Radionuclides are found naturally in air, soil, and water and generate radioactivity in the environment. As a result of recent anthropogenic activities such as uranium mining or the production of oil and natural gas, larger quantities of natural radionuclides have been released and induce a risk to Human health. One of the most important routes for Human contamination with radionuclides, other than inhalation, is water contamination that results from the high hydrosolubility of certain radionuclide salts. In fact, maximum contaminant levels for radionuclides contamination, especially in public water supplies, have been internationally regulated. In order to comply with these requirements, methods for decontaminating water from radionuclides have been developed, among which macrocyclic extractants such as calixpyrroles. With a preorganized cyclic structure, these macrocycles exhibit chelating properties that are also found in their phenoxycalix[4]pyrrole (PCP) homologs. However, the latter has an increased potential for chemical functionalization allowing the introduction of additional chelation sites due to the presence of four phenolic entities. In this context, the synthesis of PCP derivatives and the study of their ability to complex and extract stable or radioactive elements have been studied. For this, the functionalization of the PCP was carried out by functional groups such as: carboxylic acid, hydroxamic acid, azide, amine and heteroaryl-extended derivatives. At the end of these syntheses, the study of the chelation capacities of the derivative 2-pyridino-1,2,3-triazolo-PCP was carried out and the existence of a selective complexation of ferrous and ferric iron in DMSO was demonstrated by molecular fluorescence. As for the chelation capacities for halides, they were studied by 1 H NMR and molecular fluorescence titrations and showed a selectivity for fluoride. A second part of this work was devoted to the synthesis and study of the properties of a new polymer of PCP crosslinked by epichlorohydrin (PCP-EP), in the aim of engaging it into solid/liquid extractions, applied for the decontamination of aqueous effluents containing radionuclides. In this series of polymers, PCP-EP is the first to be reported in literature. Accordingly, its structure was determined by NMR, FTIR and TGA, then its chelation capacities towards halides was tested by ion chromatography after solid/liquid extractions. The results demonstrated that this polymer, unlike its monomeric structure, has a higher affinity for iodide. The solid/liquid extraction capacities of radionuclides by PCP-EP were then studied by a gamma spectrometer coupled to a High Purity Germanium detector, using aqueous solutions containing radionuclides and resulted in an extraction rate of 22 % for Ra-226. The development of a Doehlert experimental design was then carried out in order to optimize the experimental extraction conditions. During this step, the study of Ba 2+ , a stable metal with a chemical behavior similar to Ra 2+ , was prioritized in order to reduce the production of radioactive waste. The results of this experimental design led to optimal extraction conditions of pH, temperature and time, which translated to an aqueous radionuclidescontaining solution, showed the ability of PCP-EP to extract 89 % Ra-226.
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Résumé

Les radionucléides se retrouvent naturellement dans l'air, le sol, et l'eau et génère une radioactivité de l'environnement. Suite aux activités anthropiques récentes telle que l'extraction d'uranium ou la production de pétrole et de gaz naturel, des quantités plus importantes de radionucléides naturels ont été émises et induisent un risque pour la santé humaine. L'une des voies les plus importantes de contamination humaine aux radionucléides, en dehors de l'inhalation, passe par une contamination de l'eau résultant de l'hydrosolubilité importante de certains sels de radionucléides. De fait, des niveaux maximums de contamination en radionucléides, notamment dans les approvisionnements publics en eau, ont été internationalement réglementés. Afin de se conformer à ces exigences, des méthodes de décontamination en radionucléides de l'eau ont été développées et parmi elles, des extractants macrocycliques tels que les calixpyrroles. De structure cyclique préorganisée, ces macrocycles présentent des propriétés de chélation que l'on retrouve également chez leurs homologues de type phénoxycalix [4]pyrrole (PCP). Cependant, ce dernier présente un potentiel accru de fonctionnalisation chimique permettant l'introduction de sites supplémentaires de chélation de par la présence de quatre entités phénoliques. Dans ce contexte, la synthèse des dérivés de PCP ainsi de la capacité à complexer et extraire des éléments stables ou radioactifs ont été étudiées. Pour cela, la fonctionnalisation du PCP a été réalisée par des groupements tels que : acide carboxylique, acide hydroxamique, azide, amine et dérivés de type hétéroaryle. A l'issue de ces synthèses, l'étude des capacités de chélation du dérivé 2-pyridino-1,2,3-triazolo-PCP a été réalisée et l'existence d'une complexation sélective du fer ferreux et ferrique dans le DMSO a été mise en évidence par fluorescence moléculaire. L'étude des capacités de chélation des halogénures ont, quant à elles, étaient étudiées par titrage RMN 1 H ainsi que par fluorescence moléculaire et a montré une sélectivité pour le fluorure, habituelle pour ce type de structure. Une seconde partie de ce travail a été consacrée à la synthèse et l'étude des propriétés d'un nouveau polymère de phénoxycalix [4]pyrrole réticulé par l'épichlorohydrine (PCP-EP), ceci en vue de la décontamination des effluents aqueux chargés en radionucléides par extraction solide/liquide. Premier polymère référencé de la littérature dans cette série, sa structure a été déterminée par RMN, IRTF et ATG puis sa capacité de chélation envers les halogénures a été testée par chromatographie ionique. Les résultats ont démontré que ce polymère, contrairement à sa structure monomérique, possède une affinité supérieure pour l'iodure. Les capacités d'extraction solide/liquide des radionucléides par le PCP-EP ont été ensuite étudiées par spectromètre gamma couplé à un détecteur germanium de haute pureté, à l'aide de solutions aqueuses contenant des radionucléides et a abouti à un taux d'extraction de 22 % en Ra-226. Le développement d'un plan d'expérience Doehlert a été par la suite mené afin d'optimiser les conditions d'extraction expérimentale. Lors de cette étape, l'étude du Ba 2+ , métal stable et de comportement chimique similaire au Ra 2+ , a été priorisée afin de réduire la production de déchets radioactifs. Les résultats de ce plan d'expérience ont abouti à des conditions d'extraction optimales de pH, température et de durée, qui translatés à une solution aqueuse radioactive, ont montré une capacité du PCP-EP à extraire 89 % de Ra-226.

Résumé Introduction

Parmi l'ensemble des atomes que l'on retrouve dans la Nature, certains possèdent des noyaux instables et entrent dans la catégorie des radionucléides. Ces derniers se retrouvent naturellement dans l'air, le sol, et l'eau et génère par conséquent une radioactivité de l'environnement et des organismes vivants dont l'Homme. Plus récemment, l'activité anthropique telle que l'extraction d'uranium ou la production de pétrole et de gaz naturel, a généré des quantités plus importantes de radionucléides naturels, induisant un risque pour la santé humaine. L'une des voies de contamination humaine aux radionucléides, en dehors de l'inhalation, passe par une contamination de l'eau résultant de l'hydrosolubilité importante de certains sels de radionucléides. De fait, plusieurs organisations comme l'EPA (Agence américaine pour la protection de l'environnement), l'OMS (Organisation mondiale de la santé) et l'AIEA (Agence internationale de l'énergie atomique) ont imposé des niveaux maximums de contamination pour plusieurs radionucléides dans les approvisionnements publics en eau afin favorisant les interactions électrostatiques tels que : acide carboxylique, acides hydroxamique, amine et dérivés d'aryle. Ce dernier, obtenu par « chimie click », a été particulièrement étudié par spectroscopie de fluorescence moléculaire grâce à la présence de quatre entités triazoliques et ce, pour ses capacités de chélation cationique. Par ailleurs, ses capacités de chélation anionique ont été étudiées par titrage 1 H RMN.

Une seconde partie de ce travail a été consacré à la synthèse et l'étude des propriétés d'un nouveau polymère de phénoxycalix [4]pyrrole réticulé par l'épichlorohydrine, ceci en vue de l'extraction sur phase solide appliquée à la décontamination des effluents aqueux chargés en radionucléides. La synthèse réalisée, une étude des propriétés de reconnaissance anionique par chromatographie ionique a été établi en préambule. En effet, les phénoxycalix [4]pyrroles sont largement référencées comme entités pouvant complexer sélectivement les ions fluorures par l'intermédiaire de liaison hydrogène suite à la présence de quatre azotes pyrroliques et, cette étude de propriété spécifique a donc été élargi à celle du polymère nouvellement crée.

Dans le cadre de l'objectif principal de ce travail, le polymère a été ensuite étudié comme extractant de solutions contenant des radionucléides au sein du laboratoire de Gamma spectroscopie au CLEA. Afin de réduire la consommation de solutions radioactives ainsi que la production de déchets radioactifs, l'étude a été réalisée sur des solutions aqueuses contenant du Ba 2+ , élément stable au comportement chimique similaire à celui du radium. Les conditions opératoires, notamment la température, le temps de contact et le pH, ont ainsi été optimisées suite à l'application d'un plan d'expériences de type Doehlert.

Afin de détailler cette étude, ce mémoire est décliné en trois parties ; La première comprend une revue bibliographique concernant la radioactivité et les radioéléments dans l'environnement suivi d'un état de l'art concernant la chimie supramoléculaire et ses applications dans le domaine de l'extraction des radionucléides. Une seconde partie exposera la synthèse des dérivés du phénoxycalix [4]pyrrole ainsi que l'étude des propriétés de reconnaissance cationique par fluorescence moléculaire de l' hétéro-aryle phénoxycalix [4]pyrrole. La synthèse du polymère de phénoxycalix [4]pyrrole réticulé par l'épichlorohydrine ainsi que l'étude de ses capacités de chélation anionique et cationique (radionucléides) feront l'objet de la troisième partie. Enfin, les conclusion et perspectives clôtureront ce mémoire.

Chapitre 1 : Revue bibliographique

Tout sur terre a évolué pour le meilleur ou pour le pire. Il y a un siècle, la radioactivité et les radioéléments [1][2][3][4] étaient considérés comme l'une des découvertes majeures, principalement pour la science et la technologie modernes. Cependant, plusieurs activités anthropiques ont contribué à considérer la radioactivité et l'exposition aux rayonnements résultants comme des problèmes environnementaux. En conséquence, plusieurs méthodes, dont la chimie supramoléculaire, ont été développées pour la décontamination des milieux aqueux et non aqueux des radionucléides.

Les radionucléides

Un noyau se compose de neutrons non chargés et de protons chargés positivement qui sont tous deux appelés nucléons. Les électrons extranucléaires chargés négativement, en plus de ces nucléons, forment un atome ou un nucléide. Chaque élément pourrait avoir plusieurs isotopes (même numéro atomique, nombres de masse différents) qui pourraient être stables ou radioactifs. Les isotopes radioactifs sont instables et subissent une désintégration radioactive, qui est un changement spontané à l'intérieur d'un noyau, se produisant afin qu'un radionucléide atteigne une stabilité plus élevée que son état original. Cela se produit par l'expulsion de matière (ou de particules) et / ou de désexcitation (rayonnement électromagnétique). 5 Les radionucléides peuvent être naturels ou anthropiques et plusieurs sous-groupes peuvent être distingués au sein de chacune de ces deux origines: [6][7][8] 

Radionucléides naturels

Les radionucléides naturels peuvent être d'origine terrestre et sont classés dans ce cas comme des radionucléides primordiaux (à occurrence unique ou en série de désintégration), ou bien ils peuvent provenir d'une source extraterrestre qui contribue à la production de radionucléides appelés cosmogéniques.

Les radionucléides à occurrence unique : également appelés radionucléides non en série, se désintègrent directement en nucléides stables. La plupart d'entre eux appartiennent aux éléments situés au milieu du tableau périodique et possèdent généralement des demi-vies supérieures à 10 10 ans.

Radionucléides en série de désintégration : Les radionucléides en série de désintégration sont des radionucléides primordiaux qui se désintégrant à travers une chaîne, en de nouveaux radionucléides fils et se terminant par un élément stable. Dans l'environnement, trois principales chaînes de désintégration radioactive naturelle représentent la majorité des matières radioactives d'origine naturelle (NORM), à savoir : (1) la série d'uranium commençant par U-238 et se terminant par Pb-206, (2) la série d'actinium commençant avec U-235 et se terminant par Pb-207 et (3) la série de thorium commençant par Th-232 et se terminant par Pb-208. En raison du fait que les isotopes de l'uranium et du thorium sont instables (nucléides lourds), ils se désintègrent par émissions alpha, bêta et gamma en différents nucléides radioactifs et se terminent par un isotope stable du plomb.

Radionucléides anthropiques et artificiels

Depuis la découverte de la radioactivité à la fin du XIXe siècle, plusieurs applications médicales, nucléaires et industrielles ont provoqué des modifications du rayonnement de fond naturel existant grâce à la production de radionucléides artificiels (i.e. Cs-137, Cs-134, Sr-90, Am -241). 9 Les principales sources de radionucléides d'origine humaine et leur distribution dans l'environnement sont les réactions nucléaires artificielles : réacteur nucléaire, accidents de réacteur nucléaire (Tchernobyl en 1986, Fukushima en 2011), explosions et essais d'armes nucléaires, production de combustible nucléaire et retraitement du combustible nucléaire. 7,10 Lors de leur rejet, les radionucléides artificiels peuvent parcourir de longues distances, loin de leur source d'origine, via des nuages radioactifs et pourraient atteindre les sols et les plantes en tombant et en entrant par conséquent dans la chaîne alimentaire. 11 

Les rayonnements ionisants et non-ionisants

Tel que défini par l'Organisation mondiale de la santé (OMS), le terme « rayonnement » recouvre un large spectre de différentes formes d'énergie, dont la plupart ont été soupçonnées de causer des problèmes de santé aux humains. 12 Le rayonnement peut être classé comme ionisant ou non ionisant. Par rayonnement non ionisant, on entend que « le rayonnement se situe dans la partie du spectre électromagnétique où l'énergie est insuffisante pour provoquer l'ionisation. Cela inclut les champs électriques et magnétiques, les ondes radio, les microondes, les rayonnements infrarouges, ultraviolets et visibles ». 13 Par contre, le rayonnement ionisant est un rayonnement suffisamment énergétique qui est capable, lors d'une interaction avec un atome ou une matière, d'éliminer les électrons étroitement liés à l'orbite d'un atome, ce qui provoque la charge ou l'ionisation de ce dernier. 12 Le rayonnement ionisant peut être présent sous deux formes : (1) particulaire tel que les particules α, β -, β + , le neutrino et son antiparticule et (2) électromagnétique tel que les rayons gamma (γ). Les différents modes de désintégration des radionucléides sont constitués de rayonnements ionisants. Un atome radioactif peut se désintégrer par émission de particules α, β (y compris les émissions β - (électron) et β + (positron)) ainsi que par émission γ. 5,12 

Les sources d'émission NORM et TENORM

Les NORM sont omniprésents dans l'environnement, même dans le corps humain et proviennent de sources terrestres et extra-terrestres. 6,7,10 Elles sont présentes à l'état de traces dans l'environnement et représentent la contribution la plus élevée à l'exposition du public. 14 Afin d'évaluer la radioactivité dans une certaine région, plusieurs conditions doivent être prises en compte : la géologie, la variabilité spatiale et temporelle, la mobilité géochimique, chimique et physique des radionucléides et l'impact des activités humaines impliquant des rayonnements ionisants sur la radioactivité naturelle. 7 En outre, plusieurs activités industrielles anthropiques représentent une préoccupation sérieuse en termes de concentration et d'amélioration du rayonnement naturel. L'EPA (Environmental Protection Agency) des États-Unis a défini le NORM comme « les matériaux qui peuvent contenir l'un des radionucléides ou éléments radioactifs primordiaux tels qu'ils se produisent dans la nature tels que le radium, l'uranium, le thorium, le potassium et leurs produits de désintégration radioactive et qui ne sont pas perturbés par les activités humaines. 15 En outre, l'US EPA a défini TENORM (Technologically Enhanced Naturally Occurring Radioactive Materials) comme «des matières radioactives naturelles qui ont été concentrées ou exposées à l'environnement accessible à la suite d'activités humaines telles que la fabrication, l'extraction de minéraux, le traitement de l'eau et les moyens technologiquement améliorés de sorte que les propriétés radiologiques, physiques et chimiques de cette matière radioactive aient été altérées du fait qu'elles ont été traitées, enrichies ou perturbées d'une manière qui augmente le potentiel d'exposition humaine et / ou environnementale ». 15 En fait, TENORM couvre un large spectre de matières premières et produits destinés à être utilisés, recyclés ou éliminés. Les principales activités (mais pas les seules) contribuant à la production de TENORM sont : l'exploitation d'uranium, la production d'engrais phosphatés et de phosphore élémentaire, la combustion du charbon, la production et le traitement de pétrole et de gaz naturel et le traitement de l'eau municipale (Tableau 1). 16,17 Chacune de ces applications contribue à modifier le rayonnement de fond naturel principalement à travers des activités de production qui ajoutent chaque année à l'environnement, des volumes de déchets contenant du NORM.

Tableau 1. Les principales activités industrielles génératrices de TENORM (adapté de la référence 16).

Activité industrielle

La forme du TENORM 

Exploitation d'uranium

Les différentes méthodes d'extraction des radionucléides de l'eau

Plusieurs technologies employant des matériaux inorganiques et organiques ont été développées pour l'élimination des radionucléides de l'eau. Les premières méthodes inventées étaient simples et reposaient principalement sur des procédés de coagulation-filtration 18 et de l'adoucissement à la chaux. 19,20 Au fil du temps, de nouvelles méthodes sophistiquées telles que l'échange d'ions, 21,22 et les processus membranaires 23 ont été mises en place.

En complément des méthodes inorganiques, les matériaux organiques sont apparus comme des outils prometteurs et utiles pour la décontamination des radionucléides de l'eau et des éluants organiques. Pour cela, les scientifiques sont allés plus loin en utilisant des molécules organiques plus élaborées ou « supramolécules ». mécanisme de reconnaissance des supramolécules avec d'autres entités repose principalement sur le concept de chimie hôte-invité faisant intervenir des liaisons non covalentes (Figure 2).

Les plateformes supramoléculaires : un outil pour l'élimination des radionucléides

Matériaux à base de cyclodextrine

Les cyclodextrines (CD) sont des oligosaccharides cycliques caractérisés par une forme de cône tronqué qui forme une cavité cylindrique bien définie. Ils possèdent un extérieur hydrophile et un intérieur hydrophobe/lipophile. Ce sont des molécules éco-compatibles, connues pour leur toxicité négligeable et leur capacité à piéger les polluants organiques et inorganiques. [26][27][28][29][30][31] Pourtant, ces molécules sont peu exploitées pour leur capacité à complexer les radionucléides. Divers CD ont été signalés comme adsorbants pour la récupération de métaux radioactifs à partir de solutions aqueuses. [32][33][34] Plusieurs études ont montré le greffage 

Études exploratoires utilisant des cucurbituriles

Les cucurbituriles, désignés par «récipients moléculaires», sont des macrocycles rigides avec de grandes cavités constituées de fragments de glycolurile liés par des méthylènes, prêts à accueillir des molécules organiques et inorganiques (Figure 4, (a)). Ces molécules ressemblent à des bols moléculaires en raison de leur noyau creux qui mesure 5,5 Å et qui est accessible par deux portails situés au niveau des groupes carbonyle. [36][37][38][39] En fait, la présence d'atomes d'oxygène polaires à haute densité négative dans le squelette des cucurbituriles est un facteur clé pour que cette molécule forme des complexes stables avec des ions métalliques (généralement supérieurs à ceux des éthers couronnes et des CD). 39,40 Ce cavitand a montré une capacité importante non seulement à complexer les métaux alcalins et alcalino-terreux (potassium, rubidium, strontium…) [41][42][43][44] mais aussi le radiocesium (Figure 4, (b)). 38,[45][46][47] Les éthers couronne: première classe de supramolécules spécifique aux cations

Les éthers couronnes sont des polyéthers macrocycliques (Figure 5), rapportés dans les années 1960, où les premières molécules dérivaient de diols aromatiques vicinaux et étaient connues depuis, pour leur formation de complexes stables avec les métaux alcalins, alcalino-terreux, de transition et spécialement le césium et le strontium. [47][48][49][50][51] Plusieurs études ont été menées pour ces ligands et ils ont montré une capacité et une sélectivité spécifiques pour complexer les ions césium des déchets nucléaires acides par des extractions liquide/liquide ou des expériences d'adsorption. [52][53][54][55][56][57][58][59] Des études ont montré une correspondance parfaite entre la taille de la cavité de ces macrocycles et le rayon ionique cristallin du césium. 54,60,61 Les éthers couronnes sont 8). 70

Des éthers couronnes aux plates-formes moléculaires calix-éther couronne

Les scientifiques ont travaillé sur la construction de systèmes hybrides combinant différentes supramolécules, tirant parti des capacités de chélation de chacune pour atteindre une sélectivité plus élevée envers le césium, ainsi que de certaines conformations et schémas de coordination.

