from MtOH or PDO.

	Sample code Name	Shift ID	1 H NMR shift (m) 1 J	n J	31 P NMR shift (m)	J	n J
	"SHP_"		ppm -	Hz Hz	ppm -	Hz Hz
	MtOH_185-10	α	7	d	519 -	7.08 t	-
	MtOH_215-10	α	7.02 d	518 -	7.09 t	-
	MtOH_215-20	α	7.02 d	518 -	7.09 t	-
		λ	6.73 md 639 -	6.9	dt	weak
	MtOH_215-20_H	α	7.01 d	520 -	7.21 t	-
		β	6.8	d	629 -	2.62 d	-
		λ	6.74 md 641 ∼5 6.88 dm
	PDO_215-20_H	α	7.05 d	519 -	7.16 t	-
		λ	6.73 d	634 -	6.62 dt	8.26
	PDO_185-20_H	α	7.06 d	519 -	7.2	t	-
		λ	6.73 d	634 -	6.63 dt	8.16
		β	6.85 d	629 -	2.63 d	-
	MAc_185	β	6.81 d	620 -	2.66 d	-
		α	7.01 d	520 -	7.33 t	-
		γ	6.97 d	549 -	19.6 dm	-
		δ	-	-	-	-	-5.06 dm	8.14
	MAc_215	β	6.81 d	629 -	2.63 d	-
		α	7.01 d	519 -	7.21 t	-
		γ	7.01 d	545 -	19.6 dquint 15.7
		δ	6.91 dm 664 9.07 -5.08 dt	8.14
	SU_215	α	7.05 d	520 -	7.3	t	-
		γ	7.05 dt	545 19	19.6 dq	15.6
		β	6.85 d	630 -	2.62 d	-
	CA_215-1	α	7.06 d	526 -	7.99 t	-
		β	6.86 d	638 -	3.07 d	-
	CA_215-3	α	7.06 d	524 -	7.73 t	-
		β	6.86 d	635 -	2.93 d	-
	CA_215-5	β	6.85 d	634 -	2.86 d	-
		α	7.05 d	523 -	6.23 t	-

D.6.3 With MtOH

Table E .

 E 19 -Summary of 1 H & 31 P NMR assignments in H 2 O for GB4 leached glassmats. 'm' column stands for "multiplicity". α-signal of SHP and β-signal of phosphorous acid are both doublets (d) in 1 H NMR; doublet and triplet in 31 P NMR respectively.

	Sample		1 H NMR	31 P NMR
	code	Shift ID	Shift m 1 J	Shift m 1 J
	GM_GB4_t curing		ppm -Hz ppm -Hz
	GM_GB4_10	α	7.05 d 522 7.48 t
	GM_GB4_20	α	7.05 d 522 7.47 t
	GM_GB4_27	α	7.05 d 521 7.35 t
	GM_GB4_34	α	7.05 d 520 7.28 t
	GM_GB4_41	α	7.05 d 519 7.20 t
		β	6.81 d 629 2.65 d
	GM_GB4_48	α	7.05 d 519 7.12 t
		β	6.85 d 628 2.6	d
	GM_GB4_62	α	7.06 d 519 7.12 t
		β	6.85 d 628 2.6	d
	GM_GB4_120	α	7.06 d 518 7.08 --
		β	6.85 d 626 2.59 --

Table E .

 E 20 -Summary of 1 H & 31 P NMR assignments in H 2 O for GB4 leached glasswools. α-signal of SHP is a doublet (d) in 1 H NMR and a triplet in 31 P NMR. φ signal is not assigned precisely: it only has a similar chemical environment than phosphorous acid.

Table F .

 F SHP (SGR) and CA (SGR) were used as received. α-methoxy-ω-hydroxy poly(ethylene glycol) (mPEG-OH) was purchased from Iris Biotech GmbH and was stored in a desiccator at 4 °C (in the fridge). All experiments were performed with several samples from the same batch of mPEG-OH with properties showed in TableF.21. 21 -mPEG-OH designations and properties.

	F.2 mPEG-OH experimental section	
	F.2.1 Materials		
	Properties	mPEG-OH	
	Commercial name	 MeO-PEG-OH (2000 Da)	
	CAS number Appearance M p (g.mol -1 ) Ð	• • • 6 3 . . . . . . . . . 3 6 • • • 6 3 . . . . . . 2 3 • • • 3 1 9004-74-4    White to slightly yellowish powder   1823      1.03	(F.12)

Table F .

 F 23 -Summary of NMR sequences used in mPEG-OH-co-CA experiments.

	Sequence name	Scans d 1 (relaxation time) Description
	1 H-{ 13 C}	128	-	Proton decoupled carbon
				Quantitative carbon:
				-Decoupled proton
	13 C-{ 1 H}ig70_PE-6	4k	6s	-Special polymer VS monomer
				-NOE effect correction
				-Optimized relaxation time

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI114/these.pdf © [J. Clénet], [2018], INSA Lyon, tous droits réservés

b Glass transition temperature, or Tg, of the polymer, which is defined by a change of polymer chains mobility: it is usually a specificity of a polymer.