En conséquence, des molécules de calix-éther couronnes ont été créées afin d'atteindre des capacités de reconnaissance moléculaire plus élevées pour le césium. [71][72][73][74] Des éthers couronne avec n éthylèneoxy ont été ajoutés sur le noyau des calixarènes, pour limiter la variation de conformation des calixarènes, pour les rendre plus rigides et leur donner une capacité de coordination plus élevée pour des ions métalliques spécifiques. 48 Des études ont montré que les variations de cette conformation affectent fortement la sélectivité des calix [4] arènes. Pour cela, certains chercheurs ont immobilisé des calix [4]arènes dans la conformation 1,3-alternée par la synthèse de calixarènes à éther couronne unique 75 et de calixarènes associés à deux unités d'éther couronne (Figure 9). 76

Les calix[4]pyrroles: un récepteur polyvalent pour les espèces ioniques

Les calix [4]pyrroles sont des homologues d'hétérocalixarènes qui ont été synthétisés pour la première fois par Baeyer en 1886. 77 Ce sont des macrocycles formés par quatre pyrroles reliés entre eux sur les positions 2 et 5 par des carbones sp 3 . Ils sont simples à préparer et faciles à fonctionnaliser, principalement via deux approches: (1) condensation pyrrole-plus-cétone (ou cyclisation moléculaire) et (2) réaction de calix [4]pyrrole pré-fonctionnalisé. 78 La première molécule de calix [4]pyrrole, octaméthylcalix [4]pyrrole (OMCP / CP1), a été introduite par une réaction en une seule étape de condensation du pyrrole dans l'acétone et dans des conditions de catalyse acide (Figure 10) . 77 Cette molécule est caractérisée par trois sites remarquables: « Nrim », « C-rim » et « méso-rim » (Figure 10). Chaque ajout ou substitution à cette molécule est appliqué par l'introduction de nouvelles fonctionnalités sur le « C-rim » (sites β-pyrroliques) et le « méso-rim » et conduit à la production de nouveaux dérivés avec des capacités de reconnaissance moléculaire améliorées vis-à-vis de substrats spécifiques. 78,79 Les calix [4]pyrroles ont été découverts pour la première fois pour leur capacité de chélation anionique en 1996, 80,81 et depuis cette classe de supramolécules a gagné en intérêt. Des études ont montré que ces molécules constituent des ligands hôtes pour plusieurs substrats ioniques et neutres et contribuent à la production d'une large gamme de récepteurs anioniques, di-topiques et de paires d'ions. [82][83][84][85][86] Comme mentionné ci-dessus, la capacité de chélation de l'OMCP pour les halogénures a été découverte pour la première fois en 1996. Il a été démontré que cette molécule peut efficacement chélater les halogénures grâce à la formation de liaisons hydrogène entre le NH pyrrolique et les anions (F -, Cl -, Br -). Cependant, un changement important dans la conformation de l'OMCP a été signalé lors de la chélation des anions. En effet, à l'origine, l'OMCP existe sous quatre conformations différentes similaires aux calixarènes : cône, cône partiel, 1,2-alterné et 1,3-alterné. Cette dernière conformation est celle qui est favorablement adoptée par l'OMCP à l'état solide (structures cristallines) et ce dernier adopte une conformation conique, à l'état solide et liquide, lors de la complexation anionique (Figure 11). 81,87,88 En 2005, Custelcean et al. 89 

CP1

de l'OMCP riche en électrons en forme de coupe par le biais d'interactions cation-π et dipolaires. [89][90][91] 

Phénoxycalix[4]pyrrole: une plateforme émergente pour la reconnaissance de cibles cationiques

La méso-substitution de l'OMCP a acquis une grande importance car les groupes ancrés sur ce carbone ne pointent pas seulement du noyau pyrrolique, définissant la conformation isomérique de cette molécule, mais influencent également les capacités de chélation ionique des calix [4]pyrroles par voie électronique et effets stériques (rendant les sites de chélation plus ou moins disponibles). 78 En 1999, un dérivé d'OMCP méso-substitué a été introduit par deux groupes, Floriani et al. et Sessler et al., simultanément. 92,[START_REF] Pichierri | Cs+-π Interactions and the Design of Macrocycles for the Capture of Environmental Radiocesium (Cs-137): DFT, QTAIM, and CSD Studies[END_REF] Il s'agit du phénoxycalix [4]pyrrole (PCP) ou méso-tétra-méthyltétraKis(4,hydroxyphényl) calix [4]pyrrole. Sur chacun des quatre carbones méso de l'OMCP, un groupe phénol a substitué un groupe méthyle. Il est synthétisé par une réaction acido-catalysée de condensation entre le pyrrole et le 4-hydroxyacétophénone (Figure 13).

La molécule résultante est présente sous trois formes isomères différentes «cône, cône partiel et 1,2-alterné» lorsque l'on considère les positions des liaisons NH. 92 En considérant la position des groupes méthyle par rapport aux groupes phénol, on distingue quatre autres isomères: αααα, ααββ, αβαβ et αααβ (Figure 14). 78,[START_REF] Pichierri | Cs+-π Interactions and the Design of Macrocycles for the Capture of Environmental Radiocesium (Cs-137): DFT, QTAIM, and CSD Studies[END_REF]94 La séparation de ce mélange a été réalisée soit par chromatographie sur colonne, soit par des conditions de cristallisation spécifiques. Par cristallographie aux rayons X, cette molécule a montré une cavité elliptique dont les dimensions ont été calculées à partir de distances d'oxygène opposées (10,146 et 8,435Å). 92 Cette molécule a été décrite pour maintenir virtuellement le squelette du calixarène sur les positions méso du calix [4] A l'instar de l'OMCP, le PCP a d'abord été connu pour sa capacité de chélation des anions. 78,80,94,82,83 Dans les deux molécules, les unités pyrroliques constituent le site de chélation des anions, par la formation de liaisons hydrogène principalement avec le fluorure, le chlorure et le phosphate dans l'acétonitrile (F -> Cl -> PO4 2-). [START_REF] Pichierri | Cs+-π Interactions and the Design of Macrocycles for the Capture of Environmental Radiocesium (Cs-137): DFT, QTAIM, and CSD Studies[END_REF] L'isomère αααα du PCP a reçu un intérêt particulier en raison de sa structure préorganisée où toutes les fonctionnalités phénoliques pointent dans la même direction, formant une profonde cavité aromatique à quatre parois. Ci-dessous une large gamme de dérivés αααα-PCP sont passés en revue (Figure 15). En général, ces dérivés sont des composés hydrophobes qui ont été étudiés principalement pour leurs capacités de reconnaissance ionique en milieu organique plutôt que pour leurs capacités d'extraction. 

Chapitre 2 : l'élaboration et l'étude d'architectures supramoléculaires à base de phénoxycalix[4]pyrrole

Dans ce projet de thèse, nous avons choisi de travailler avec un calix [4]pyrrole méso-substitué, le PCP, comme molécule de départ. Comme décrit dans la littérature, le PCP seul avec ses quatre fonctions phénoliques n'est pas conçu pour chélater des espèces cationiques. Cependant, en raison de sa structure pré-organisée et de l'avantage d'avoir des groupes phénoliques relativement faciles à modifier, le PCP constitue un bloc de construction intéressant pour des architectures supramoléculaires sophistiquées. Sur la base de ces faits, plusieurs dérivés du PCP ont été synthétisés en ajoutant au PCP des groupes fonctionnels dans le but de doter ces molécules de nouvelles capacités de reconnaissance cationique (stable ou radioactive). Dans une première partie, une description sera effectuée pour décrire la synthèse du PCP et de ses dérivés qui consistent en ester, acide carboxylique, acides hydroxamiques, azide, amine et dérivés étendus par des hétéro-aryles. Une seconde partie sera ensuite consacrée à discuter d'une étude réalisée sur un dérivé fluorescent de PCP synthétisé par la chimie click et entièrement étudié pour ses propriétés anioniques et cationiques.

Synthèse du phénoxycalix[4]pyrrole et de ses dérivés

Ce projet de thèse est le premier des deux laboratoires, UCEIV et CLEA, à étudier le calix [4]pyrroles. Par conséquent, le point de départ a été fixé pour synthétiser et maîtriser la synthèse du PCP que nous avons l'intention d'utiliser comme matière de départ pour nos futures procédures de synthèse.

Le PCP est un dérivé de la cyclisation moléculaire du pyrrole (1) avec la 4hydroxyacétophénone (2) dans le méthanol et en présence du méthane sulfonique acide (Figure 16). Il a été signalé pour la première fois en 1999 simultanément par deux groupes, Floriani et 78,[START_REF] Pichierri | Cs+-π Interactions and the Design of Macrocycles for the Capture of Environmental Radiocesium (Cs-137): DFT, QTAIM, and CSD Studies[END_REF]94 En fait, tout le processus de complexation était régi par plusieurs phénomènes. Les déplacements chimiques en amont ont été enregistrés principalement pour l'entité phénolique (𝛥𝛿 = 0,25 et 0,14 ppm) ; pendant le processus de complexation, le fluor a profité des systèmes π-aromatiques protégeant la cavité pyrrolique pour resserrer leur liaison par des interactions anion-π non covalentes supplémentaires. Ce résultat indique que le fluor, une fois complexé par le PCP8, occupera le bord supérieur de la cavité pyrrolique entourée de ses bras aromatiques étendus. 113 Afin de déterminer la stoechiométrie du complexe prédominant, un tracé de Job a été réalisé dans le d6-DMSO à une concentration totale de 5 mM (Figure 20). Ce dernier a montré une fraction molaire maximum proche de 0,5 pour PCP8, démontrant que le complexe prédominant a une stoechiométrie de liaison de 1:1.

Suite aux titrages 1 H RMN, la sélectivité anionique du PCP8 a également été étudiée par spectroscopie de fluorescence moléculaire (Figure 21). Comme prévu, les anions fluorure ont provoqué une diminution de l'intensité de fluorescence de 36 % tandis que d'autres anions La stabilité thermique du PCP et du PCP-EP, a été étudiée par analyse thermogravimétrique (ATG). Dans les deux cas, la perte de masse entre 25 et 100 °C a été attribué aux molécules de solvants adsorbés. Quant à la stabilité de ces deux composés, le PCP-EP est plus résistant aux contraintes thermiques allant jusqu'à 200 °C ce qui corrobore la présence d'une structure polymérique (Figure 28). Pour cela, la Commission libanaise de l'énergie atomique (CLEA) consacre une partie de ses recherches au développement de matériaux capables de décontaminer l'eau en radium et en radionucléides naturels.

Extraction solide / liquide des halogénures dans des solutions aqueuses

Une extraction préliminaire solide/liquide de PCP-EP avec du radium dans l'eau

La première expérience a été menée sur un échantillon radioactif réel contenant des In order to comply with these requirements, different radionuclide decontamination methods in water have been developed, such as coagulation-flocculation, ion exchange, lime softening, co-precipitation and membrane processes. More recently, macrocyclic extractants such as cyclodextrins, cucurbiturils, crown ethers, calixarenes or even calixpyrroles have been the subject of in-depth studies in order to face this problematic. Indeed, by virtue of their preorganized macrocyclic structure and their multiplicity of chelation sites, these supramolecules and in particular those from the calixarene family are currently positioned as prime candidates for the extraction of radionuclides.

Optimisation de l'extraction du Ra-226 à partir de l'eau via PCP-EP, grâce à l'utilisation de l'élément stable Ba 2+ comme modèle et d'un plan de conception expérimentale

Doehlert

In the context of this doctoral project, a first focus was deployed on the capacity of phenoxycalix [4]pyrrole to complex and extract stable and radioactive elements. Indeed, the phenoxycalix [4]pyrrole comprises an anionic binding site at the level of its pyrrolic ring and could be extended via the creation of additional cationic chelation sites that can be envisaged owing to the functionalization of its phenolic units, which could increase its extraction capacities.

For this purpose, new derivatives based on phenoxycalix [4]pyrrole have been synthesized and functionalized by targeted groups containing electron donor elements promoting electrostatic interactions such as: carboxylic acid, hydroxamic acids, amine and heteroaryl derivatives . The latter, obtained by "click chemistry", has been particularly studied for its cationic chelation capacities by molecular fluorescence spectroscopy due to the presence of four triazole entities.

Moreover, its anionic chelation capacities were studied by 1 H NMR titrations.

ix

A second part of this work was devoted to the synthesis of a new phenoxycalix [4]pyrrole polymer crosslinked by epichlorohydrin and the study of its extraction capacities through solid/liquid extractions, applied to the decontamination of aqueous effluents loaded with radionuclides. In the preamble, the synthesis of the polymer and the study of its anionic recognition properties by ion chromatography were established. Indeed, the phenoxycalix [4]pyrroles are widely referenced as entities capable of selectively complexing fluoride ions via hydrogen bonds by virtue of the presence of four pyrrolic units and, this specific study has therefore been extended to that of the polymer newly created.

As part of the main objective of this work, the polymer was then studied as an extractant for solutions containing radionuclides, in the Gamma spectroscopy laboratory of the Lebanese Atomic Energy Commission (LAEC). In order to reduce the consumption of radionuclidescontaining solutions as well as the production of radioactive wastes, the study was carried out on aqueous solutions containing Ba 2+ , a stable element with a chemical behavior similar to that of radium. The operating conditions, in particular the temperature, the time of contact and the pH, were thus optimized following the application of a Doehlert experimental design and Response Surface Methodology (RSM).

In order to detail this study, this thesis is divided into three parts; The first includes a bibliographical review on radioactivity and radioelements in the environment followed by a state of the art on supramolecular chemistry and its applications in the field of radionuclide extraction. A second part will present the synthesis of phenoxycalix [4]pyrrole derivatives as well as the study of the cationic recognition properties by molecular fluorescence of heteroaryl extended phenoxycalix [4]pyrrole. The synthesis of the polymer of phenoxycalix [4]pyrrole crosslinked by epichlorohydrin as well as the study of its capacities of anionic and cationic (radionuclides) chelation will be the subject of the third part. Finally, conclusions and perspectives will represent the closure of this thesis.

I.1. Radioactivity and radioelements in the environment

Everything on earth evolved to the better or worse. A century ago, radioactivity and radioelements 1,2,3,4 were considered as one of the major discoveries, mainly for modern science and technology. However, several anthropogenic activities contributed in considering radioactivity and related radiation exposure as environmental problems. Consequently, several methods, including supramolecular chemistry were developed for the decontamination of aqueous and non-aqueous media from radionuclides.

I.1.1. Radioactivity and radioactive half-life

Radioactivity is the act of emitting radiation spontaneously. In other words, it represents the amount of an unstable parent radionuclide that decays in a certain period, into daughter radionuclides through the emission of energy. The activity (A) of a sample is the amount of a radionuclide in a sample measured in Becquerels (Bq) (named after Henri Becquerel, the discoverer of radioactivity) numerically equal to the rate of disintegration. One Becquerel equals one disintegration per second. The measurement of a sample activity is time-dependent and the time at which it was measured should be mentioned. As well, activity is expressed in Curie (Ci) (named after Marie and Pierre Curie, the discoverers of radium) where 1 Ci = 3.7 × 10 10 Bq which is the radioactivity in one gram of radium. 5 Radioactive half-life (𝑡 1/2 ) is the characteristic time engaged for the activity of an unstable element to decay to half its original value. Each radionuclide has its proper characteristic halflife that could vary from few seconds to billion years. 5

I.1.2. Radionuclides

A nucleus consists of uncharged neutrons and positively charged protons that are both called nucleons. Extranuclear negatively charged electrons, in addition to these nucleons form an atom or a nuclide. Each element could have several isotopes (same atomic number, different mass numbers) that could be either stable or radioactive. Radioactive isotopes are unstable and undergo radioactive decay, which is a spontaneous change within a nucleus, occurring for a radionuclide to reach higher stability than its original one. It happens through the expulsion of matter (or particles) and/or de-excitation (electromagnetic radiation). Hence the products obtained are lower in mass and this is directly proportional to the change in energy occurring simultaneously within this phenomenon. Quantitatively, the energy emitted during decay was introduced by Einstein via the following equation: ∆𝐸 = ∆𝑚 × 𝑐 2 where E is the expulsed energy in joules, m is the emitted mass in kilograms and c is the speed of light in m.s -1 . In radiometric studies and measurements, energy is expressed in electron-Volts (eV) where 1 eV = 1.602177 × 10 -19 J. 5

I.1.1.1. Different types of radionuclides

Radionuclides could be natural or anthropogenic and several subgroups could be distinguished within these two origins: Singly occurring radionuclides: also called non-series radionuclides, decay directly into stable nuclides. Most of these belong to the elements in the middle of the periodic chart and usually possess half-lives higher than 10 10 years. Potassium is one of the most important singlyoccurring radionuclides and has three naturally occurring isotopes, among which K-40 is radioactive. 6 It contributes considerably to the background radiation and is widely spread in the earth's crust. Its worldwide average activity is 620 Bq/kg in crustal rocks, 412 Bq/kg in soils and 11 Bq/L in seawater. 6,8 As well, potassium has an importance from a biological point of view; it is considerably present in the human body, where on average, it could make up to 140 g of a reference man weight. 9 Potassium is mainly concentrated in muscles and accounts for a major source of internal radiation exposure to humans. with a stable isotope of lead. 6 Uranium exists mainly in the form of three long-lived radioisotopes: U-238 (99.25 %), U-235 (0.72 %) and U-234 (0.03 %). 5,6 Thorium-232 accounts 100 % for thorium originally present in the environment and is four times more abundant than uranium in crustal rocks. However, thorium has a lower activity than uranium and therefore both elements have globally similar radioactive concentrations in crustal rocks. 10,12 While progeny radionuclides have naturally a secular equilibrium, any chemical, physical or Human intervention (technological enrichment) could alter this equilibrium.

Uranium series U-238: U-238 decays first through an alpha emission to Th-234, that itself decays to Pa-234m. This chain of disintegration persists until the formation of a stable isotope Pb-206 (Figure 1). 5 From an environmental standpoint, three radioactive decay products are considered significant: Ra-226, Rn-222, Po-210 and Pb-210. Radium isotopes are present in all terrestrial resources, yet it is difficult to generalize contents of radium for each type of bedrocks, essentially since its distribution could differ from its parent U-238. In fact several environmental factors (weathering, erosion…) as well as different chemical and physical mobilities could alter equilibrium between a radionuclide and its precursor. 13 It is noteworthy to mention that roughly, radium have more or less high quantities in granites, an intermediate content in sedimentary and metamorphic rocks and a lower content in limestone and basalts. 14 However some important exceptions could take place. 13 1 and 227 ± 10 Bq/kg. 15,16 As for Ra-226 concentration in fresh waters, it could vary from 37 × 10 -3 Bq/L (USA/Mississippi river) to 155 × 10 -3 Bq/L (Egypt/Nile River). The relatively high content in the Nile River originates from sand deposits having high levels of U-238. In general, in river water, the activity of Ra-226 ranges between 0.5 to 20 mBq/L and exceptionally quantities of 300 mBq/L were reported. 17 As for groundwater, generally, Ra-226 is 10 to 15 times more abundant than in fresh waters and its concentration is closely dependent on the water renewal in a specific basin and its geology. 13 For example, in Lebanon this was not the case, Ra-226 was found in an average value of 48 × 10 -3 Bq/L in groundwater. 18 In fact Ra-226 and other radionuclides levels can vary hugely not only between different countries but within a single region. As well, in Lebanon, measurements for radium were carried for two rivers, and an average value of 6.0 ± 0.4 Bq/kg was determined in sediments. 18 Ra-226 itself decays through alpha emission to give Rn-222 which is a noble gas.

With a half-life of 3.8 days, Rn-222 decays via six alpha and beta emissions to give Pb-210, which in turn decays to Po-210. Atmospheric Pb-210 is mainly washed out by rainwater and dry deposition and found later in soils, surface waters and sediments. 7 Actinium series U-235: as mentioned previously, U-235 constitutes 0.72 % of total uranium in Nature. As seen in Figure 1, U-235 decay series implicates 12 nuclides and 11

disintegrations through the emission of alpha particles. This decay series resembles to that of U-238 but have a very minute contribution to the natural radioactive background in comparison to that of U-238. 5 Thorium series Th-232: Th-232 series involves 10 disintegrations, 6 of which happen through the emission of alpha particles (Figure 1). Like U-238, Th-232 having a half-life of thorium is quite insoluble in water and is mostly found in rocks soils and sediments rather than in water.

I.1.1.1.1.b. Cosmogenic radionuclides

In addition to terrestrial sources of radionuclides, an additional extraterrestrial source exists and originates from interactions between cosmic-rays and stable nuclides. These high energy interactions are mostly happening via spallation and neutron capture. These nuclides such as H-3 and C-14 are present from the creation of earth and are relatively light with half-lives going from minutes to 2.5 × 10 6 years. For the past 1000 years, the production of cosmogenic radionuclides has been constant, even if, it varies considerably with altitude and latitude.

Altitude of production, atmospheric mixing, gravitational settling and precipitation are the major factors controlling the transfer rate of cosmogenic radionuclides to the earth's crust. 6 I.1.1.1.2. Anthropogenic/artificial radionuclides Since the discovery of radioactivity in the late years of the nineteenth century, several medical, nuclear and industrial applications triggered changes to the existing natural background radiation through the production of artificial radionuclides (i.e. Cs-137, Cs-134, Sr-90, Am-241). 15 The most important sources of man-made radionuclides and their distribution in the environment are artificial nuclear reactions: nuclear power reactor, nuclear reactor accidents (Chernobyl in 1986, Fukushima in 2011), nuclear weapon explosions and tests, production of nuclear fuel and nuclear fuel reprocessing. 7,21 Upon their release, artificial radionuclides may travel long distances, away from their original source, via radioactive plumes and could reach soils and plants by falling out and consequently entering the food chain. 18

I.1.3. Ionizing and non-ionizing radiations

As defined by the World Health Organization (WHO), the term "radiation" covers a broad spectrum of different forms of energy, most of which have been suspected of causing health problems to humans. Examples of radiation include: heat or sunlight, microwaves, rays of an X-ray tube, and gamma rays from the disintegration of radioactive elements. 22 Radiation can be classified as ionizing and non-ionizing. By non-ionizing radiation it is meant that "the radiation in the part of the electromagnetic spectrum where the energy is insufficient to cause ionization. This includes electric and magnetic fields, radio waves, microwaves, infrared, ultraviolet and visible radiation". 23 On the other hand, the ionizing radiation is a sufficiently energetic radiation that is able, during an interaction with an atom or matter, to eliminate the electrons closely related to the orbit of an atom, which causes the charge or the ionization of the latter. 22 Ionizing radiation can be present in two forms, particulate and electromagnetic: 5,22 • Particulate radiation: consisting of neutral or charged atomic particles.

Alpha (α) particles and beta (β) particles:

➢ α particle consists of two neutrons and two protons and therefore has a charge of +2. It is the nucleus of the helium atom, 𝐻𝑒

.

➢ 𝛽 -particle is a negatively charged electron and the particle 𝛽 + or positron (the antiparticle of the electron) is a positively charged electron Both beta and alpha particles are considered directly ionizing because they carry a kinetic energy and can therefore interact directly with the electrons of the atom through coulombic forces.

The neutrino and its antiparticle, antineutrino, have essentially no rest mass and no charge: they indirectly ionize particles. Ionization is caused by charged particles produced in collisions with atomic nuclei.

• Electromagnetic radiation: in which energy is transported by oscillating electric and magnetic fields moving in space at the speed of light. All electromagnetic radiation is not ionizing. Only the high frequency portion of the electromagnetic spectrum, which includes X-rays and gamma (γ) rays, is ionizing. Most of the electromagnetic radiations (i.e., visible light, radio waves) exhibit a "wave-like" behavior in their interaction with matter (for example, diffraction patterns, transmission and detection of radio signals).

The best way to think about electromagnetic radiation is a wave packet called photon.

Photons are beams of energy without charge that move in a vacuum at the speed of light, or 300 000 km/s. These ionizing radiations, including the gamma rays and Xrays, represent indirect ionizing radiation, since they are electrically neutral (like all electromagnetic radiations).

The different decay modes of radionuclides consist of the emission of ionizing radiations. A radioactive atom can disintegrate through the emission of α particles and β particles, and sometimes associated with γ rays.

I.1.4. Sources of emissions: NORM and TENORM

NORM are present ubiquitously in the environment, even in the human body and originate from terrestrial and extraterrestrial sources. 6,7,21 They are present in trace quantities in the environment and they account for the highest contribution for public exposure. 8 In order to evaluate radioactivity in a certain region, several conditions should be taken into account:

geology, space and time variability, geochemical, chemical and physical mobility of radionuclides and the impact of Human activities involving ionizing radiation on natural radioactivity. 7 Besides, several anthropogenic industrial activities represent a serious concern in terms of concentrating and enhancing the naturally occurring radiation. The US Environmental Protection Agency (EPA) defined NORM as "the materials which may contain any of the primordial radionuclides or radioactive elements as they occur in nature such as radium, uranium, thorium, potassium and their radioactive decay products that are undisturbed as a result of human activities". 24 Furthermore, the US EPA defined Technologically Enhanced Naturally Occurring Radioactive Materials (TENORM) as "naturally occurring radioactive materials that have been concentrated or exposed to the accessible environment as a result of human activities such as manufacturing, mineral extraction, water processing and the technologically enhanced means so that radiological, physical and chemical properties of that radioactive material have been altered by having been processed or beneficiated or disturbed in a way that increases the potential for human and/or environmental exposures". 24 Actually, TENORM covers a wide spectrum of raw materials and products intended for use, recycling or disposal. The main (however not the only) contributing activities in generating TENORM are: uranium mining, phosphate fertilizer and elemental-phosphorous production, coal combustion, oil and natural-gas production and processing and municipal water treatment (Table 1). 25,26 Each of these applications contributes in changing the natural background radiation mainly through production activities that lead to volumes of wastes containing NORM added to the environment every year.

Uranium mining: Both surface and underground uranium mining operations generate large amounts of overburden and tailings containing elevated concentrations of uranium and its decay products. 27,28 In the 1950s,in the US, studies showed that the ratio of overburden to ore was 10: 1 and by 1980s, it had increased to about 60: 1 due to the exploitation of less accessible and low-grade ores. 25 However, in France the ratio is much lower and is about 4:1. 28 Phosphate-fertilizer and elemental phosphorous production: 25 In this industry two major processes occur: a wet process and a thermal process. The thermal process relies on the heating of the phosphate rock to about 1300 °C to produce elemental phosphorous product and a calcium silicate vitreous slag waste in which Ra-226 is found in 0.7 -2 kBq/kg. This process involves the release of several radionuclides to the atmosphere through radon emanation (in a low fraction because it will be trapped into the solid), as well as the volatilization of Pb-210 and Po-210 as a result of the heating process. As for the wet process, it relies on the treatment of the phosphate ore with sulfuric acid in order to produce phosphoric acid and a hydrated calcium sulfate byproduct referred to as "Phosphogypsum" (PG). Eighty percent of Ra-226 present in the ore will be concentrated in the PG at about 1100 Bq/kg.

Phosphogypsum is produced in large volumes: for every ton of produced phosphoric acid, 5

tons of PG are produced. This PG waste has been disposed on land (in larger piles called "gyp stacks") or in saline or fresh waters. 29 In water, PG dissolves rapidly releasing radium that could stay in solution or sorbs onto sediments, as well as Pb-210 and Po-210 that occur as insoluble fractions and found in final in the sediments. This case is found in Lebanon where a phosphate fertilizer plant in Selaata, near to the Lebanese coast, discharges most of its PG into the marine environment. Studies showed a considerable accumulation of Po-210 ad Pb-210 in the marine biota and an activity concentration of 1088 Bq/kg dry for Ra-226 in marine sediments. 29,30 Coal combustion: coals, mucks, peats and lignite commonly contain uranium and thorium. Upon combustion of these, most of the uranium and thorium persist with the ash (fly ash and bottom ash). Radium is found mainly in bottom ash. Though, Po-210 and Pb-210 are present in fly ash due to their volatilization and condensation on these ashes. Radon emanation could also occur and pose an exposure risk from both disposal piles and fly ash. However glassy materials like coal ash and phosphate slags (resulting from combustion) lower radon emanation and exposure risk subsequently. 25 Oil and natural-gas production and processing: 25,31 In the oil and gas domain, and precisely in the production and processing steps, the needed process for the recovery of oil and natural gas from underground reservoirs results in the production of water masses (oilfield brines) that contain relatively high amounts of radium and lower amounts of uranium and thorium. Frequently, oil and natural-gas reservoirs contain large quantities of saline water that come to the surface during pumping operations and needs to be disposed after their separation from oil and natural-gas. Several disposal ways were adapted by the producing countries, such as: underground injection, disposal in enhanced oil-recovery wells, surface discharge to earthen evaporation or seepage pits or to wetlands and streams, overboard disposal at offshore-wells.

At some facilities, radium has been removed from brines by treatment with activated charcoal prepared from walnut hulls, and the produced charcoal is thus rendered as solid TENORM. In other facilities metals were removed from water through pH adjustment and flocculation processes, so that sludge was yielded, dewatered and sent to landfills for disposal. Not only is the produced water considered as TENORM; as the produced water flows through pipes, temperature tends to drop and solutes are likely to precipitate, forming a scale consisting of carbonates, sulfates, silicates of calcium, strontium and barium along the walls. Radium tends to co-precipitate with these compounds, thus resulting in a radioactive scale. Scale can be removed from pipes through both mechanical and chemical treatments. Mechanical methods include cutting, shearing and high-pressure blasting with water, sand and cryogenic carbon dioxide pellets. As for chemical methods, they consist of the dissolution of scale by using salts of amino-carboxylic acids and proprietary reagents. A third TENORM byproduct is added to oilfield water and radioactive scale resulting from this industry: sludges. These wastes are mainly produced during oil-gas-water separation processes and are found in storage tanks and on the bottoms of equipment. They are commonly oily and disposed often in burn pits. It is important to mention that only in the case of natural-gas production, equipment and piping are not subject to sludges or scale. Nevertheless, radon-222 and their long-lived gamma emitting decay products pose in this case an exposure hazard to the facility workers. Since Lebanon will be an oil/gas-producing country soon, the Lebanese Atomic Energy Commission is interested in developing techniques that treat TENORM wastes resulting from oil and gas production and processing steps. 32 Municipal water treatment: 25 treatments of conventional water are not only designed to remove solids and chemical contaminants from drinking-water, but also radionuclides.

Several processes were adapted, like lime-soda ash softening and phosphate coagulation. These methods were effective for removing radioactive strontium, radium and uranium form water.

Sludges resulting from these treatments are considered as TENORM. In this case the geology of a region is the key factor for determining the initial radionuclides concentrations of raw water. For example, the Disi sandstone aquifer in Jordan, 33 an underground water reservoir, has a very high natural radioactivity; activities of both Ra-226 and Ra-228 are 2000 % higher than the maximum contaminant level for public water supplies which is 0.19 Bq/L or 5 pCi/L. 34 The sludges resulting from water treatments are usually disposed in on site lagoons or at municipal landfills. Because radium is the most important TENORM, and is largely found in its soluble form in water, treatments were developed specifically for its removal. Mainly radium was removed through its co-precipitation with different sorbents including barium sulfate, ion-exchange resins, barium sulfate-coated alumina, and manganese dioxide-coated polymers. Two main TENORM wastes result from the precedent: (1) the resins and they are mainly disposed in low-level-waste burial grounds and (2) brines resulting from the regeneration of high-efficiency radium-removal resins.

I.1.5. Different methods for radionuclides extraction from water

Several technologies were developed for the removal of radionuclides from water (Table 2).

Early invented methods were simple and relied primarily on coagulation-filtration processes and lime softening. Over the time, new sophisticated methods like ion exchange, electrodialysis and membrane processes were set up. In the following, each of these techniques will be referenced and discussed in terms of applicability, feasibility and challenges.

Coagulation (Table 2, entry 1) using inorganic salts occurs essentially by adsorption of hydrolysis species on colloidal particles in solution. Its aim is to destabilize and neutralize the charges of colloids that usually are responsible for repulsive forces maintaining these colloids separate and in suspension. Within seconds of adding the coagulants, polymeric species are formed. 35 This step is followed by flocculation, a gentle stirring or agitation, launched to boost the settling of the coagulated particles that are later filtered. The most engaged coagulants are trivalent ferric and aluminium salts [36][37][38] as well as hexavalent ferric salts. The latter showed good results owing to its high solubility in water (15 g/L) and its possible reduction to Fe 3+ , Fe 4+ and Fe 5+ , putting into the solution several positively charged species ready to further destabilize the colloidal solution resulting in a higher removal of pollutants including radionuclides. 35 In some cases, the addition of flocculants is required for good sedimentation.

Coagulation-flocculation technique has been widely used and is one of the first techniques engaged in conventional water treatment. In general, it is effective in the removal of uranium, plutonium and thorium, especially if the organic content is high since they can form strong complexes with humic substances. As for thorium, polonium and plutonium, they are effectively removed due to them being particle-reactive elements which will get them removed together with the particulate matter during coagulation-flocculation. 38 On the other hand, the capacity of this technique in the removal of extremely water-soluble elements stays minor (i.e. radium). Radium cations are mobile in water because of their highly basic character and could not be easily complexed; they are even called hydrophobic cations. In addition to that, an extremely strong competition could occur between radium and calcium and magnesium, for these latter could have stability constants with organic substances much higher than those for radium. 39 This technique has been used in facilities for conventional water decontamination and in nuclear industries for the treatment of radioactive waste solutions (resulting from fission reactions). As we can see in Table 2, it has shown good removal capacities for several elements like cerium, yttrium, strontium, phosphorous and zinc. Furthermore, approximately 70 % of radioisotopes present in a fission product mixture were removed via coagulation-flocculation and sedimentation. 36 In addition, the US EPA classified the coagulation-flocculation technique as the Best Available Technology (BAT) for uranium removal. Ion exchange materials could be synthetic or natural. For synthetic ion exchangers, inorganic materials mostly engaged were: zeolites (used for removal of cesium, strontium or thorium), titanates and silico-titanates materials (capable of extracting radiostrontium and cesium respectively) and transition metal hexacyanoferrate (capable of extracting cesium). 43 As for natural inorganic ion exchangers, carbonaceous materials such as charcoals, lignites and coals were used mainly due their low cost. However, their use decreased because they exhibit a relatively low extraction capacity for radionuclides and a non-stability to pH variations. 41 Though, the largest group of ion exchangers used today are the organic synthetic materials, generally consisting of polystyrene divinylbenzene, phenolic and acrylic. These materials could be used in batch, column or membrane operations. They could be regenerated through the elution of radioisotopes with suitable solutions and their reconditioning to their ionic original form before their reuse. 41 For this main reason, we decided to investigate the extraction capacity of calix [4]pyrroles as organic synthetic materials for radionuclides via solid-liquid extractions.

In addition to all of the aforementioned materials, there are composite materials consisting of coupling an inorganic ion exchanger to a magnetite in a way to remove the ion exchanger upon treatment via a magnetic field. 41 The advantages of ion exchange rely on: (1) the selectivity, high-capacity measurements, good thermal, chemical and radioactive stability of organic resins, (2) high selectivity of inorganic resins and (3) the relative ease of the ion exchangers regeneration or their immobilization through cementation. Yet, ion exchangers could be strongly affected by a high-salt content and could be exposed to blockage problems. 41,[44][45][46] Lime-softening (Table 2, entry 3) relies on the addition of lime (CaO) or soda ash (NaHCO3) in order to precipitate target ions in a solution. This step is followed by gravitational settling or sedimentation and filtration. It is effective for removing 85 -95 % of uranium and 50 -80 % of radium from water. 47,48 The US EPA has classified this technique as the best available technology BAT and a SSCT (Small System Compliance Technique) for uranium and radium removal. 49 However, this technology is expensive and has its low points: (1) it needs a 𝑝𝐻 > 10.6 and a sufficient quantity of magnesium present in solution (or added) for an effective removal (mainly concerning uranium); (2) finished treated water may need the addition of corrosion-inhibitors, for softening can reduce significantly the hardness and the alkalinity of the water, causing corrosion in distribution systems and consequently the release of lead and copper into domestic waters. [47][48][49] Co-precipitation (Table 2, entry 4) is a very old technique that is used mainly for the removal of radium from aqueous solutions. It could occur naturally if the water stream is rich enough with precipitating elements and salts, or else it would need an intervention in order to add these agents. One of the most popular co-precipitation is that of radium and barium chloride using barium sulfate. It results in the sedimentation of a highly insoluble barium sulfate sludge containing the extracted radium: 48,50 𝑇𝑟𝑎𝑐𝑒(𝑅𝑎 2+ ) + 𝐸𝑥𝑐𝑒𝑠𝑠(𝐵𝑎 2+ ) + 2𝑆𝑂 4 2-= 𝐵𝑎(𝑅𝑎)𝑆𝑂 4

Equation 2. Co-precipitation of radium using barium sulfate

As well, co-precipitation of radium could be carried using Hydrous Manganese Oxides (HMO).

Efficiencies up to 80 % may be achieved using this technology. It involves two processes: coprecipitation and contact oxidation. Manganese oxide-radium precipitate is formed and is then removed by filtration. Few studies carried radium co-precipitation using ferric oxides or a mixture of these with HMO. However, results with HMO were better and in the case of iron and manganese oxides mixtures, an interference of iron oxide precipitation onto manganese oxides can interfere with the adsorption of radium. 51 Co-precipitation methods are relatively inexpensive techniques, suitable for the treatment of high-water volumes and solutions containing high amounts of salts. Nonetheless, they are pH dependent and their efficiencies depend largely on solid-liquid separation steps. 45 Solvent-extraction (Table 2, entry 5) is a liquid/liquid extraction technique usually involving an organic phase containing the extracting material and another aqueous phase that is subject to decontamination (or vice versa). In the Plutonium Uranium Recovery by Extraction (PUREX) process referring to Plutonium Uranium Recovery by Extraction, an organophosphorus compound: tri-n-butyl phosphate (TBP) dissolved in an organic diluent was used. The process involves not only the extraction of uranium and plutonium but also their separation in precise conditions. TBP showed a good radiolytic and chemical stability, low aqueous solubility and efficient chelating properties. 52 PUREX is a plant-operating process that was industrially used for the first time in 1951 and has been developed more and more over years. However, a major disadvantage of this technique is that it generates aqueous and nonaqueous secondary wastes that need further treatment and disposal.

Membrane process (Table 2, entry 6) is one of the most recently developed technologies for water treatment and specially for the treatment of radioactive waste solutions containing long-lived radionuclides. Six main membrane processes exist, including each different types of membranes and engaged materials: (1) pressure driven processes, (

electrically driven processes, (3) membrane distillation and pervaporation, (4) liquid membrane, (5) membrane adsorption, (6) hybrid system. 45 Advantages of this technique in comparison to previously described conventional techniques are: (1) possibility of operating at low temperatures, (2) low energy required for operating, (3) the ease in addition of modules for up-scaling, (4) the potential of mixing different separation systems. Nevertheless, over time membranes are susceptible to fouling and a decrease in their module productivity. 45,48,53 

Osmosis

In complement of inorganic-based methods, organic materials emerged as promising and useful tools for radionuclides decontamination from water and organic eluents. For this, scientists went farther through the use of more sophisticated organic molecules or "supramolecules". The contribution of supramolecular chemistry for radionuclides' removal will be discussed in the following section. Supramolecules were engaged in sensing studies, molecular imaging, drug formulation and delivery as well as metal extraction. Our interest for the last application and the efficiency, the promising behavior and the importance of organic materials exhibited in this domain, motivated us to explore supramolecules and calix [4]pyrroles especially. 51,52 While simple organic molecules like ethylenediaminetetraacetic acid (EDTA) are capable of metal extraction, scientists envisaged to use preorganized macrocycles searching for harder molecular cores, higher selectivity and stronger resistance to harsh chemical and radiolytic conditions. 55 A determined cavity size, an oriented chelation site and a strong annulus core are key factors in determining the behavior of a supramolecule and its chelation capacity finetuning. Since early applications, supramolecules were engaged in decontamination and separation processes for radioactive wastes, delivered mainly from nuclear energy production. 55 Supramolecules' mechanism relies mainly on the concept of host-guest chemistry and the interaction with guest molecules occurring mainly via non-covalent bonds (Figure 2).

I.2. Supramolecular platforms: a tool for the removal of radionuclides

In the following part, several class of supramolecules will be presented and their interactions with radionuclides will be discussed. 

I.2.3. Cyclodextrin-based materials

Cyclodextrins (CDs) are cyclic oligosaccharides characterized by a truncated-cone shape that forms a well-defined cylindrical cavity (Figure 3, β-CD). They possess a hydrophilic exterior and a hydrophobic/lipophilic interior. They are environmental friendly molecules, known for their negligible toxicity and their capacity to trap organic and inorganic pollutants. [56][57][58][59][60][61] Yet, these molecules are scarcely exploited for their capacity to complex radionuclides.

In 2007, 62 cyclomaltohexaose (AEOE) (Figure 3, CD1), was introduced and showed to be capable of complexing cesium in a 2: 1 ratio (cation/ligand). In fact, it showed a big affinity for cesium with lower or none affinity towards other alkali metals such as potassium and sodium. This affinity for cations with larger ionic radius was importantly linked to the monitoring of the sterical hindrance through the change of the chain length and the position of ether groups position in the chain at position 2.

Since 2010, various CDs were reported as adsorbents for the recovery of radioactive metals from aqueous solutions. Several studies showed the physical and chemical grafting of CDs onto several solid supports before their engagement in decontamination processes.

In 2010, Hu et al. 63 introduced a magnetic composite of β-CD grafted via plasma-induced grafting 64,65 onto multiwall carbon nanotubes/iron oxides denoted as MWCNTs/iron oxides/CD. This ligand showed the capacity to extract Pb 2+ (having radioisotopes present in the decay chains of U-238, U-235 and Th-232) due to the presence of its hydroxyl groups and its hydrophobic cavity. 