) Model reactions, Post-functionalization with epoxy-monomers SEC, FTIR, 1 H/ 13 C NMR spectroscopy, Acid value by titration, hydroxyl value by titration DSC, Solvent resistance, mechanical tests (impact), thickness of coatings 2007 137

b This doublet and this triplet will be both assigned as "α" for the rest of this thesis because of readability reasons.

c This molecule being commercially available, reference spectra have been recorded to confirm this assignment. Reference assignments are available in TableD.18 in Appendice D.6, p.334.

°C corresponds to the onset temperature of its first degradation in some conditions: so one can easily conclude that it has to be studied in GB4-like conditions. Furthermore, no study was reported on the influence of SHP on maltitol in any conditions.

b It is important to note that a blend of several acidic chemicals is susceptible to change the chemical shift of each molecules meaning that identification has been complicated on several points.

d A summary of usefull structures and names is presented TableIII.2.

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI114/these.pdf © [J. Clénet], [2018], INSA Lyon, tous droits réservés Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2018LYSEI114/these.pdf © [J. Clénet], [2018], INSA Lyon, tous droits réservés
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Reaction with succinic acid. Finally, another experiment was performed involving SHP and succinic acid at 215 °C, in order to confirm whether the violent reaction invloved the covalent bonding of an acid on the phosphorus atom. In the same way and for the same reasons than for maleic acid experiments, the reaction was stopped after 8 minutes. [START_REF]Climate Change 2013: Fifth Assessment Report[END_REF] H, [START_REF] Feng | Esterification of wood with citric acid: The catalytic effects of sodium hypophosphite (SHP)[END_REF] P, [START_REF] Lebrun | Calorimetric study of maltitol: correlation between fragility and thermodynamic properties[END_REF] C NMR (see Figures D. 53 to D.55) as well as HSQC and HMBC (see Figures D. 56 and D.57) were performed in the same conditions: spectra are presented in Appendice D.6 from p.331. Interestingly, similar spectra are obtained with the presence again of SHP (but this time as the main phosphorus derivative), phosphorous acid and finally this molecule γ: a succinic-phosphinic acid. Only poly-phosphorous acid are not been observed in these conditions. This confirms that this molecule γ is not rooting from the covalent reaction of SHP with unsaturations, which was questionned at the beginning. Moreover it goes in favor of a reaction of succinic anhydride with SHP.

Summary of results.

Concerning SHP structure changes in presence of diacids, a summary of structures and quantifications observed for all performed experiments is shown in Figure IV.31, a summary of shifts and constants is available Table D. 18 (p.334). A new structure has been identified: it does not come from SHP grafting onto unsaturations of unsaturated diacids but from the reaction of SHP on a saturated anhydride. Oxidation of SHP, dimerization of phosphorous acid and SHP grafting on succinic acid have also been proven to be favored by temperature since all molecules are more concentrated at 215 °C than at 185 °C. 

Conclusion générale 2.2 Spectroscopic analyses

Structural analyses were performed both on soluble and insoluble parts. Table .3 summarizes the analyses which were carried out.

Fourier-Transform Infrared spectroscopy, FTIR

Spectra were recorded from isolated solids from soluble parts using a Thermoscientific Nicolet™ iS™ 10 FTIR spectrometer equipped with an attenuated total reflectance (ATR) crystal accessory. All spectra were based on 32 scans at 4 cm -1 resolution with a correction for atmospheric moisture and carbon dioxide. Spectra were analyzed thanks to OMNIC software.

Nuclear Magnetic Resonance Spectroscopy, NMR

In this section, chemical structures and compositions of the soluble parts were studied by 1 H NMR following this procedure: 30 mg of the GB4 polymer were exposed to 0.8 mL deutered water D 2 O (and TSPd4) used as internal standard for 1 H NMR) in a 5 mm NMR tube. After 2 h the insoluble part flows down the tube and soluble parts can be analyzed with satisfying resolution with a Bruker RMN Avance III 400 NMR spectrometer operating at 400 MHz and using a BBFO+ 5 mm probe at 298 K. Spectra were processed and analyzed with MestReNova 6.0.2 software. It also to be noted that 31 P NMR has been performed following Table .6. 