β-CD CD1

Based on a similar approach to that of Hu et al., several studies were reported in literature for the removal of U 6+ radioactive ions from aqueous solutions. 63 The majority of these adsorbents bear magnetic cores in order to be separated easily by magnetic filtration or separation upon contact with radionuclides.

Similarly to CD-based adsorbents designed for uranium extraction, other CDs and β-CDs adsorbents were reported for europium (Eu-152+154) extraction from aqueous solutions. 71,72 In 2015, Rojas-Mena et al. carried a study of pharmaceutical interest, where authors took advantage of β-CD to complex holmium (Ho-166), a heavy rare element lanthanide, which is given importance in nuclear medicine for the therapy of arthritis and the study of immunospecific radiopharmaceuticals. 73,74,75 Recent Studies have investigated the capacity of β-CD to complex thorium (Th 4+ ). Based on the work of Liu et al. in 2017, a polyrotaxane based on specific mono-modified β-CD was synthesized (Figure 4, CD2). [START_REF] Liu | Adsorption of Trace Thorium(IV) from Aqueous Solution by Mono-Modified β-Cyclodextrin Polyrotaxane Using Response Surface Methodology (RSM)[END_REF] The adsorption of Th an initial Th 4+ concentration of 23.00 mg/L and adsorbent dosage of 30 mg. Under these optimal conditions, maximum adsorption of Th 4+ ions capacity was reached as 13.99 mg/g. Also, in 2017 Duan et al. 77 introduced a β-CD-based hydrogel for Th 4+ adsorption. The ligand consists of a Poly(acrylonitrule-co-acrylic acid)-graft-β-CD hydrogel that pointed out to be an excellent absorbent separating thorium ions from aqueous solution. Optimum separation conditions were determined as follows: equilibration time of 4 hours, pH value of 2.95 ± 0.05, solid-liquid ratio equal to 0.20 g/L, and a temperature of 298.15 K. The selectivity of this hydrogel was also studied, the results indicated that it preserved a good adsorption capacity to Th 4+ even in the presence of Ca 2+ , Mg 2+ , or Pb 2+ .

I.2.4. Exploratory studies using cucurbiturils

Cucurbiturils denoted by "molecular containers", are rigid macrocycles with large cavities consisting of methylene-linked glycoluril fragments ready to host organic and inorganic molecules (Figure 5, CC1). These molecules are like molecular belts because of their hollow core that measures 5.5 Å and that is accessible through two portals situated among the carbonyl groups. [78][79][80][81] The ability of these molecules to complex ions in aqueous solutions was discovered first by Behrend et al. in 1905. 78 In fact, the presence of polar oxygen atoms having high negative density in the skeleton of cucurbiturils is a key factor to the result of this molecule forming stable complexes with metal ions (usually higher than those of crown ethers and CDs). 82,81 In most cases, ions are bound to the oxygens located in the planes of the portals rather than included into the cavity of the cavitand. 81 
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An important feature of cucurbiturils is that these molecules can form not only inclusions with inorganic molecules but also mixed inorganic-organic entities. 80,81 As for the previously described macrocycle (CD), this cavitand showed an important capacity not only to complex alkali and alkaline earth metals (potassium, rubidium, strontium…) [83][84][85][86] but also radiocesium (Figure 6). In this field few studies on cucurbit [6,8,n]urils were carried showing the potential of this molecule to remove radiocesium from nuclear wastes. 80,[87][88][89][90][91][92][START_REF] Pichierri | Cs+-π Interactions and the Design of Macrocycles for the Capture of Environmental Radiocesium (Cs-137): DFT, QTAIM, and CSD Studies[END_REF] Cucurbiturils are not soluble in water, however once complexed to metal ions their solubility becomes more and more higher and they are later precipitated through a monitored addition of organic solvents.

I.2.5. Crown ethers: first cations-specific class of supramolecules

Crown ethers are macrocyclic polyethers (Figure 7), reported in the 1960s, where the first molecules derived from aromatic vicinal diols and were known since then for their stable complexes formation with alkali, alkaline earth, transition metals and specially cesium and strontium. [94][95][96][97] Several studies were carried for these ligands and they showed a specific capacity and selectivity to complex cesium ions from acidic nuclear wastes through liquid/liquid extractions or adsorption experiments. [98][99][100][101][102][103][104] Studies showed a perfect match between the cavity size of these macrocycles and the crystal ionic radius of cesium. 100,105,106 Crown ethers are cage molecules, in which the oxygens of the polyether ring, having high negative densities, interacts through ion dipole interactions with the targeted cations. 94 Despite of the ability of crown ethers to extract cesium, no feasible/efficient process was reported including only crown ethers. 107 Besides, in 2017 Yu et al. 103 reported an ion-recognizable crown-ether based hydrogel, poly(acrylic acid-co-benzo-18-crown-6-acrylamide) (poly(AAc-co-B18C6Am)), for cesium extraction through the formation of a Cs-crown stable sandwich complex (Figure 8).

I.2.6. Calixarenes: a tool for nuclear wastes decontamination

The name "Calixarene" was introduced first by David C. Gutsche in 1978, specifically for tetramers having all the phenolic groups oriented in the same direction and depicting a cup-like structure, which resembles a Greek vase (calix in Latin) presented in Figure 9. The second syllabus of the molecule's name, arene, refers to the aryl groups (phenols) consisting it and the bracketed numbers in between "calix" and "arene" refers to the number of the aryl groups forming the macrocycle. 108,109 Calix [4]arenes consist of four phenolic units ortho-linked by four methylene bridges and occur in four different conformations (cone, partial cone, 1,2-alternate and 1,3-alternate) due to the rotation of the phenolic functionalities (Figure 10). program, the French "Commissariat à l'Energie Atomique" (CEA) studied the capacity of different calix [4]arenes to extract long-lived radionuclides (Tc-99 and Cs-135) from acidic solution of fission products. The extraction of cations by calix [4]arenes and crown ether entities is roughly accompanied by anion complexation in order to ensure the electroneutrality of the complex. In this study, a double supported liquid membrane (SLM) technique was set up engaging two bis crown calixarenes (see Figure 22) and a diaza crown calix [4]arene. Results

showed that bis crown calixarenes are capable of complexing cesium on the level of one crown ether loop (1: 1 ratio). This complexation was accompanied by the extraction of the pertechnetate anion (𝑇𝑐𝑂 4 -) due to its electro-ionic interaction with cesium. 112 Later in 1999, Barboso et al. 114 developed several calix [4]arenes with CMPO groups for the removal of lanthanides and thorium found in nuclear wastes following the PUREX process.

Their idea came from an already applied liquid-liquid technique called Transuranium Extraction (TRUEX), 115,116 used to decategorize liquid wastes. This technique relied on the use of (N,N-diisobutylcarbamoylmethyl)octyl phenylphosphine oxide (CMPO) (Figure 11, 1), as C=O and P=O functions act as chelating groups of radionuclides. 117,118 While CMPO showed good extraction capacities, it lacks selectivity and discrimination capacities between actinides and lanthanides. Accordingly, the idea of fixing CMPO functions on a rigid macromolecular pre-organized core seemed to be necessary. As seen in Figure 11, CMPO functions were added onto the wider rim of calix [4]arenes (CA1) and the narrow rim of calix [4]arenes (CA2). Results

showed that based on the choice of the functionalized rim (determining the cavity size), the length of the alkyl chain (𝑛 = 2, 3 or 4 for CA2) determining the flexibility of ligands and the presence of a supramolecular core holding CMPO functions:

• Compounds CA1 and CA2 are more efficient extractants of actinides and lanthanides than CMPO (1).

• Wide-rim CMPO substituted calixarenes (CA1) and rigid narrow-rim substituted calixarenes (CA2 with 𝑛 = 2) are better ligands for cations with larger cationic radius (light lanthanides).

• Flexible narrow-rim substituted calixarenes (CA2 with 𝑛 = 3 or 4) are better ligands for cations with smaller cationic radius (heavy lanthanides), showing a similar behavior to compound 1. 
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However, it is important to note that liquid-liquid extractions are strongly dependent from organic diluents, the acidity of nitric waste solutions as well as initial concentrations of radionuclides in solutions.

In 1999, a similar study carried by Böhmer et al. 119 investigated not only the grafting of CMPO functions onto calix [4]arenes, but also synthesized wide-rim CMPO substituted calixarenes and investigated the role of the variation of the alkoxy groups at the narrow rim. These latter are key factors resulting in mobile or fixed core conformations. Among six newly synthesized calix [4]arenes, the best candidate was the 1,2-dimethoxy-3,4-dipropoxy derivative (Figure 12).

While, the exact influence was stated by the researchers as "difficult to explain", they specified that the sizes of ether residues on the narrow rim could intervene into the distortion of the annulus core in a way to adopt with a certain cation.

For the same purpose, several calix [4,6]arenes onto which phosphine oxide, diphosphinedioxide and carbamoylphosphine oxide groups have been reported by the National academy of sciences of Ukraine in 2001. 120 In 2001, Casnati et al. 121 introduced novel lower and upper rim octamide and hexamide calix [6,8]arenes ionophores, that showed to be selective for removal of strontium from water through liquid/liquid extractions. Among these, lower rim calix [8]arene octamides show the highest capacities for removal of alkaline earth metals, especially Ba 2+ and Sr 2+ . For different tested octamides, results showed a 2: 1 (cation/ligand) strontium complexes. Stability constants between octamides and strontium showed to be dependent from p-alkoxy groups at the upper rim: the highest stability constant is for the calixarene holding the highest donor p-alkoxy group. 
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This ligand, denoted as calix [4]arene-BDGA, was tested through liquid/liquid separations to extract Am-241 and Eu-152 from nitric acid solutions. Results showed that this ligand has higher selectivity for Eu-152 than for Am-241with a separation factor 𝑆𝐹 𝐸𝑢 𝐴𝑚 ⁄ of 4.5 -7.3.

In 2003, Hanna et al. 124 synthesized several monoanion and dianion calix [4,6,8]arenes (Figure 15 a) to better understand alkali metal complexes structure through the determination of their solid state structure as well as their solution conformation. In fact, in other terms they synthesized alkali metal salts of calixarenes anions. Solid and liquid conformation of these latter were studied via NMR and X-ray diffraction respectively. Below, one example will be presenting that one ligand can show different complexing capacities for elements having the same valence and belonging to the same group. Calix [6]arene showed several coordination schemes with potassium, rubidium and cesium in acetone (Figure 15 b). Accordingly, dianion or monoanion salts were formed. This shows the capacity of calixarene to complex metals and especially radioactive ones through O-metal, C-metal and solvent-metal interactions. 
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In the case where no treatment is applied for a 24 hours contaminated skin, 48.2 % of applied uranium is diffused by the skin and 21.6 % is retained by the skin. However, upon 24 hours of applying the calixarene emulsion to the contaminated skin, only 6.3 % of uranium has been diffused (approximately 7.6 times lower than an untreated skin) and a reduction of 10 % approximately of retained uranium. Following this study, this molecule has been introduced by Cevidra as the 1 st commercialised urgency treatment for skin contamination by actinides (Figure 17). 127 In fact, the affinity of calixarenes for uranium and specifically uranyl ions (𝑈𝑂 2 2+ ) has been importantly investigated in literature (i.e. Figure 18 a). [128][129][130][131] Based on their structure arrangement and their functionalization, different coordination schemes have been diagnosed

(Figure 18 b). 132,133 As well, calixarenes extractants were physically or covalently incorporated into solid supports for selective separation of uranyl ions (Figure 18 c). 134 Additional calixarene-based ligands (carboxylic and hydroxamic acids) and were reported for their extraction capacities for uranium (Figure 19). Details for these molecules could be found in the publications of [START_REF] Shinkai | Molecular Design of Calixarene-Based Uranophiles Which Exhibit Remarkably High Stability and Selectivity[END_REF]1989, 128,135 Nagasaki and Shinkai 1991 132 and Boulet et al. 2006. 136 In 2016, Liu et al. 137 studied the behavior of p-tert-butylsulfonylcalix [4]arenes (SC4A/CA10), through liquid-liquid extractions, for their capacity of extracting Cs + and Sr 2+ from acidic aqueous solutions (Figure 20). These molecules showed good extraction capacities for these two cations. CA9 formed a 1: 1 complex with cesium and 2: 1 complex with Sr 2+ . In the latter complexation, two CA9 were involved, forming an "adjustable cavity" customized for the size of the complexed metal ion. CA9 was proved to be thermo and radiolytic resistant.

Studies on calixarenes for their extraction capacities towards radionuclides were not limited on laboratory tests but were patented for their use on an industry scale for nuclear wastes 
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Figure 19. Some calixarenes reported in literature for the removal of uranium.

treatment. One US patent (N° 6.312.653.B1) launched in 2001, 138 reported calix [4]arenes bearing on their upper rim acetamidophosphine oxide functionalities (Figure 21, CA10) which have affinity for actinides and lanthanides. These molecules depicted a capacity for extracting 99.9 % of europium from acidic nuclear waste solutions through liquid-liquid extractions.

I.2.7. From crown ethers to calix-crown molecular platforms

Similar to previously described macrocycles and specifically crown ethers, calixarenes showed a great affinity to complex cesium cations from radioactive nuclear wastes. In 2019, a review done by Wang et al. 139 was published, revising calixarenes synthesized over years that were given importance for their removal capacities towards cesium. In fact, this topic is often highlighted because cesium is abundantly found in radioactive nuclear wastes and is a main product of uranium fission.

Scientists worked on building hybrid systems combining different supramolecules, taking advantage of the chelation capacities of each to reach higher selectivity toward cesium, as well as certain conformations and coordination schemes. Accordingly, calixarenes-crown ether molecules were created in order to reach higher molecular recognition capacities for cesium. 140- 157 Crown ethers with n ethyleneoxy have been added onto the core of calixarenes, to limit the variation in calixarenes conformation, to make them more rigid and to give them higher coordination capacity for specific metal ions. 94 Studies have shown that variations of this conformation affect strongly the selectivity of calix [4]arenes. For this, some researchers immobilized calix [4]arenes in the 1,3-alternate conformation through the synthesis of mono crown calixarenes 158 and bis crown calixarenes (Figure 22). 159

Despite the ability of crown-ethers to complex cesium, calix-crown entities showed higher selectivity for cesium. 107,160 Dozol et al. reported several calix [4]arenes and calix [4]arenescrowns-n entities that showed to be very efficient for cesium extraction. 161 It is important to note that the presence of crown-ethers and the number of oxygens consisting them have great influence on the selectivity of calix [4]arenes for metals and their solubility in organic solvents. 54,101,124 Moreover, both calixarenes and crown ethers show good resistance to harsh radiolytic conditions. In fact the extraction of cesium from acid nuclear wastes has been done through liquid/liquid extractions (noting that capacity and selectivity of extractions are highly dependent upon the solvent) 162,163 or through adsorption.

In liquid/liquid extractions calix [4]arenes-crowns-6 derivatives showed to be very efficient for extracting cesium through both interactions with oxygens and π interactions with aromatic rings. 164 In addition to that and as listed above, the more calix [4]arenes are appended with electron donors groups, the more cation-π interactions are strengthened.

As for adsorbents, several crown-ether and calixarene-based entities were incorporated into solid supports (polymers, fibers...) through physical impregnation or chemical grafting. [165][166][167] Adsorption (also called solid/liquid extraction or extraction chromatography) 168,169 is favored when comparing it to liquid/liquid extractions, for these latter generate secondary liquid effluents. It is important to takes this feature into consideration in the design of supramolecules, since this application is favored and reduces waste generation. However, the incorporation of supramolecules into other substances can change substantially their extraction selectivity and efficiency for metal ions. 170,171 Calixarenes, crown ethers and calix-crown ligands have been generally incorporated into silica supports, 102,165,168,172,173 artificial materials as fibers, 169 and magnetic particles in order to facilitate magnetic separation or filtration. 96,104 

I.2.8. Calix[4]pyrroles: a versatile receptor for ionic species

Calix [4]pyrroles are heterocalixarenes homologues that were synthesized first by Baeyer in 1886. 174 They are macrocycles formed by four pyrroles linked together on the 2 and 5 positions by 𝑠𝑝 3 meso carbons. They are simple to prepare and easy to functionalize, mainly via two approaches: (1) pyrrole-plus-ketone condensation (or molecular cyclisation) and ( 2) reaction of pre-functionalized calix [4]pyrrole. 175 The first calix [4]pyrrole molecule, octamethylcalix [4]pyrrole (OMCP/CP1), was introduced through a single step reaction of pyrrole condensation with acetone and under conditions of acid catalysis (Figure 23). 174 This molecule is characterized by three remarkable sites: N-rim, C-rim, and meso-rim (Figure 23).

Every addition or substitution to this molecule is applied by the introduction of new functionalities to the C-rim (β-pyrrolic sites) and the meso-rim and lead to the production of new derivatives with enhanced molecular recognition capacities towards specific substrates. 175,176 Meso and β-pyrrolic substituents consist in general of alkyl groups, aryl groups and built-in chelation sites like crown ethers and calixarenes (Figure 24) forming heterodimers preorganized supramolecules. 175,177-179 Calix [4]pyrroles were first discovered for their anion binding capacity in 1996, 180,181 and since this class of supramolecules gained an important interest. Studies showed that these molecules constitute host ligands for several ionic and neutral substrates, and contribute to the production of a broad range of anion, ditopic and ion pair receptors. [182][183][184][185][186][187][188][189][190][191][192][193][194] Figure 23. OMCP/CP1 synthesis reaction.
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As mentioned above, OMCP's chelation capacity for halides was discovered first in 1996. It was shown that this molecule can efficiently chelate halides through the formation of hydrogen bonds between the pyrrolic NH and anions (F -, Cl -, Br -). However, an important change in the conformation of OMCP was reported upon anion chelation. In fact, originally OMCP exists in four different conformations similarly to calixarenes: cone, partial cone, 1,2-alternate and 1,3-alternate. The latter conformation is the one favorably adapted by OMCP in the solid state (crystal structures) and it becomes in cone conformation, in both solid and liquid states, upon anion complexation (Figure 25). 181,195,196 Since 1996, OMCP was popular for its anion chelation capacities, 197 until 2005 when Custelcean et al. 198 reported for the first time the capacity of OMCP to bind simultaneously anions and cations, forming ion-pair complexes. As we see in Figure 26, OMCP was able to form ion pair complexes with cesium halides: CsF, CsCl and CsBr. Through X-ray and 1 H NMR analyses, halides are found bounded to all four pyrrolic NH, fixing the conformation of OMCP in the cone shape. This conformational change allowed the creation of a new cation chelation site and cesium was consequently encapsulated by the cup-like shaped electron rich calix [4]pyrrole cavity through both cation-π and dipole interactions. [198][199][200] In further studies, OMCP has been exploited in more than recogntion studies for its ion pair binding capacity, via liquid-liquid extraction experiments and transmembrane transport experiments of cesium halide salts. 201,188,202 Subsequently, scientists considered OMCP as an attractive scaffold for building sophisticated ion-pair receptors. Several reasons justify the choice of scientists for this molecule: (1) its relative ease of modification, (2) the presence of an anion chelation site, (3) its potential to form ion-pair complexes. 199 Studies went beyond OMCP and the scientific community took advantage of this simple ditopic ion-pair receptor to build more sophisticated multitopic ion-pair receptors. 199 Hence, new OMCP-based ion-pair receptors were introduced (Figure 27) through substitution made on the level of its β-pyrrolic rim 203,204 or its meso-rim. [205][206][207][208][209][210][211][212][213][214] Studies showed that multitopic ion-pair receptors enhanced ion recognition through direct or indirect positive interactions between cobound ions through both electrostatic interactions and cooperative allosteric effects.

It is important to clarify that although in Figure 27, calix [4]pyrrole-based receptors are bound to cesium and chloride ions, these receptors constitute host ligand for other ion pairs. As well, in a same receptor two chelation sites for a same or different cation could co-exist (i.e. for CP3 and CP4) and for this reason they are called multitopic ion-pair receptors. However, one of these two sites could be considered as a strong binding site for a certain cation and the other a medium binding site for another cation. 199 Receptors CP4 and CP5 (Figure 28) can be chosen as examples to clarify all the abovementioned characteristics of multi-topic ion-pair receptors ; As seen in this figure, CP4 formed a 2: 2 ion-pair complex (ligand/CsCl); in the first complexation scheme, cesium is bound to the calixarene cavity and is in direct contact with the complexed chloride on the level if the pyrrolic ring and the other scheme is a Cs sandwiched between two calix [4]pyrroles that each is bound to a chloride anion. 199,206 As for part (CP5), it can be noticed that not only the presence of multiple cationic sites exist (on the level of the crown-6-calix [4]arene entity and the Omethylene bridges) but also in comparison to Figure 28 we could see that Cs could be bounded on the level of these two sites and could be released by the addition of potassium. 199,205 As we see in Figure 29 Meso-substitution of OMCP gained a great importance for the fact that the appended groups on this rim not only point out of the pyrrolic core, defining the isomeric conformation of this molecule, but also influences calix [4]pyrroles' ionic chelation capacities through electronic and steric effects (making chelation sites more or less available). 175 In 1999, a meso-rim OMCP derivative was introduced by two groups, Floriani et al. and Sessler et al., simultaneously. 215,216 It is the so-called phenoxycalix [4]pyrrole (PCP) or meso-tetra-methyltetraKis(4-hydroxyphenyl)calix [4]pyrrole. On each of the four meso-carbons of OMCP, a phenol group substituted one methyl group. It is synthesized through an acid catalyzed reaction, condensing pyrrole with 4-hydroxyacetophenone (Figure 30).

As described by Floriani et al. in 1999, the resulting molecule is present in three different isomeric forms "cone, partial cone and 1,2-alternate" when considering the NH bonds 
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positions. 215 While considering the position of the methyl groups relative to the phenol groups, Sessler et al. in 1999, distinguished four other isomers: αααα, ααββ, αβαβ and αααβ (Figure 31); 175,179,216 The separation of this mixture has been done through either column chromatography or specific crystallization conditions. Through X-ray crystallography, this molecule showed an elliptical cavity that dimensions were calculated from opposite oxygen distances (10.146 and 8.435 Å). 215

This molecule was described to virtually hold the calixarene skeleton onto the meso-positions of calix [4]pyrrole. It contains a deep four walled, pre-organized cavity bearing multi-points or multi-sites playing a role in host-guest interactions. Hence, our group and others gave importance to the study of this molecule, essentially for it being a potential supramolecular platform, that is easy to modify and functionalize through its phenolic groups in order to introduce new cation chelation sites and due to the presence of a pyrrolic four-hydrogen anion binding core.

As for OMCP, PCP was first known for its anion chelation capacity. 175,179,180,182,183 In both, the pyrrolic units constitute the anion chelation site through the formation of hydrogen bonds mainly with fluoride, chloride and phosphate in acetonitrile (F -> Cl -> PO4 2-). 216 Moreover, αααα-PCP showed to be selective for fluoride in DMSO and showed no chelation capacity for chloride, bromide, iodide, dihydrogen phosphate and hydrogensulfate. This shows that the introduction of arms on OMCP's core affected its affinity for anions and this is caused mainly by the reduction of the cavity size that became limited by four walled phenolic arms. 182 The αααα-isomer of PCP was given special interest due to its preorganized structure where all the phenolic functionalities point in the same direction, forming a deep four walled aromatic cavity. Below a broad range of αααα PCP derivatives are reviewed (Figure 32), starting with the PCP that was synthesized in 1999 and the first simple derivatives, arriving to 2017 with more sophisticated supramolecules. In general, these derivatives are hydrophobic compounds αααα ααββ αααβ αβαβ that were studied mostly for their ionic recognition capacities in organic media rather than extraction capacities. From 1999 till 2005, 182,183,215,217 PCP and its derivatives showed a chelation capacity for anions and a selectivity for fluoride in DMSO. PCP's derivatives were known to have deep or super extended aromatic cavities with a "Fluoride only" recognition capacity in a 1: 1 anion/ligand complex. Like for OMCP, fluoride is bound to the four pyrrolic NHs of PCP. However, receptor R 6 (Figure 32) reported by Namor et al. in 2005 217 showed a capacity to bind fluoride though the formation of a 2: 1 anion/ligand complex where the tetraphenyl urea strap acted as a second anion chelation site. Also this was the first reported PCP derivative, capable of complexing dihydrogen phosphate on the level of phenyl urea, as well through hydrogen bonding. Ji et al. in 2006, 218 introduced a tetra(meso-4-phenoxy-2picolyl)calix [4]pyrrole (R 9 ) and studied for the first time the capacity of a PCP derivative for its cation chelation capacity. R 9 showed a capacity to chelate cesium selectively out of other alkali metals (Li, Na, K, Rb) and this was explained by a possible occurance of Cs+…π-aryl ring associations with the pyridyl donor ligands. This same receptor (R 9 ) was reported as well by Abbas and Chaaban in 2011. 219 Through 1 H NMR, conductance and thermodynamics measurements carried in acetonitrile, this receptor showed interactions with Cd(II), Pb(II) and Hg(II) through the nitrogen and oxygen atom donors. However in acetonitrile, both 1 H NMR and conductance measurements showed that no interactions occur between R 9 and alkali and alkaline earth metals. 219 In 2007 Namor et al., 185 introduced a new ditopic PCP derivative, meso-tetramethyl-tetrakis{4-[2-(ethylthio)ethoxy]phenyl}calix [4]pyrrole (R 10 ) that showed a capacity to bind selectively fluoride among chloride, bromide, iodide, hydrogen sulfate, perchlorate, nitrate and dihydrogen phosphate, on the level of its pyrrolic core. In addition it was able to complex two transition metals, silver and mercury, through interaction with sulfur donor atoms of R 10 extended walls in acetonitrile and DMSO. 185 No interactions were detected with other alkali or alkanline earth metals. 185 Namor and Khalife in 2008, 220 reported the synthesis of a meso-tetramethyl tetrakis-(4-phenoxymethyl ketone)calix [4]pyrrole, that was reported earlier by Woods et al. in 2002 183 (R 5 ). Namor and Khalife's study confirmed the anion chelation behavior of R 5 reported by Woods et al. and that R 5 is selective for fluoride and records no interaction with other anions such as chloride, bromide, iodide, hydrogen sulfate, dihydrogen phosphate and nitrate. This selectivity for fluoride was detected in both acetonitrile and DMSO. This study of Namor et al. also investigated the capacity of phenoxycalix [4]pyrrole (R 1 ) for all the above mentioned anions in acetonitrile and compared it to the ketone (R 5 ) derivative. 1 H NMR results signaled several chemical shifts for R 1 upon addition of F -, Cl -, Br -and 𝐻 2 𝑃𝑂 4 -in deuterated acetonitrile. So when comparing R 1 to R 5 , R 5 gained higher molecular recognition properties in terms of selectivity and the capacity of discriminating between these anions, to bind selectively fluoride. On the other hand, Namor and Khalife studied the cation chelation capacity of R 5 through recording R 5 's 1 H NMR chemical shifts before and after cations addition. Upon addition of alkali, alkaline-earth, transitional or heavy metals in CD3CN, only one significant chemical shift change was detected and this was for the mercury salt. In fact a significant chemical shift was detected for the methyl group near the carbonyl function, proposing a chelation of Hg through interactions with the oxygens donor arms of the extended arms. Later on, in 2009 Namor and Khalife reported as well receptor R 11 that is similar to R 5 but having an additional CH2 alkyl chain between the phenoxy function and the methyl ketone function. Studies of this receptor showed that it has a similar behavior to R 5 in acetonitrile and that R 11 is a ditopic receptor capable of complexing both fluoride and mercury.

In 2009 Ballester et al. 221 introduced receptors R 12 , R 13 and R 14 among which R 13 and R 14 are the first PCP water-soluble derivatives reported in literature, through appending R 1 with ionizing and hydrophilic groups (carboxy and amino groups). In fact Ballester's group is interested in developping water-soluble calix [4]pyrroles in order to achieve a selective binding of neutral substrates present in aqueous media (pyridine-N-oxides), since calix [4]pyrroles offer several attractive and potential non-covalent interactions such as hydrogen bonding, π-π and CH-π. 221-224 R 13 and R 14 were capable of binding efficiently pyridine N-oxide and 4phenylpyridine N-oxide deep inside their aromatic cavity though both hydrogen bonding and hydrophobic binding in water. 221 In 2015, Namor et al. 225 reported a new PCP amide derivative, meso-tetramethyltetrakis-(4N,N-diethylacetamide) phenoxymethylcalix [4]pyrrole (R 16 ). This receptor showed to interact with Ca 2+ , Sr 2+ , Ba 2+ , Pb 2+ and Cd 2+ through 1: 1 ligand/metal complexes and with Hg 2+ through 1: 2 ligand/metal complexes. These results were obtained from 1 H NMR measurements in deuterated acetonitrile, while chemical shifts were recorded upon cations addition. Those results showed that cations interactions occur with the phenolic moieties and carbonyl oxygens of the amide function. This receptor R 16 was reported in 2015 by Rubaye, whom studied the capacity of this acetamide extendended PCP to interact with lanthanides. 1 H NMR complexation experiments showed the formation of 1:2 (ligand/metal) complexes between actemaides funtions R 16 and lanthanides (lutetium, holmium, europium and praseodymium) in CD3CN . So far, studies have shown that the introduction of new chelation sites through the extension of PCP's phenolic groups could produce simple anion receptors and other ditopic receptors holding both anion and cation chelation sites, but no ion-pair formation was proved until 2017 when Sessler et al. 226 introduced the first ion-pair aryl extended PCP derivatives (R 20 & R 21 ). These two derivatives were expanded through click chemistry where a triazole entity is introduced linking the calix [4]pyrrole to an anthracene-plus-alkyl chain moiety. 1 H NMR studies for both anionic and cationic chelation capacities were performed in DMSO. Upon addition of TBAF, two considerable changes occurred in the 1 H NMR spectrum: a lower field chemical shift for the pyrrolic proton and a slight upfield chemical shift for the triazole protons. These outcomes confirm the complexation of the fluoride anion with the central pyrrolic cavity of R 20 . Addition of the metal cation (FeSO4) was accompanied by the shift of the triazole protons signal. Finally, when FeF2 is added, both pyrrolic and triazole protons shift to the lower field of the 1 HNMR spectrum marking the formation of an ion-pair complex where the anion is bounded to the NH pyrrolic moieties and the ferrous cation to the 1,2,3-triazole moieties. R 20 was build as a model molecular platform to see the ability of ion-pair formation befor studying bulkier agregates (R 21 ).

R 21 being fluorescent due to the presence of tetrachromophoric anthracene entities, it was studied through molecular fluorescence. Upon addition of Fe 2+ and F -separately, no changes in the fluorescence emmissions were detected. However, the addition of FeF2 to the ligand resulted in an increase of the fluorescence emission, ensuring the formation of an ion-pair complex between R 21 and FeF2.

Conclusion

Since the discovery of supramolecules, these latter were engaged primarily for the complexation and extraction of stable and radioactive metals. It was noticed that most applications were carried on radioactive wastes, generated from nuclear energy production. In this thesis, the center of interest goes for the extraction of radionuclides present in Nature as TENORM as a result of several non-nuclear industrial activities and that are dangerous if transferred to Humans. To do so, in the following chapters, the synthesis of non-polymerized and polymerized phenoxycalix [4]pyrrole-based molecules is reported. As well two studies will be presented to show the interaction of two specific derivatives towards stable and radioactive elements.

Introduction

As discussed in chapter 1, calix [4]pyrroles have been appended by extra functionalities and chelating groups in order to enhance their molecular recognition toward ionic species. In this study we chose to work with PCP, a meso-substituted calix [4]pyrrole, as a starting material. As described in literature, PCP alone holding its four phenolic functions is not designed to chelate cationic species. However, due to its pre-organized structure and the advantage of it having phenolic functionalities that are relatively easy to modify, PCP makes an interesting scaffold and a building block for further sophisticated architectures. It is noteworthy to highlight the importance of the anionic chelation site, present at the level of PCP's pyrrolic core, that makes possible in the presence of another cation chelation site, the formation of ion-pair complexes (Figure 33, molecules adapted from Ballester et al. 1 ).

Based on these facts, several PCP derivatives were synthesized in this thesis project, by appending PCP with functional groups in the aim of providing these molecules with new cationic (stable or radioactive) recognition capacities. In a first part of this chapter, a detailed description will be carried out to describe the synthesis of these phenoxycalix [4]pyrrole (PCP) derivatives, that consist of ester, carboxylic acid, hydroxamic acids, azide, amine building blocks and aryl extended derivatives. A second part will then be dedicated to discuss a study carried out on one fluorescent PCP derivative synthesized through click chemistry and fully studied for its anionic and cationic Figure 33. Recapitulating scheme of the general aim: building PCP platforms for cations recognition (molecules adapted from reference 1). chelation capacities. Interesting findings were reported, as a published article, and will be discussed in section II.2.5 of this chapter.

II.1. Starting point: Synthesis and synthesis optimization of phenoxycalix[4]pyrrole

PCP is a meso-substituted OMCP (octamethylcalix [4]pyrrole), derived from the molecular cyclisation of pyrrole (𝟏) with 4-hydroxyacetophenone (𝟐) in methanol and in the presence of methanesulfonic acid (Figure 34). It was reported for the first time in 1999 simultaneously by two groups, Floriani et al. 2 and Sessler et al. 3 This condensation reaction leads to the formation of several PCP isomers that have been described

in two different ways. The first type consists of four isomers, related to the position of NH, that puts the pyrrolic core in a cone, partial cone, 1,2-alternate or 1,3-alternate forms (see chapter 1, The relative yields of these latter isomers are less than 5 %, 25 %, 30 %, and 45 % respectively. These different isomers were isolated through specific crystallization conditions or chromatographic techniques. 2,3 This thesis project is the first in both laboratories, UCEIV and CLEA, that studies calix [4]pyrroles.

Hence, the starting point was set to synthesize and master the synthesis of PCP which we intend to use as a starting material for our future synthesis procedures.

II.1.1. Synthesis strategy of phenoxycalix[4]pyrrole, its optimization and purification

Consequently, in our laboratory and from scratch, the synthesis and synthesis optimization of PCP were undertaken in order to secure our access to this raw material in a satisfactory quantity and purity in a reasonable time interval. The first step of this synthesis procedure was to condense pyrrole with 4-hydroxyacetophenone in methanol and in the presence of methanesulfonic acid.

Though a 5-hours reaction was set by Sessler et al. 3 as enough for the reaction/molecular cyclisation to terminate and to have all pyrrole reacted, our condensation reaction was left stirring overnight at room temperature similarly to the procedures described by Angela and Shehab 4 and Ballester et al. 5 . Afterwards, as reported by Floriani et al. 2 the mixture was quenched in distilled water and gave a yellow precipitate. Although it is not pointed out in literature that the rate of quenching is the key of obtaining the yellow powdered precipitate, it was noticed that a speedy quenching of the condensed mixture into water could end up in a hard sticky and undispersed black precipitate. In a first approach, this black precipitate was recovered with the solvent of reaction (methanol) and re-quenched in a very slow rate. Doing this, a yellow precipitate was obtained identically to literature and filtered off using celite due to the very slow filtration. Owing to the fact that very slow quenching and filtration processes are time-consuming, it was decided to try and quench immediately the reaction mixture into water and separate simply the black residue by evacuating water and treat it similarly to the yellow precipitate. It appeared that both, the black residue and the yellow precipitate yielded the desired compounds. By this, a huge step of timeoptimization could end up facilitating importantly the procedure. Both precipitates were recovered and dissolved in diethyl ether where a black residue is filtered off and the solution was evaporated to dryness to give a light brown oil (Floriani et al. reported that the evaporation of diethyl ether yielded a light pink powder). This light brown oil is the isomeric mixture of calix [4]pyrroles, from which the αααα-isomer is isolated through its crystallization from glacial acetic acid (Figure 36). 2 The final step is to uncomplex acetic acid molecules from the αααα isomer through a crystallization in a mixture of acetonitrile/acetone, from which the αααα isomer is recovered, as reported by

Namor and Shehab in 2005. 4 This latter was recovered in a 45 % yield identically to the result reported by Sessler et al. 3 While the color of the desired compound varied from pink to beige or brown, same 1 HNMR spectra were obtained. It is important to note that the 45 % yield of the αααα isomer was obtained progressively through several acetonitrile/acetone crystallizations (an average of four). Each time a batch is filtered off, acetone and acetonitrile are evaporated and the obtained powder is recrystallized. Although the purity of the recovered αααα isomer was acceptable to carry further reactions, we tried to purify it in a first approach over silica column chromatography and later through additional crystallization steps. When purified over automated flash chromatography, classical conditions were used: a mixture of dichloromethane/methanol was used in a starting ratio of 95: 5 and later 92: 8. Through UV detection of the eluted products from the silica column at 𝜆 = 254 nm, two fractions were recovered. The first one, a minor fraction, is a pink liquescent impure solid eluted at about 8 cv (column volumes, noting that the column used is that of 25 g) and the second one eluted at about 13 cv, a major fraction when evaporated gives a white pure powder that turns to light pink in few hours. The other method of purification is a recrystallization of a precise batch in acetonitrile/acetone. Although this method is solventconsuming, longer than the chromatography technique (crystallization overnight), and engenders a higher loss of the product, it gives an extra thin light pink powder with a high purity. 

II.2. Synthesis of phenoxycalix[4]pyrrole derivatives

Once the access to the starting reagent was secured, it was possible to use the phenolic functionalities present onto the meso-rim of PCP to introduce new functionalities. As mentioned in the introduction, target functionalities were chosen specifically containing electron-rich groups and electron donor elements (mainly oxygen and nitrogen) that showed to be effective in literature, in order to introduce new cationic recognition capacities to PCP.

II.2.1. Synthesis of ester and carboxylic acid PCP derivatives

The synthesis of an ester PCP derivative (PCPCOOEt/ PCP1) was carried out through the Oalkylation of PCP with ethyl bromoacetate (𝟑) (Figure 37).

Two reactions were done in different experimental conditions in order to obtain the highest yield (Table 3). The first reaction (Table 3, entry 1) was carried in dry 6 THF/NaH and yielded 30 % of the ester compound. While the other reaction in dry ACE/K2CO3 (Table 3, entry 2), the same to that reported by Camiolo and Gale in 2000, 7 resulted in a higher yield of 76 %. Next, to a similar approach to that of Ballester and coworkers, 1 PCP1 was used to synthesize the carboxylic acid PCP derivative (PCPCOOH/ PCP2) through an alkaline hydrolysis followed by an acidification step (Figure 38). PCP2 was obtained in 96 % yield, higher than the one reported in literature 71 %. 1 The difference between the two experiments were the hydrolysis conditions;

the one adopted was referenced by Theodorou et al. 8 in which a solvent mixture of DCM/MeOH (9: 1) and NaOH as a base were used and the one adopted by Ballester et al. consisted of a solvent mixture THF:H2O (1: 1) and LiOH as a base. As reported by Ballester et al. 1 and unlike the various synthesized PCP derivatives that will be described later in this chapter, PCP2 showed to be water soluble. 1 HNMR spectrum for this PCP2 was recorded in D2O along with an addition of NaOD (𝑝𝐻 > 7).

In fact, the choice for the carboxylic acid function is mainly justified (1) for it being an electron rich functional group capable of adding to the four walled deep aromatic cavity of PCP new potential sites for cation chelation, (2) for it bearing a carboxylic acid entity ready to be functionalized and (3) the possibility of forming carboxylates salts known for their complexation capacities. As well, in accordance to literature reported in chapter 1, tetra-acid calix [4]arenes showed to be excellent candidates for uranium and alkaline metals chelation. 9,10 Along with these advantages, this molecule could serve as a suitable starting material for the introduction of new derivatives through the transformation of the carboxylic acid functions into acyl halides, hydroxamic acids, amides, thioesters, etc. 

II.2.2. Synthesis of hydroxamic acid PCP derivatives

Over years, molecular 11 and supramolecular 12 hydroxamic acids were known for their excellent chelation capacities for iron, actinides and especially uranium. In fact, two examples could illustrate the effectiveness of hydroxamic acid for both iron and uranium: (1) the first is for a natural iron chelator, the deferoxamine (DFO), known as one of the most significant US Food and Drug Administration (FDA)-approved iron chelators 13 and (2) the second one is for the acetohydroxamic acid (AHA), that was used in the UREX 11 (Uranium Extraction) process for the treatment of nuclear wastes and that showed in other studies capacities to complex iron as well (Figure 39). 14 Accordingly, using the ester and carboxylic acid derivatives, PCP1 and PCP2, several synthesis procedures were undertaken in order to introduce a new tetra-hydroxamic acid PCP3. So far, the most commonly used synthesis procedures can be recapped as: reaction of N/O-protected hydroxylamine with activated carboxylic acids, [15][16][17][18] reaction of esters with hydroxylamine [19][20][21] and coupling of carboxylic acids with hydroxylamine in the presence of coupling agents. [22][23][24][25][26][27][28][29] In the following, several synthesis procedures carried for the synthesis of tetra hydroxamic acid PCP3 will be detailed. The synthesis of this latter was challenging, where several reactions failed and few gave desired results. Possible explanations and hypotheses will be proposed in order to try understanding the causes that took place in most reactions and made difficult the synthesis or the purification of this compound, as well as possible solutions applied or could be tested in the future.

II.2.2.1. Synthesis of hydroxamic acid PCP through carboxylic acid PCP activation

The synthesis procedure of the hydroxamic acid PCP3 was tested through the amide bond formation between the carboxylic acid PCP2 and N-methylhydroxylamine (4) (Figure 40). In general, the reaction between a carboxylic acid and an amine consists of an acid-base reaction that occurs to form a stable salt. However, the formation of an amide bond from this salt is strongly defavorated. In order to overcome this thermodynamic equilibrium, high operating temperatures should be engaged (160 -180 °C) and that are often not suitable for chemical stability of compounds. 26,27 For this, scientists developed numerous methods for the activation of carboxylic acids prior to their reaction with amines.