X-ray photoelectron spectroscopy, XPS

XPS (X-ray induced Photoelectron Spectroscopy) analyses have been performed on surface of several powders by SCIENCE ET SURFACE (Ecully). Powders were used as received: quantitative elemental analyses and chemical states of detected elements were Nuclear Magnetic Resonance Spectroscopy, NMR. The chemical structures and compositions of the leftovers were studied by coupling several nuclear magnetic resonnance spectroscopy methods based on ( 1 H NMR) and ( 13 C NMR) described in Table .5. 20 mg of the sample were dissolved in 0.8 mL deutered dimethylsulfoxide (DMSO_d 6 ) and tetramethylsilane (TMS) used as internal standard for 1 H NMR and 13 C NMR. After several minutes under stirring in a sampling vial, the solution can be transferred in 10 mm NMR tubes and analyzed with a Bruker RMN Avance II 400 NMR spectrometer operating at 400 MHz and using a BBO 10 mm probe at 298 K. .6. To do so, approximatively 70 mg of the sample were dissolved in 0.8 mL pure water (H 2 O for Analysis from Sigma Aldrich) in a 5 mL vial and then transferred in a 5 mm diameter sample tube (Figure .3). Finally a coaxial insert with standards was added; it was prepared with a blend of deutered water D 2 O, 3-trimethylsilyl-2,2,3,3-tetradeuteropropionate (TSPd4) used as internal standard for 1 H NMR, and phosphoric acid (H 3 PO 4 ) used as internal standard for 31 P NMR. Spectra were recorded using a Bruker RMN Avance III 400 NMR spectrometer operating at 400 MHz and using a BBFO+ 5 mm probe at 298 K. 

SHP reactivity

Model reactions

In this part, sodium hypophosphite was allowed to react with several molecules in bulk in various (T; t) conditions. Flasks were prepared with 2 g of total initial weight of reactive blend. Flasks were then immersed in a thermostated oilbath (20-275 °C silicone oil grade purchased from Huber company) at 185 °C or 215 °C during various time durations (from 1.5 to 20 minutes). SHP was also exposed to 185 °C and 215 °C during various times in 2 g aluminium cups alone in order to study its thermal stability. All experiments and their corresponding conditions concerning this part are summarized in Table .10: 

C.3.5 Content of CA leftovers: NMR integrals & quantifications

F.1.3 Unit volume calculus

Then, V u needs to be defined. The volume under the interpolated surface is decomposed into tetrahedra (see Figure F.67) and for each triangle: The green tetrahedron volume is written:

The yellow tetrahedron volume is written:

Whatever is the value of z med and the configuration of yellow tetrahedron, this equality is verified (see Figure F.68). By combining (F.2), (F.5), (F.6) and (F.7), volume V u can be expressed as following:

One can note that dissociating z min , z med and z max is useless since they play the same weight distribution (0 to 20000 g.mol -1 ). Correction was made for flow rate fluctuations using toluene as an internal standard. Fourier-Transform Infrared spectroscopy, FTIR. Spectra were recorded when needed, using a Thermoscientific Nicolet™ iS™ 10 FTIR spectrometer equipped with an attenuated total reflectance (ATR) crystal accessory. All spectra were based on 32 scans at 4 cm -1 resolution with a correction for atmospheric moisture and carbon dioxide and were analyzed thanks to OMNIC software.

Nuclear Magnetic Resonance Spectroscopy, NMR. The chemical structures and semi-quantitative compositions of the resulting products were determined by a combination of proton NMR ( 1 H NMR) and quantitative carbon NMR (q-13 C NMR), the latest being detailed in Table F.23. To do so, approximatively 400 mg of the sample was dissolved in 3 mL deutered dimethyl sulfoxide (DMSO-d 6 ) in a 5 mL vial and then transferred in a 10 mm diameter sample tube. Tetramethylsilane (TMS) used as internal standard for both 1 H NMR and 13 C NMR. Analyses were performed with Bruker RMN Avance II 400 NMR spectrometer operating at 400MHz and using a BBO 10 mm probe at 298K.

F.3 Oligo(dCA-co-PDO) experimental section F.3.1 Materials

Citric acid, trans-aconitic acid, itaconic acid, citraconic acid, methylsuccinic acid, 1,3-propanediol, hydroquinone, Ti(BuO) 4 have been used as furnished.

Synthesis Several oligoesters of 1,3-propanediol was prepared by performing conventional 2-step syntheses: in a first step, esterification was carried out at 140 °C, during 4 h, under N 2 flow. OH functional groups were in excess (dCA:PDO≈1:1.3) compared to the previously measured carboxylic acid content and the reaction was carried out in presence of a classical catalyst (Ti(BuO) 4 , 0.3mol% of OH groups), but also a radical inhibitor hydroquinone (0.01 g per 5 g of acid). In a second step, condensation was performed under relative vacuum (54 mbar) at 140 °C during 2 h.

Reactions were performed for model compounds (trans-aconitic acid, itaconic acid, citraconic acid, methylsuccinic acid) and compared with materials synthesized with CA samples which were degraded at (215 °C; 20 min) with 20mol% and without SHP. Experiments are encoded as following: "ACID_STEP", where "STEP" is either "est" or cond standing for "esterification" and "condensation" respectively; "ACID" can be replaced by trans-aconitic acid (here "ACO"), itaconic acid ("ITA"), citraconic acid ("CTA"), methylsuccinic acid ("MSU").

F.3.2 Characterizations

Solubilization and swelling tests were performed after each step in order to evaluate briefly the level of crosslinking in the material. FTIR has been performed for all reaction products in order to highlight esterification. 1 H NMR spectroscopy was performed in DMSO_d 6 (TMS as standard) on soluble compounds for the identification of the different oligoesters chemical structures in the same way than for CA degradation.