This activation step relies on the anchoring of a leaving group to the acyl carbon, allowing the attack later on by the amino group. It was decided to adopt this procedure for the synthesis of hydroxamic acid PCP3 and to screen a variety of coupling or activating agents (see Figure 40 and Table 4). Two ways were adopted to do so:

• The formation of an acylating agent from carboxylic acid PCP2 in a dependent step, followed by immediate reaction with N-methylhydroxylamine (Table 4, entry 1,5,6)

• The generation of the acylating agent in situ from carboxylic acid PCP2 in the presence of the amine and activating/coupling agents (Table 4, entry

First of all, the approach of forming acyl halides was done through the formation of acyl fluoride PCP (Table 4, entry 1) and acyl chloride PCP (Table 4, entry 2). It was decided to start with acyl PCPCOF was recovered in a 53 % yield and characterized by 1 HNMR, from which its presence was evidenced by a 0.25 ppm downfield chemical shift for the O-CH2 signal. 31 A second step was done through the reaction of the formed acyl fluoride with N-methyl hydroxylamine (𝟒) and triethylamine. Though, due to the low quantity (that was available) of engaged CPCOF, it was not easy to determine a precise yield for the obtained hydroxamic acid (around 30 %). Through 1 HNMR, the presence of this hydroxamic acid was shown through the upfield chemical shift of O-CH2 by 0.30 and 0.06 ppm from that of PCPCOF and PCP2 respectively. As well, using FeCl3 revelator on a Thin Layer Chromatography (TLC) plate the color of the compound turned red

showing the presence of the hydroxamic acid functionality. 32 However, chemical shifts for N-CH3

of the hydroxamic acid function was not evidenced, and it is most probably superposed by the water peak. Due to the very low quantity obtained, it was not possible to isolate and dry the compound to recharacterize it again. Since cyanuric fluoride is not commercial anymore, we tried to synthesize it the laboratory in accordance to the procedure reported by Nubbemeyer et al. in 2000. 33 Its synthesis is costly in comparison to the extremely low yield obtained due to the fact that it needs special equipment adapted for large scale synthesis and special treatment of synthesis by-products due to their high toxicity. For all these reasons, this route has been abandoned.

Though, because of the challenges faced using this method, it was decided to try the acyl chloride route (Table 4, entry 2 & 3). For this, two one pot reactions were carried, engaging cyanuric chloride (entry 2) and thionyl chloride (entry 3) respectively. 25,26 Catalytic amounts of 4dimethylaminopyridine (DMAP) were added to accelerate the reaction engaging cyanuric chloride.

Both reactions failed to give the tetra-hydroxamic acid compound. In the case of cyanuric chloride, no differences were found between the 1 HNMR spectrum of the obtained compound and the parent PCP2. It may be explained by the production of HCl as a secondary product that could have played a role in the conversion of the amine into its unreactive salt form rather than its reaction with the acyl chloride compound. Or a hydrolysis of cyanuric chloride or the acyl chloride occurred and failed the aminolysis step, despite the fact that we were operating in dry solvents and under inert gas (N2). In the case of thionyl chloride, a very complex 1 HNMR spectrum was obtained for the gross compound, among which there was no clear evidence of the PCP presence. This result could be explained by the occurrence of several conformations or different substitutions. No further treatments were carried for this reaction.

Another alternative is to activate PCP2 through the formation of acylimidazoles. This activation is done via the reaction of PCP2 with N,N'-carbonyldiimidazole (CDI) that works without any additional base and is compatible with hydrochloride salts of amines (Table 4, entry 4). 28 In fact, CDI is a useful coupling reagent that allows one-pot amide formation. The advantages of this reaction are that secondary products, CO2 and imidazole, are not harmful when generated in minor quantities and are hydro-soluble, facilitating subsequent purification processes. After treatment, and unlike other reactions, through 1 H NMR analysis a print of PCP2 was found in the aqueous phase. In addition, no evidence of the hydroxamic acid formation was detected using FeCl3 via TLC or 1 H NMR.

Another reaction was carried in the presence of a different coupling reagent, 2-Chloro-4,6dimethoxy-1,3,5-triazine (CDMT), a stable crystalline compound that has a good solubility in organic solvents and activates carboxylic acid into triazine "superactive esters". 24 After testing this method (Table 4, entry 5), a similar result to that of the reaction with CDI was seen. PCP2 starting material was found in the aqueous phase rather than the organic phase and no evidence of the hydroxamic acid formation was detected by 1 H NMR.

In a different approach, in a two-step synthesis procedure the coupling of N,N′-Dicyclohexylcarbodiimide (DCC) and DMAP was tested (Table 4, entry 6). 23,26 The first step, relied on the activation of PCP2 through its reaction with pentachlorophenol in the presence of DCC/DMAP for 24 hours. 34 This step led to the formation of an O-acylisourea active ester PCP and a DCU (Dicyclohexyl urea) by-product removed in a major quantity via filtration. The formed ester was put in contact later with N-methylhydroxylamine and triethylamine and afforded the desired PCP3 hydroxamic acid accompanied with DCU leftovers from the first step. The presence of hydroxamic acid PCP3 was proven via the chemical revelator FeCl3 in a first step and in a second one through 1 HNMR characterization where N-OH, N-CH3 and O-CH2 were identified at 10.07 ppm, 3.10 ppm and 4.76 ppm respectively. However, chromatographic techniques, crystallization, and washing steps failed to afford the pure compound through the total elimination of DCU. This latter is well-known in the literature for its poor solubility and the difficulty of its separation from the reaction mixture.

Hence, we tried an alternative carbodiimide as N-(3-Dimethylaminopropyl)-N′-ethyl carbodiimide (EDC) that yields a water-soluble urea that could be eliminated through washing steps (Table 4, entry 7). 23,26,29 This reaction succeeded to yield the hydroxamic acid, however, thorough washings weren't enough for the purification of the gross compound. Left overs of urea by-product were detected in 1 HNMR, along with a downfield shift for O-CH2 of 0.18 ppm and the presence of N-CH3 chemical shift at 3.10 ppm proving the presence of hydroxamic acid PCP3.
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II.2.2.2. Synthesis of hydroxamic acid PCP3 & PCP3' through ester PCP1

Trying to synthesize the tetra-hydroxamic acid PCP3 using the carboxylic acid PCP2 as a starting precursor, yielded disappointing results and an overall infectiveness from synthesis or from purification and product isolation. For this, another route to elaborate the desired product was tested through direct hydroxylaminolysis from the ethyl ester PCP1 (described in section II.2.1).

Three experiments were carried out (Figure 41, Table 5), using mineral and organic bases, NaOH and DBU (1,8-Diazabicyclo[5.4.0]undec-7-ene) respectively. The reaction of PCP1 with hydroxylamine in the presence of NaOH 19 (Table 5, entry 1) for 5 days (starting with -5 °C temperature in order not to favorize the formation of the carboxylic acid instead of the hydroxamic acid), was unsuccessful upon which the ester starting material was recovered unreacted. As for the use of DBU instead, the effectiveness of this "nucleophilic superbase" was pointed out through a study Carried by Harris et al. in 2016, from Galderma R&D. 35 Their study covered several hydroxamic acid synthesis approaches from simple and hindered carboxylic acids and esters, and highlighted the superiority of DBU route over other classical engaged methods specially when starting compounds are hindered and that could explain previous results obtained from PCP1 and PCP2. For this PCP1 was put in reaction with aqueous hydroxylamine (Table 5, entry 2) and Nmethyl hydroxylamine (Table 5, entry 3) in the presence of DBU.

Table 5. Synthesis procedures for PCP3 and PCP3' using PCP1 as a starting material and NaOH or DBU as bases.

The formation of hydroxamic acids were evidenced by FeCl3 on a silica TLC plate, during which the color of recovered compounds turned red. In addition, the formation of tetra-hydroxamic acid compounds was evidenced by 1 H NMR recorded in deuterated DMSO: (1) for the compound synthesized using aqueous hydroxylamine (Table 5, entry 2) , an upfield chemical shift of However, for the two reactions, purification through additional chromatographic techniques is required in order to obtain a pure compound free from DBU leftovers. The purification step could be overcome through the use of polymer-bound DBU, noting that it costs approximately 38 euros/gram (32 times more expensive than DBU), making purification a more practical solution when considering the production of reasonable quantities.

II.2.3. Synthesis of tetra-azide PCP derivative

An azide PCP4 derivative was introduced, the first reported in the literature for phenoxycalix [4]pyrroles, that is considered a versatile intermediate compound, from which a one pot step could lead the access to various amines, amides, urea and clicked derivatives. The synthesis of the tetra-azide PCP4 (Figure 43) was carried to an approach similar to that reported by Jabin et al. in 2009, 36 in which a tris-azide calix [6]arene was synthesized. This azide derivative was synthesized through an O-alkylation of PCP in the presence of 2-azidoethyl-4methylbenzenesulfonate (𝟔). 37 This reaction was carried in acetone and in the presence of K2CO3.

This compound was obtained in a 60 % yield through a simple washing step in cold acetone without the need of any further chromatographic technique for purification.

II.2.4. Synthesis of tetra-amine PCP derivative

From this tetra-azide derivative, a tetra-amine derivative was synthesized through a one-step reaction from which the azide derivative PCP4 has been reduced to tetra-primary amino PCP5.

Several methods could be engaged and known in literature for the reduction of azides (Staudinger reaction, hydrogenation). In our case in order to reduce the cost of reaction in terms of carbon consumption or the use of dihydrogen gas that the manipulation is relatively dangerous regarding its flammability (fire and explosion hazard), we engaged instead a hydrogen donor, ammonium formate (𝟕), with 10 % palladium on carbon (Figure 44).

The amino compound was obtained in its protonated form and residual ammonium formate evidenced in 1 H NMR spectra was eliminated through a simple washing step with saturated brine aqueous solution (its elimination was proved by 13 C NMR). A downfield chemical shift of 0.10 ppm for O-CH2 and a upfield chemical shift of 0.44 ppm for CH2 in CH2-NH2 were detected when comparing PCP4 to PCP5 1 H NMR spectra.

II.2.5. Synthesis of aryl extended pyridino PCP through click chemistry

As noticed previously, an azido group could allow the access to clicked derivatives. The term click chemistry was introduced for the first time by Sharpless and coworkers in 2001, 38 it consists of specific chemical reactions that aims to pile up several molecular building blocks through covalent bonds. These reactions are known for their: (1) high yields, (2) non toxicity and minority of secondary products that are often easy to eliminate without the need of chromatographic purification but simple washing crystallization or filtration steps, (3) synthetic simplicity, since reagents are often easy to find and reactions are non-sensitive to oxidative or moist conditions and (4) high stereospecificity. Several types of click reactions were reported, [39][40][41] among which

Huisgen cycloaddition was discovered in 1963 by Huisgen 42 and gained interest by Sharpless and Meldal in 2002. 43,44 It was demonstrated that copper catalyzed Huisgen cycloaddition leads to the exclusive recovery of 1,2,3-triazole 1,4 disubstituted and if catalyzed by ruthenium it yields exclusively 1,2,3-triazole 1,2 disubstituted. To date, the interest for this reaction is growing and has been employed to build and extend supramolecular architectures like cyclodextrins, calixarenes and calixpyrroles. 45,46 On top of the synthetic advantages of click chemistry, one additional characteristic attracted scientists that it allows the addition of 1,2,3 triazole strap that plays a dual role of a cation chelation site (through nitrogen non-binding doublets) and a platform that allows the addition of new functionalities to the receptor. As well, it possesses interesting molecular fluorescent properties. 47,45,48 In this sense and in addition to the aforementioned synthesized PCP derivatives, new heteroarylextended derivatives were synthesized through click chemistry. Indeed, over years multidentate nitrogen-containing molecules and supramolecules were known for their capacity to host metals and especially uranium. [49][50][51] And this is an important advantage that broadened their study and investigation throughout years. The four phenolic straps of PCP were then extended, through click chemistry, by pyridino moieties. Doing so, PCP is extended through nitrogen-rich entities, making of its aromatic cavity a more favorable entity for cation hosting. In the armory to previous studies carried on aryl extended PCP molecules, and specifically the one carried by Ji et al. in 2006 52 and

Abbas and Chaaban in 2012 53 (see chapter 1, Figure 32, R 9 ), that was extended by four 2-pyridino moieties and showed a capacity to chelate cationic species. In addition to that, N-donor atoms in this entity are directed to the inside of PCP's aromatic cavity and could make along with the triazole entities, a nitrogen-crowded site ready to host cationic targets.

In this sense, and formerly to proceeding with the synthesis of PCP8 (Figure 45), it was decided to optimize the experimental conditions of the synthesis procedure through the elaboration of PCPclick-benzyl derivative (PCP7,Figure 45) since benzyl chloride is less costly (2. probably due to the purification through chromatographic technique, contrary to the proposed protocol that relies mainly on simple washing steps and that showed to provide a compound with a sufficient purity to pursue synthesis. This derivative, including a ready-to-click alkyne platform, was used later to anchor benzyl and 2-pyridino moieties through a copper catalyzed alkyne-azide condensation with (azidomethyl)benzene and (azidomethyl)pyridine (𝟗), respectively, synthesized under microwave irradiation. 55 The click mediated reaction was carried in DMSO in the presence of CuI and triethylamine and afforded these molecules in a high yield of 89 %.

Consequently, a full study was carried to investigate the anion chelation and cation chelation capacities of PCP8. Owing to the presence of the four fluorescent 1,2,3-triazole entities, molecular fluorescence spectroscopy was engaged to determine the physical and optical properties of triazoles that are relatively underexploited for their fluorescence characteristics, and to study the capacity of detection and chelation for metal and anionic salts in a homogeneous media (DMSO).

When coupling steady-state molecular fluorescence to the time-resolved fluorescence, this technique showed to be a powerful tool not only to study the detection capacities of the ligand but to underscore the presence or not of a chelation phenomenon. This study has been published and totally detailed in the journal of Organic and Biomolecular Chemistry. 48 A supplementary information file will also be accompanied to the published study, containing all technical analysis details. This scientific publication was reproduced by permission of The Royal Society of Chemistry.

Later, an additional PCP-click-pyridino derivative, PCP9 (Figure 46), was synthesized and fully characterized. PCP9, appended via a 3-pyridino moiety was synthesized in the aim to form molecular cages, appropriately to the procedure reported in Figure 45. In fact, while the position on N-donor element in the pyridino moiety could influence importantly the chelation process, other roles could be attributed to this element based on its position in the molecule.

When using a 3-pyridino rather than a 2-pyridino, a bigger space is given to the aromatic cavity to host target species and allows later the limitation of this ligand already bordered by the pyrrolic cavity on the level of the N-rim, via the addition of a metallic guest, that could be chelated by the N-elements of the 3-pyridino and that allows to form cage molecules. This process was descried by Ballester et al. in 2019, where αααα-3-pyridyl extended calix [4]pyrroles were capable of self-assembling into a mono-metallic Pd(II) cage. 56 Figure 46. PCP9 molecular structure.

Conclusion

The study presented in this chapter concerns the synthesis of phenoxycalix [4]pyrrole-based derivatives, introduced through functionalizations made on the meso-rim.

Several molecules were synthesized and characterized, like ester, carboxylic acid, azide, amine and 2 and 3-pyridino extended PCP derivatives. As well, two strategies were conducted in order to synthesize two hydroxamic acid PCP derivatives. The first strategy, relies on the activation of the carboxylic acid PCP using several coupling agents. Most of the reactions failed or were challenging regarding the purification of the recovered crude compounds. The second strategy relies on the direct hydroxylaminolysis of the ester derivative using once a mineral base NaOH and in a second trial an organic base DBU. The reaction with DBU showed an effectiveness over the route of NaOH and the previously carried reactions with the carboxylic acid PCP. Two amines, N-methylhydroxylamine and aqueous hydroxylamine, were engaged using the DBU route and in both the presence of hydroxamic acids was evidenced using ferric chloride as a revelator on a TLC silica plate and through 1 H NMR. However additional purifications are required and are in progress.

In addition, a 2-pyridino extended fluorescent PCP was introduced through click chemistry, fully characterized and studied for its anion and cation chelation capacities in a homogeneous medium (DMSO). This receptor showed a capacity to selectively complex fluoride in DMSO and this was shown via both 1 H NMR and fluorescence molecular spectroscopy. The presence of nitrogen-crowded functionalities (triazoles and pyridines) on each of PCP's arms, conferred new cations chelation capacities to this molecule, especially for ferric and ferrous iron in DMSO. The chelation capacities of this derivative were studied via steady-state and timeresolved fluorescence spectroscopies. It is important to note that detection for metals was the most significant for only ferrous and ferric iron, and little or no interactions were detected with other alkaline, alkaline-earth and transition metals. Subsequently, no further experiments were carried for this compound on real radioactive solutions mainly due to the lack of interactions with alkaline and alkaline earth metals that have similarities in their behavior and size to radioelements. Although it would be interesting in the future, to test the chelation capacity of this ligand for uranium, because as described in literature, most of the molecules that are capable of binding iron are capable as well of binding uranium. 

III. Synthesis of a PCP polymer and the study of its extraction capacities towards radium in aqueous solutions

Introduction

In the armory of phenoxycalix [4]pyrrole derivatives reported in chapter 2, this chapter reports a novel PCP-based polymer. The interest for the synthesis of this latter relies on three main points: (1) the pre-organized structure of PCP, (2) the synthesis of high molecular organizations bearing multiple chelating functions that are capable of hosting large guests, (3) the synthesis of molecular matrices having higher capacities to endure chemical and radioactive conditions and (4) the synthesis of water insoluble polymer that could be engaged in solid/liquid extractions with aqueous solutions (more preferred than liquid/liquid extractions that produce larger volumes of wastes, as discussed in chapter 1). This study is subdivided to two parts: the first one describing the synthesis of the PCP-based polymer crosslinked via epichlorohydrin, referred to as PCP-EP, and the investigation of its chelating capacities towards anions, and in the second one the study of its extraction capacities for radioelements in aqueous solutions.

III.1. Synthesis, characterization and an anion chelation study for a phenoxycalix[4]pyrrole-epichlorohydrin polymer

The choice for epichlorohydrin (ECH) as a cross-linker originates from an already developed science in the supramolecular chemistry team in UCEIV. 1,2 Epichlorohydrin is a non-expensive bio-based material that bears an epoxide ring and a chloroalkyl moiety as two reactive sites, that once present in a basic medium, are ready to polymerize and cross-link PCP units through polyether bridges. It is widely used in the design of bio-based materials, 2 in polysaccharide chemistry and in the polymerization of cyclodextrins (CDs). 3 The synthesis of PCP-EP relies on a single step of four hours in water and consists of three reactants: PCP, ECH and NaOH.

As a first step, PCP-EP was characterized by 1 H NMR and FT-IR and studied for its anions (F -, Cl -, Br -, I -) chelation capacities through solid/liquid extractions in aqueous solutions, that were quantified using ion chromatography.

The anions chelation study was carried for several reasons: (1) due to the complexity of the polymer, and because it is the first PCP-ECH polymer reported in literature, it was necessary to decode the structure of the polymer and to better understand its organization through the use F -, Cl -, Br -and I -that possess increasing atomic radii and thus could help us identify the porosity of the formed matrix, (2) because its important to identify the behavior of this polymer towards both anionic and cationic species that co-exist naturally in aqueous environments and identify later if there are any possible positive or negative interactions between the two species, (3) because the anion chelation site of PCP is almost fix and the possible interaction of the four hydrogen bonding pyrrolic platform with anions could not be ignored, especially its chelation capacities towards halides that have been widely studied in literature. [4][5][6][7][8][9] This does not erase the fact that other anions like nitrates, carbonates, sulfates and phosphates, present in natural aqueous samples and are worth investigating; however, regarding the known behavior of calix [4]pyrroles towards halides makes their choice significant in order to facilitate the task in well understanding the occurring chelation mechanisms.

This study, presented below, was fully described and published in the journal of Organic and Biomolecular Chemistry. It is reproduced by permission of The Royal Society of Chemistry.

III.2. Study of phenoxycalix[4]pyrrole-epichlorohydrin polymer for its chelation capacities towards natural radionuclides

Ensuing on the synthesis, characterization and study of PCP-EP anions chelation capacities in water, it was possible to achieve in a second step a study to investigate PCP-EP's behavior towards cations in aqueous radioactive solutions through solid/liquid extractions.

Subsequently, a description of solid/liquid experiments engaging both PCP-EP and radioactive solutions is reported. A soil leftover proficiency test sample IAEA-CU-2010-03 and a uranium ore reference material IAEA-RGU-1, were used for the preparation of solutions containing naturally occurring radionuclides, knowing that these latter are considered as NORM and could be produced as TENORM.

In this thesis, it was decided to focus on the chelation of radium that is considered one of the most important TENORMs. In the following, a literature survey is carried out on radium, its discovery, physical and chemical properties, toxicological profile as well as an introduction for gamma spectroscopy and its use for the quantification of radium.

III.2.1. Radium: one of the most important NORM

Radium is considered one of the most important NORM due to several reasons: (1) its high hydro-solubility, (2) its combined chemical and radiological hazards, (3) the emission of both ionizing radiations, gamma rays and alpha particles, that cause external and internal radiological hazards respectively, (4) its decay to a radioactive gas Rn-222 that is toxic, relatively hard to control its spreading, and as stated by the UNSCEAR 2008 report, 10 contributes in 41 % to the worldwide public exposure to ionizing radiations and ( 5) it has a very long-lived isotope, Ra-226 (1622 years). In addition, it is one of the most generated elements as TENORM due to several industrial activities, described by some authors as a silent killer. 11 These industrial activities take place in several countries, one of which Lebanon (phosphate fertilizer production. For this, the Lebanese Atomic Energy Commission (LAEC) devotes a part of its research for the development of materials capable of decontaminating water from radium and natural radionuclides.

III.2.1.1. History: the discovery of radium

First, Henri Becquerel noticed that uranium salts emit continuously rays that differ from ordinary light and the emission of these rays was given the name "radioactivity". 12 Subsequently, researches carried by Pierre and Marie Curie showed that salts of uranium and thorium have a common property and it is their high radioactivity. Thus, they concluded that these minerals contain a new and different radioactive element having an intrinsic radioactivity much stronger than that of uranium and thorium. Their hypothesis was proved later through their discovery of polonium and radium from a pitchblende ore in 1898. 13,14 For that, every time we talk about the discovery of radium, the discovery of radioactivity is mentioned. In fact, radium was discovered first, due to its radioactive behavior.

Shortly after the discovery of this element, radium was engaged as a radiation source for several industrial, scientific and medical purposes. It was widespread in a very short time and was found in radioluminescent paints (in watches, aircraft instruments …), in medical clinics claiming that radium (or water containing radium) is able to cure migraine, arteriosclerosis and many different illnesses and was also found in face creams, consumed liquids, cigarettes, etc.

However, several poisoning and death cases were reported since radium toxicity was still not understood. 15 In our days, radium application is very narrow and is limited in scientific laboratories devoted for research.

III.2.1.2. Physico-chemical properties of radium

Radium has four radioactive isotopes that occur naturally in the environment and are a result of the decay of uranium and thorium series. Ra-226 is part of the U-238 series, Ra-223 is part of the U-235 series, and Ra-224 and Ra-228 are part of the Th-232 series. Only one artificial radionuclide exists: Ra-225 which derives from the Np-237 series. [15][16][17][18] Naturally occurring radium isotopes, themselves undergo several decays and produce different radioelements, each having its specific half-life and characteristics, through the emission of α and β particles as well as ɣ rays. The concentration of each isotope is controlled by its parent and the time length since its fractionation from its parent. For a closed system, over long periods usually daughter radionuclides are in secular equilibrium with their parents and this means that the activity of each radionuclide is in equilibrium with the activity of its parents.

Daughters of radium are very short-lived isotopes and contribute to the overall radiation load of radium consisting material. For example, for Ra-226 the first decay product is Rn-222, a noble gas, that could be lost fast in the case of a none glassy or retaining material. Rn-222 itself, in the case of not escaping out of minerals or any other body, generates a chain of short-lived daughter radionuclides (Po-210, Bi-210, Po-210, Pb-214, Bi-214 etc.); the same scenario exists for each radium isotope with different decay modes (see chapter Ⅰ, section Ⅰ.1.1). 18 Radium is an alkaline earth metal, with an atomic number equal to 88. This element has a chemical behavior comparable to those of other alkaline earths metals (Sr, Mg, Ca and Ba) due to their similar ionic radii and electronegativity (Table 6). All alkaline earths are only present in nature in the +II oxidation state. Radium behavior is similar to that of barium because of their similar ionic radii (4.04/1.35 Å for barium and 3.98/1.52 Å for radium, for hydrated and crystal ionic radii respectively). Subsequently, whenever radium data is missing or in order to avoid the production of radioactive wastes, in research studies barium is used instead of radium to predict radium behavior. 15 Table 6. Some of alkaline-earth elements characteristics (adapted from reference 9). As for its aqueous speciation, it is found in its free form for a broad range of pH and in low salinity conditions. 19 However, in waters with high sulphate concentration, a non-negligible amount of Ra 2+ tends to precipitate in its sulfate form RaSO4. Also, in waters with high pH (> 10.25) and high carbonate concentrations (> 60 𝑚𝑔/𝐿) a high fraction of radium will be complexed as RaCO3. 20 Other scenarios do exist for the formation of primary radium complexes and this is strongly dependent on the geochemical properties, pH, oxidation and reduction conditions, ionic strength, dissolved solids, sorption/desorption effects, etc.

Element

Noting that thorium and uranium are the parents of radium, the key to understand the chemical behavior, the transportation and the availability of radium isotopes, is to trace the behavior of these parent radionuclides. Commonly, thorium is very water-insoluble. It has strong affinity and tends to adsorb onto humic acids and other minerals and organic deposits. 21 Conversely, uranium is highly soluble in oxidizing conditions and is adsorbed onto minerals and organic materials in a lesser extent than thorium and radium. 15

III.2.1.3. Environmental occurrence and human exposure

Radium is widespread at low concentrations in air, surface and groundwater, soil, rocks and foodstuffs. In drinking water, Ra-226 and Ra-228 average concentrations are generally low, but they could occur in high concentrations in some regions of the world, naturally 22 or due to several anthropogenic activities that caused the redistribution of radium in the environment and especially in surface waters and underground waters. 23,24 When the presence of radium in all matrices could be a source to humans' exposure, one of the most dangerous is the presence of radium in water. 25 In fact, the high solubility of radium salts in water makes it a bioavailable element to all living beings and especially to humans where water consumption is considered one of the major sources for Ra-226 intake.

Several studies investigated the occurrence of radium in surface, ground and treated drinking waters. [26][27][28] Shallow groundwaters were found to contain less radium than deep aquifers and surface water contains very low concentrations of radium, lower than most groundwater supplies. When we take into account the presence of radium in water, the main concern is for Ra-226, even though it is chemically similar to Ra-228. In fact, Ra-226 is a progeny of U-238 and is more frequently found in groundwater than Ra-228 which is a progeny of Th-232, due to the fact that uranium is relatively more soluble than thorium. 24

III.2.1.4. Health effects from Ra-226 and Ra-228

Emitted radiations originating from radium disintegration are defined as ionizing radiations of high energy that could make ionization within the matter. One specific interaction between these ionizing radiations and the living tissues could lead to serious alterations in the living cells including DNA, resulting in systematic and functional changes to organs and bodies. 24 The long-lived isotope Ra-226 (1622 years) emits alpha particles that have energies equal to Based on the International Commission on Radiological Protection (ICRP) dosimetric, metabolic and biokinetic models for radionuclides, the absorption distribution and excretion of radium were studied. [29][30][31] These mathematical models depict the movement, translocation, fate, deposition and excretion of a substance in a living system.

Radium is an element and thus it could not be metabolized. 32 Its biological kinetics in a living organism is dependent on its solubility in a precise medium. Once it is absorbed by the human body or any other living being, radium cations will decay and release enough energy to ionize and excite cellular atoms and molecules through direct or indirect interactions. For example, the direct ionization of Deoxyribonucleic Acid (DNA) means the partial or total energy transfer to one or more electrons on the molecule; while indirect interactions may implicate formation of toxic compounds such as free radicals, hydrogen peroxide and hydroperoxyl radicals that can migrate to surrounding tissues and organs and might cause several systems alterations leading to severe carcinogenic and non-carcinogenic endpoints. 33 Upon consumption of water or food containing elevated quantities of radium, between 15 % and 21 % of consumed radium is absorbed by the gastro-intestinal (GI) tract in a human body. As for absorption of radium after inhalation, studies found that radium is deposited mainly in the lungs and the skeleton. As well, it was found transferred to the bone tissue. 24 And so, once the radium is present and absorbed by the human body studies showed that its majority (for example 80 % of ingested radium) is eliminated from the body though feces and the remaining quantity will be excreted more slowly also through feces. Urinal excretion was found to be very shy in comparison to excretion through feces. In this indirect gamma spectroscopy method, the distribution of lead and bismuth in the solution should be homogeneous and the preservation of radon isotopes into the container should be established. For that, this latter method is not easy to manipulate, however it is still being used. 36 Although radium isotopes and other radioelements could be measured via alpha spectroscopy and LSC, an attractive feature of gamma spectroscopy is the capability of measuring bulk samples with little or no physico-chemical preparation. Several containers and geometries could be used for measurement, each sample should firmly correspond to the physical geometry, diameter, height, chemical composition and density of reference materials used to calibrate the gamma spectrometer (efficiency calibration). 36

III.3.1. Gamma spectroscopy: from scintillators to semi-conductor detectors

Over years, two main types of detectors were engaged in gamma spectroscopy: scintillation and semi-conductor detectors. Before commercial initiation of semi-conductor detectors, scintillation detectors (mainly based on NaI inorganic crystals) were frequently used for gamma spectroscopy. In fact, when a gamma ray penetrates a scintillant material, it causes the excitation of electrons within this material. The de-excitation of these electrons when returning to the ground state results in emitting specific photons that are collected by a photomultiplier, that itself re-emits the received energy in form of electrons via a photoelectric effect. 16 The quantity of the light emitted is representative to the quantity of the energy present, first, in gamma rays that interacted with the material. While scintillation detectors are still being used, they are considered from the past and for several reasons, they were mainly replaced by semiconductor detectors and mostly by High Purity Germanium (HPGe) detectors despite their high investment cost. 37 Conversely to HPGe detectors, scintillation NaI detectors (isolators) do not need any cooling and they are characterized by large areas that make them very efficient in detecting gamma rays. However, these detectors are nowadays used mostly for qualitative analysis, because they have a low resolution of energy peaks. The resolution of a gamma detector corresponds to the average value of Full Width at Half Maximum (FWHM). The lower the FWHM, the higher is the resolution of the detector or in other terms its capacity to separate two adjacent energy peaks. 16 As for the HPGe, a cryostatic cooling system should be installed in order to thermally isolate the detector. These detectors are known for their high resolution, especially for low energies and thus they're excellent methods for gamma-emitting radionuclides quantification in different matrices. Yet, their efficiency for absorbing gamma rays is lower than that of NaI scintillation detectors. 16

III.3.1.1. Gamma spectroscopy measurement chain

The response and efficiency of each germanium detector relies on its resolution, volume and the associated electronics that affects the stability, the linearity and the counting rate response. 16,37,38 The HPGe gamma spectroscopy principles and system are:

• Germanium detector: upon absorption of ionizing radioactive energy, germanium crystals generate free electrons, producing an inner charge (or electron hole pairs) that is directly proportional to the energy of the incident gamma ray. The detector performs as a semi-conductor via which a high reverse-bias voltage is passed resulting in transferring the charge to opposite sides of the germanium crystal. The produced electric pulse is later integrated by an amplifier producing an output voltage, whose pulse height is proportional to the incident photon energy.

Based on their composition, HPGe detectors could be 'N' type or 'P' type. Slim semiconductor layers are used to set up the electrical contacts while manufacturing germanium detectors. They usually have a thick (600 µm) lithium donor contact n + and another thin (0.3 µm) boron receptor contact p + . Detectors with the thick n + contact on the outer detector layer (directly facing the incident gamma rays) are considered 'P' type and in the opposite case where the thick n + contact is on the inner detector layer, detectors are considered 'N' type. Depending on each study and the need for measuring low energy emitting radionuclides or the opposite, one should choose the geometry of the detector (well, coaxial, planar, etc.) as well as its type (N or P). For a better low energy transmission, it is better to choose a detector having a p+ layer facing directly incident gamma radiations in order to avoid the attenuation effect that could be caused by the thick n+ layer.

In addition to the above, germanium detector caps could be constructed of either aluminum about 1.5 mm thick, either of beryllium about 0.5 mm thick. Latter detectors are preferred for low energy work for they are thinner than aluminum caps and allow low energy gamma rays to be detected.

• A cryostat with a vacuum chamber bordering the detector.

• Electronics:

➢ Preamplifier: it takes the charge from the detector, integrates it and amplifies it to create an amplitude proportional function pulse. Noting that the preamplifier is provided with a high voltage supply ➢ Amplifier: magnifies the pulse received from the preamplifier and filters it to enhance the signal to noise ratio and the resolution ➢ Analog to Digital converter (ADC): converts the analog signal received from the amplifier to a digital value. ADCs are more likely to be coupled to mixer-routers that allow the conversion of several pulses at a time ➢ Multi-Channel Analyzer (MCA):

✓ Registers the pulses emerging from the ADC ✓ Stores the counts from the detector in accordance with the energy that produced them ✓ Collects and sorts the input pulse; stores this data in a spectrum and makes it in a specific format to display it on a computer screen; performs some data analyses.

III.4. A preliminary solid/liquid extraction of PCP-EP with radium in water

The first experiment on a real radioactive sample containing radium and specifically Ra-226, was carried on a mineralized soil leftover proficiency test sample IAEA-CU-2010-03 containing natural radionuclides. A solution (RS1) of 500 mL was prepared from the wet digestion of 5 grams of the soil sample using hydrofluoric acid and nitric acid, respectively, until complete dissolution. 

III.6. Application of the optimal conditions of extraction by PCP-EP on a solution containing Ra-226

Once the optimal conditions of extraction for Ba 2+ in water were determined as: 𝑝𝐻 = variations on the solubility of radium salts are minor in the optimal conditions of extraction conversely to the other elements and especially for uranium and lead that are more sensitive to pH variations. [43][44][45][46] In order to determine the underlying cause of their activity concentration decrease, an extraction or a precipitation, a speciation study should be carried before applying a solid/liquid extraction. EP upon optimization of experimental conditions, shows the effectiveness of the optimization method that was carried using Response Surface Methodology (RSM) and a Doehlert design.

In addition, it confirms the similarities in chemical behaviors between barium and radium and the relevance of the choice for Ba 2+ . In order to understand the important difference between the two results, each optimized parameter should be discussed for its eventual influence on the solid/liquid extraction. The temperature of 31.6 °C for the extraction experiment along with an extended time of contact (1 hour) between radium salts and PCP-EP, lead to the homogenization and an even distribution of the polymer in solution. These two factors allowed an enhanced extraction of Ra 2+ into the matrix of PCP-EP, for radium is a large metal having an atomic radius of 148 pm making its complexation slower and harder. 47 As for the pH, it could have played the major role in making radium complexation easier through the formation of smaller and more hydro-soluble salts. This hypothesis correlates well with literature, in which it is mentioned that radium salts are hardly complexed and if so, they do in the presence of chelating agents and very high pHs. 48,47 

Conclusion

This chapter describes the synthesis of the first phenoxycalix [4] 

IV. Experimental section

IV.1.2. Synthesis of ethyl bromoacetate PCP [PCP1]

PCP1 was synthesized based on a previously described procedure. 4 To a 1.52 g (2.5 mmol) of PCP dissolved in 150 mL of dry acetone, 1.76 g (12.73 mmol) of K2CO3 were added and the mixture was left stirring for two hours. Subsequently 3.12 g (14.37 mmol) of ethyl bromoacetate were added and the reaction was refluxed for five days under nitrogen atmosphere. After cooling, acetone was removed in vacuo. The resulted substrate afforded as an orange oil, was dissolved in dichloromethane (50 mL) and washed with water (3 × 20 mL).

Afterwards, the organic phase was dried with MgSO4 and removed in vacuo, to obtain finally an oil that was triturated in ethanol in the ultrasound bath. PCP1 precipitated as a white pure powder and was recovered through filtration in a 75 % yield.

Melting point: 209.5 °𝐶. Melting point: 174 °𝐶 (decomposition). was added slowly and the mixture was refluxed for 3 days. After cooling the solution, the solvent was removed in vacuo. The resulting product was dissolved in 30 mL of dichloromethane and washed with water, a solution of HCl (1 M) and a saturated solution of NaHCO3 (2 × 15 mL each time). The organic phase was evaporated, affording a brown powder. 6,7 Melting point: 203 °C. FT-IR: 1261 cm -1 , 922 cm -1 and 675cm -1 for -C≡CH. The synthesis of PCP-epichlorohydrin polymers was carried in water in the presence of NaOH and epichlorohydrin. Ratios of reactants, time and temperature of reactions were optimized, as seen in Table 9, in order to obtain the suitable polymer for solid/liquid extractions. Out of these reactions the polymer of entry 3 was the candidate of choice. In the following its synthesis and characterizations will be reported.

IV.2. Synthesis of compounds in reference to chapter 3 IV.2.1. Synthesis of PCP-epichlorohydrin polymers [PCP-EP]

1,00 g of PCP was suspended in water (20 mL) in the presence of NaOH (16 equiv.) at 80 °C.

The total dissolution of PCP was observed after 30 minutes. ECH (32 equiv.) was then added and the reaction was left stirring for four hours. After cooling, the precipitated polymer was washed with ultrapure water (3𝑥50 mL) and filtered to afford a light brown solid (1.51 g). 9 -DMSO-d6, 400 MHz, 300 K.

IV.3. Materials and methods

Chemical reactants were purchased from commercial sources (Acros organics, Sigma Aldrich and Alfa Aesar). They were used as received without any further purification.

Solvents were used as purchased without any further purification (unless stated otherwise). When solvents were listed as dry, they were dried over molecular sieves. 9

Microwave-assisted organic syntheses were performed using a 400 W Biotage initiator microwave synthesizer of 400 W. The samples were placed in sealed vials and irradiated with temperature control.

Thin layer chromatography was carried out on ALUGRAM Xtra SIL G / UV254 silica plates impregnated with a UV revelator. The products are revealed using a UV lamp (254 nm or 366 nm). Ferric chloride was used as a revelator for identification of hydroxamic acids. 10

Crude purifications by column chromatography were carried out with an Interchim automated chromatography column, Puriflash 430.

Nuclear Magnetic Resonance (NMR) spectra were recorded at 300 K using a Bruker Avance III spectrometer operating at 400 MHz and 100 MHz for 1 H and 13 C, respectively. The peaks of residual deuterated solvents were used as internal standards. Signals is indicated as follows: s = singlet, d = doublet, t = triplet, q = quadruplet, m = multiplet.

Fourier-transform infrared (FT-IR) spectra were recorded with an ATR module on a PerkinElmer Spectrum BXII spectrometer over the 4000 -500 𝑐𝑚 -1 range with a resolution of 1 𝑐𝑚 -1 .

Thermal Gravimetric Analyses (TGA) of PCP and PCP-EP were performed under air flow (100 mL. 𝑚𝑖𝑛 -1 ) from room temperature to 800 °C with a heating rate of 5 °C per min using an SDT Q600 apparatus from TA instruments (precise the used mass). Fluorescence decays of PCP8 in DMSO were recorded upon excitation using a NanoLED light source (330 nm). Perchlorate metals were prepared using the same solvents used to dissolve PCP8 at the same concentration, so that fluorescence decays are measured at constant concentrations.

Ion chromatography

Melting points/decomposition temperatures were determined using a Kofler bench (maximal temperature 260 °C).

Statistical and modeling studies were done using MATLAB and Statistica computing programs. Energy calibration was done using a standard multigamma sand from Eckert and Zeigler Company (code EG-ML-1195-11-1) that contains different radionuclides and covers low, medium and high energy gamma rays. This step is necessary to establish a relation between channels and energies and to correct any eventual shift in energy peaks, with a tolerance value of 0.3 KeV.

Efficiency calibration was carried out using EFFTRAN software taking into consideration the counting geometry, attenuation and absorption factors and composition/density of the measured sample.

Background spectra were acquired each 15 days by measuring an empty container. They were used to correct radionuclides activity concentrations of RS1, RS2 and PCP-EP.

HPGe detector's performance (resolution and efficiency) was verified once a week using a europium (Eu-152) point source. To do so, FWHM and the Full Peak Efficiency (Ɛ(E)) of two low and high energies (122 keV and 1408 keV) emitted by Eu-152 were taken into account. This step is necessary to test the performance of the detector over time. Data were evaluated statistically using Shewhart control chart. Figure 67 shows the detector efficiency and energy resolution 

General Conclusion

The origin of this study comes from the observation that anthropogenic activity such as uranium extraction or the production of oil and natural gas, generated larger quantities of natural radionuclides in the environment, inducing a risk for Human health. In fact, several organizations such as the EPA, WHO and IAEA have imposed maximum contaminant levels for several radionuclides in public water supplies in order to avoid any health risk. For this, various methods for decontaminating radionuclides in water have been developed and include recently macrocyclic extractants. Indeed, the latter and in particular those from the calixarene family, are currently positioned as prime candidates for the extraction of radionuclides due to their pre-organized cyclic structure and their multiplicity of chelation sites. The main objective of this doctoral work was to study derivatives of αααα-phenoxycalix [4]pyrrole (PCP), similar to calixarenes and comprising an anionic binding site at its pyrrolic ring. However, the possibility of functionalizing its phenolic units and thus, of presenting additional cationic chelation sites, revealed an interesting alternative in order to increase the radionuclide extraction capacities.

The synthesis of phenoxycalix [4]pyrrole, described in the literature, requires development expertise which was the preliminary point to be acquired upstream of this work, in order to guarantee access to this raw material in sufficient quantity and purity. Following this achieved first objective, new derivatives based on αααα-phenoxycalix [4]pyrrole have been synthesized

and functionalized by targeted groups containing electron donor elements promoting electrostatic interactions, such as: carboxylic acid, hydroxamic acids, azide, amine and heteroaryl derivatives obtained by "click chemistry", all of these structures were confirmed by The second part of this study aimed at the synthesis, in a basic medium, of a polymer based on phenoxycalix [4]pyrrole crosslinked by epichlorohydrin for the solid/liquid extraction of radionuclides from aqueous solutions. As the first polymer in this series referenced in the literature, its structure was determined by NMR, IRTF and ATG then its chelation capacity towards halides (fluoride, chloride, bromide and iodide) was tested by ion chromatography upon solid/liquid extractions. The results demonstrated that this polymer, unlike its monomeric structure, has a higher affinity for iodide, bromide and more slightly for fluoride. Nevertheless, a recurrent release of chloride was observed despite the careful washing of the polymer to remove the sodium chloride at the end of the synthesis. Furthermore, an anion exchange process was demonstrated between bromide and the incorporated chloride and, to a lesser extent, with iodide. Moreover, the solid/liquid extraction capacities of radionuclides by this polymer were studied by gamma spectroscopy equipped with a HPGe detector using radionuclides-containing solutions. A preliminary study was carried out using an acidic 
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Figure 1 .

 1 Figure 1. Les radionucléides en série de désintégration -U-238 (gauche), U-235 (milieu) et Th-232 (droite), adaptée de la référence 8.

LFigure 2 .

 2 Figure 2. Le principe des interactions « hôte-invité » impliquant les supramolécules.

  physique et chimique de CD sur plusieurs supports solides avant leur engagement dans des processus de décontamination. La plupart de ces adsorbants portent des noyaux magnétiques pour être facilement séparés par filtration magnétique ou séparation après contact avec les radionucléides. Comme exemple, des études récentes ont étudié la capacité du β-CD à complexer le thorium (Th 4+ ). Basé sur les travaux de Liu et al. En 2017, un polyrotaxane basé sur un β-CD mono-modifié spécifique a été synthétisé (Figure 3). 35 L'adsorption du Th 4+ a été optimisée par la méthodologie de réponse de surface (RSM) basée sur la conception de Box-Behnken, pour déterminer la relation entre les conditions expérimentales et la capacité d'adsorption. Les conditions optimales d'adsorption pour l'élimination du Th 4+ ont été évaluées à pH 4,0, temps de contact 35 minutes, une concentration initiale de Th 4+ de 23,00 mg/L et une dose d'adsorbant de 30 mg. Dans ces conditions optimales, l'adsorption maximale de la capacité des ions Th 4+ a été atteinte à 13,99 mg/g.

Figure 3 .

 3 Figure 3. Le schéma d'adsorption possible du Th4 + par un β-CD à base de polyrotaxane (adapté de la référence 35).

Figure 4 .

 4 Figure 4. (a) un macrocycle de cucurbituril CC1 et (b) une cristallographie aux rayons X de CC1.2Cs -vue de dessus (adapté de la référence 38).

Figure 6 )

 6 Figure6). La deuxième syllabe du nom de la molécule, arène, fait référence aux groupes aryle (phénols) qui la composent et les nombres entre parenthèses entre «calix» et «arène» font référence au nombre de groupes aryle formant le macrocycle.63,64 

Figure 5 .Figure 6 .➢Figure 7 .

 567 Figure 5. Plusieurs structures chimiques d'éthers couronnes avec divers degrés de substitution (adapté de la référence 59)

Figure 8 .

 8 Figure 8. 1,3,5-OCH3-2,4,6-OCH2COOH-p-tertbutylcalix[6]arène (CA9) (à droite) et crème à base de CA9 pour la décontamination cutanée des actinides (adapté des références 69 et 70 respectivement).

Figure 9 .CP1Figure 10 .

 910 Figure 9. Calixarène à éther couronne unique (gauche) et calixarènes associés à deux unités d'éther couronne (droite) (références 75 et 76)

  ont rapporté pour la première fois la capacité de l'OMCP à se lier simultanément aux anions et aux cations, formant des complexes de paires d'ions. Comme on le voit sur la Figure 12, l'OMCP et capable de former des complexes de paires d'ions avec des halogénures de césium : CsF, CsCl et CsBr. Grâce à des analyses de rayons X et 1 H RMN, il a été déterminé que les halogénures sont liés aux quatre NH pyrroliques, fixant la conformation de l'OMCP en forme de cône. Ce changement de conformation a permis la création d'un nouveau site de chélation cationique et le césium a par conséquent été encapsulé par la cavité

Figure 11 .

 11 Figure 11. Quatre conformations possibles de l'OMCP et la domination de la conformation du cône sur la chélation des anions (adapté de la référence 90).

Figure 12 .PCPFigure 13 .

 1213 Figure 12. Structures de diffraction des rayons X cristallines des complexes OMCP / CP1 avec CsF (à gauche), CsCl (au milieu) et CsBr (à droite) (adapté de la référence 90)

  pyrrole. Il contient une profonde cavité pré-organisée à quatre parois, portant de multiples sites pouvant avoir un rôle dans les interactions hôte-invité. Ainsi, notre groupe et d'autres ont donné de l'importance à l'étude de cette molécule, essentiellement parce qu'il s'agit d'une plate-forme supramoléculaire potentielle, facile à modifier et fonctionnaliser à travers ses groupes phénoliques afin d'introduire de nouveaux sites de chélation cationique et en raison de la présence d'un site de chélation des anions au niveau des pyrroles de la molécule.

Figure 14 .

 14 Figure 14. Les isomères αααα, ααββ, αβαβ et αααβ du phénoxycalix[4]pyrrole.
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 15 Figure 15. Plusieurs dérivés reportés dans la littérature pour le phénoxycalix[4]pyrrole.

Figure 16 .

 16 Figure 16. La procédure de synthèse du phénoxycalix[4]pyrrole.

Figure 17 .

 17 Figure 17. La synthèse de l'acide hydroxamique PCP3 à travers l'activation de l'acide carboxylique PCP2 en utilisant divers agents de couplage

Figure 19 .

 19 Figure 19. Un spectre 1 H NMR de PCP8 avec TBAF dans d6-DMSO.

Figure 20 .

 20 Figure 20. Le Job-plot du complexe PCP8.F -.

Figure 21 .

 21 Figure 21. La variation de l'émission de fluorescence de PCP8 après addition de 10 équivalents de TBAF, TBACl, TBABr, TBAI et TBAHSO 4

Figure 23 .

 23 Figure 23. La variation de l'émission de fluorescence de PCP8 après addition de (a) Fe 2+ , (b) Fe 3+ , (c) Hg 2+ et (d) Ni 2+ (F/F0, carreau bleu et τ0/τ, triangle noir).

Figure 24 .

 24 Figure 24. Un schéma récapitulatif de toutes les synthèses reportées dans le chapitre 2.

Figure 25 .

 25 Figure 25. Mécanisme de synthèse pour PCP-EP représentant les trois voies possibles de polymérisation.
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 2726 Figure 27. Le spectre FT-IR du PCP (bas) et PCP-EP (haut)

  radionucléides naturels dont le Ra-226, a été réalisée sur un échantillon test de compétence des restes de sol, IAEA-CU-2010-03 minéralisé. Une solution (RS1) de 500 mL a été préparée à partir de la digestion par voie humide de 5 grammes de l'échantillon de sol en utilisant respectivement de l'acide fluorhydrique et de l'acide nitrique, jusqu'à dissolution complète. La masse obtenue a été enregistrée et la solution a été mesurée par un spectromètre gamma couplé à un détecteur germanium à haute pureté (ayant une fenêtre au béryllium). La concentration d'activité initiale du Ra-226 avant de tester la capacité d'extraction du PCP-EP s'est avérée être de 81,44 ± 5 Bq/Kg. 100 mL de cette solution acide (RS1, 𝑝𝐻 = 2) ont été engagés dans une extraction solide/liquide avec 300 mg de PCP-EP pendant 5 minutes à température ambiante. Suite à la centrifugation et la séparation du polymère de la solution aqueuse, RS1 a été mesurée et Ra-226 s'est avéré être de 61 ± 4 Bq/kg.

  Au vu de ce résultat prometteur, il a été décidé d'optimiser les paramètres influençant l'extraction du Ra-226 par PCP-EP en utilisant le Ba 2+ comme modèle, en raison de son comportement chimique similaire au Radium et ce, afin d'éviter la production de déchets radioactifs. Pour ce faire, et pour réduire le nombre d'expériences, la quantité de polymère engagé et les solutions contenant du baryum, un plan expérimental Doehlert a été développé et appliqué afin de prédire statistiquement les conditions optimales d'extraction (pH, temps, température et quantité de PCP-EP engagé) du Ba 2+ dans l'eau. Les solutions ont été quantifiées avant et après extraction par absorption atomique. En addition du plan expérimental Doehlert, la méthode de réponse de surface (RSM) a été engagée pour déterminer les conditions optimales d'extraction. Pour ce faire, deux programmes, Matlab et Statistica 7, ont été utilisés. Cette étude a été entièrement décrite et publiée dans le journal Environmental Science and Pollution Research (doi: 10.1007/s11356-019-07021-w). Application des conditions optimales d'extraction par PCP-EP sur une solution contenant du Ra-226 Une fois les conditions optimales d'extraction du Ba 2+ dans l'eau déterminées comme 𝑝𝐻 = 5, temps de contact 64 minutes, et une température de 31,6 °C, ces dernières ont été appliquées pour des extractions solide/liquide impliquant une solution aqueuse contenant du Ra-226 et PCP-EP. Préparation et mesure de la solution contenant du radium avant extraction solide/liquide Préparation de la solution contenant Ra-226 Pour cette expérience, une solution RS2 a été préparée via une digestion acide (similaire à celle réalisée pour RS1) de 9 grammes d'un minerai d'uranium de référence, IAEA-RGU-1. Ce minerai d'uranium contient plusieurs radioéléments naturels qui ont été trouvés dans RS2 (comme Pa-234m, Ra-226, Pb-214, Bi-214, Pb-210 et U -235) lors de la digestion avec l'acide nitrique sous forme de sels de nitrate (Tableau 6). Du fait que le Ra-226 est le fils de l'U-238 et généralement ils coexistent en milieu aqueux naturel, il est important d'étudier séparément les capacités d'extraction du polymère pour chaque élément avant d'étudier l'existence d'une éventuelle compétition. Pour ce faire, il a été décidé de minimiser la teneur en uranium dans RS2 par une séparation chimique des isotopes de l'uranium via une double extraction chromatographique à l'aide des résines AG1x4 et AG1x8. Après séparation, la solution obtenue (RS2') contenait principalement du Ra-226 et des quantités mineures d'uranium par rapport à la solution mère RS2. Cette solution (RS2') a été choisi pour l'étude des capacités de chélation du PCP-EP vis-à-vis du Ra-226. Spectromètre gamma avec détecteur HPGe pour la mesure de solutions Ra-226 et PCP-EP avant et après extraction Un spectromètre gamma avec un détecteur HPGe à plage étendue d'efficacité relative de 50 % et de haute résolution (2,1 keV -1332 keV) a été utilisé pour la détermination de l'activité de Ra-226 dans les solutions et PCP-EP avant et après les expériences d'extraction. Le Ra-226 a été déterminé à partir de sa raie gamma à 186,21 keV après correction de l'interférence U-235 à 185,72 KeV. Par conséquent, RS2' a été compté et la concentration d'activité initiale du Ra-226 avant l'extraction s'est avérée être de 103 ± 15 Bq/Kg.

  Lors de l'application des conditions optimales d'extraction, l'extraction du PCP-EP pour le Ra-226 est passée de 22 % à 89 %. Cette augmentation impressionnante d'extraction de Ra-226 par PCP-EP lors de l'optimisation des conditions expérimentales, montre l'efficacité de la méthode d'optimisation qui a été réalisée. De plus, il confirme les similitudes de comportements chimiques entre le baryum et le radium et la pertinence du choix pour Ba 2+ . Afin de comprendre la différence importante entre les deux résultats, chaque paramètre optimisé doit être discuté pour son influence éventuelle sur l'extraction solide/liquide. La température de 31,6 °C pour l'expérience d'extraction ainsi qu'un temps de contact prolongé (1 heure) entre les sels de radium et le PCP-EP, conduisent à l'homogénéisation et à une répartition homogène du polymère en solution. Ces deux facteurs ont permis une extraction améliorée du Ra 2+ dans la matrice du PCP-EP, car le radium est un métal ayant un rayon atomique de 148 pm rendant sa complexation plus lente et plus dure. Quant au pH, il aurait pu jouer le rôle majeur pour faciliter la complexation du radium par la formation de sels plus petits et plus hydrosolubles. Cette hypothèse est bien corrélée à la littérature, dans laquelle il est mentionné que les sels du radium sont à peine complexés et si c'est le cas, ils le font en présence d'agents chélatants et à des pH très élevés. 124,125 Conclusion L'origine de cette étude est issue du constat que l'activité anthropique telle que l'extraction d'uranium ou la production de pétrole et de gaz naturel, a généré des quantités plus importantes de radionucléides naturels dans l'environnement, induisant un risque pour la santé humaine. De fait, plusieurs organisations comme l'EPA, l'OMS et l'AIEA ont imposé des niveaux maximums de contamination pour plusieurs radionucléides dans les approvisionnements pyridino-PCP avec les autres métaux de transition, les métaux alcalins et alcalino-terreux, aucune étude n'a été réalisée en présence de radionucléides. Les capacités de chélation des anions ont, quant à elles, étaient étudiées par titrage 1 H RMN dans le DMSO-d6 et ont montré une sélectivité pour le fluorure parmi le chlorure, le bromure et l'iodure, habituelle pour ce type de structure. La deuxième partie de cette étude a eu pour objectif la synthèse en milieu basique d'un polymère à base de phénoxycalix[4]pyrrole réticulée par l'épichlorohydrine pour l'extraction solide/liquide des solutions aqueuses. Premier polymère référencé de la littérature dans cette série, sa structure a été déterminée par RMN, IRTF et ATG puis sa capacité de chélation envers les halogénures (fluorure, chlorure, bromure et iodure) a été testée par chromatographie ionique à l'issue d'extraction solide liquide. Les résultats ont démontré que ce polymère, contrairement à sa structure native, possède une affinité supérieure pour l'iodure, le bromure et plus légèrement pour le fluorure. Quant au chlorure, un relargage récurrent a été observé malgré un lavage minutieux du polymère afin d'éliminer le chlorure de sodium à l'issue des synthèses. Par ailleurs, un processus d'échange d'anions a été mis en évidence entre le bromure et le chlorure incorporé et, dans une moindre mesure, avec l'iodure. Par ailleurs, les capacités d'extraction solide/liquide des radionucléides par ce polymère ont été étudiées par spectrométrie gamma équipé d'un détecteur HPGe à l'aide de solutions aqueuses radioactives. Une étude préliminaire a été réalisée en employant une solution radioactive acide à 𝑝𝐻 = 2 afin d'évaluer les capacités d'extraction spécifique du PCP-EP sur le radium. Celle-ci a abouti à un taux d'extraction de 22 % en Ra-226, considéré comme l'un des plus importants NORM. Dans cette continuité, le développement d'un plan d'expérience Doehlert par méthodologie de réponse de surface a été mené afin d'optimiser les conditions d'extraction expérimentale. Lors de cette étape d'optimisation, l'étude du Ba 2+ , métal stable et de comportement chimique similaire au Ra 2+ , a été priorisée afin de réduire la production de déchets radioactifs. Les résultats de ce plan d'expérience ont abouti à des conditions optimales d'extraction d'une durée de 60 minutes à 31,6 °C et 𝑝𝐻 = 5. En translatant ces conditions optimales à une étude expérimentale d'extraction d'une solution aqueuse radioactive, le PCP-EP a montré une capacité d'extraction de 89 % pour le Ra-226.
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 67 .1.1.1.1. Natural radionuclides Natural radionuclides might originate from terrestrial origins and are classified in this case as primordial radionuclides (singly occurring or decay-series radionuclides), or else form an extra-terrestrial source that contributes to the production of radionuclides referred to as cosmogenic radionuclides. I.1.1.1.1.a. Primordial radionuclides Present in the earth's crust since the beginning of life, these radionuclides are subdivided into two groups: singly occurring and decay series radionuclides.

1 .Figure 1 .

 11 Figure 1. Decay series radionuclides of U-238 (left), U-235 (middle) and Th-232 (right)adapted from reference 11.

  2020 marks the 53th anniversary of crown ethers discovery by Charles Pedersen and simultaneously the launching of supramolecular chemistry. Over years, this class of molecules gained the interest of the scientific community and evolved considerably. Two Nobel prizes were delivered in this field to Charles Pedersen, Donald J. Cram, and Jean-Marie Lehn in 1987 and to Jean-Pierre Sauvage, Sir J. Fraser Stoddart, and Bernard L. Feringa in 2016 for the discoveries of crown ethers, carcerands, cryptands and molecular machines. Supramolecules are still extensively studied in the 21 st century and found their way in different domains to realworld applications.54 

Figure 2 .

 2 Figure 2. Illustration of host-guest interaction.

  a CD-based ligand, hexakis (3,6-anhydro)-tetrakis[2 I,II,IV,V -O-(2-ethoxyethyl)]

Figure 3 .

 3 Figure 3. Structure of β-cyclodextrin (β-CD) and Hexakis (3,6-anhydro)-tetrakis[2 I,II,IV,V -O-(2-ethoxyethyl)] cyclomaltohexaose (AEOE) ( CD1 is adapted from reference 62).

Figure 4 .

 4 Figure 4. The possible adsorption scheme for Th 4+ by a polyrotaxane-based β-CD (from reference 76).

Figure 5 .

 5 Figure 5. Cucurbituril macrocycle CC1 (from reference 80).

Figure 6 .

 6 Figure 6. X-ray of CC1.2Cs -top view (from reference 80).

Figure 9 .

 9 Figure 9. The 3D representation of calix[4]arenes (left); the Greek vase that inspired their name (middle); truncated cone or the cup like shape representing differently calix[4]arenes (adapted from reference 108).

Figure 8 .

 8 Figure 8. The adsorption of Cs by the poly(AAc-co-B18C6Am) hydrogel (from reference 103).

  [110][111][112][113] An extensive research has been carried in the development and design of calixarene-based extractants in the field of nuclear industries. The generation of nuclear energy, despite of its necessity and importance engenders one of the most crucial problems that the society is facing nowadays: treatment and recycling of acid nuclear wastes. Several extractants were used for removal of actinides (such as monodentate organophosphorus extractants) and lanthanides (such as carbamoylmethyl phosphine oxide (CMPO) extractants and trioctylphosohine (TOPO) extractants). Yet, these latter failed to exhibit any selectivity or effective separation of actinides and lanthanides. In 1998 and in the framework of the Actinides Extraction (ACTINEX)
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 10 Figure 10. p-tert-butylcalix[4]arene and its conformations.

Figure 11 .

 11 Figure 11. CMPO (1) and calixarenes-CMPO (CA1 & CA2) (from reference 114).
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 1212 Figure 12. 1,2-dimethoxy-3,4-dipropoxy CMPO substituted calix[4]arenes.
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 13 Figure 13. Calixarene-based picolinamide (CA3) (from reference 122).
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 14 Figure 14. Synthesis of a calixarene-based diglycolamide (from reference 123).

Figure 15 .

 15 Figure 15. (a) Synthesis of alkali metal salts of calixarenes anions; (b) X-ray analysis of calix[6]arene in Me2CO with 1Cs (left), 2K (center), 1Rb.1K(right) (from reference 124).
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 17 Figure 17. 1,3,5-OCH3-2,4,6-OCH2COOH-p-tertbutylcalix[6]arene (CA8) (right) and CA8-based cream for skin decontamination from actinides (from references 126 and 127 respectively).

Figure 18 .

 18 Figure 18. Calixarenes for uranium extraction.

Figure 20 .

 20 Figure 20. Extraction mechanisms of Cs + (up) and Sr 2+ (down) with SC4A/CA9 (from reference 137).

Figure 21 .

 21 Figure 21. Acetamidophosphine oxide-based calix[4]arene, CA10 . R 1 and R 2 being alkoxy groups or o-nitrophenoxy alkyl groups and R 3 and R 4 being aryl groups.

Figure 22 .

 22 Figure 22. Monocrown calixarene (left) and biscrown calixarene (right) (from references 158 and 159 respectively)

Figure 25 .CP1Figure 24 .

 2524 Figure 25. Four possible conformations of OMCP and the domination of the cone conformation upon anion chelation (from reference 199).

Figure 26 .Figure 27 .

 2627 Figure 26. Crystal X-ray diffraction structures of OMCP/CP1 complexes with CsF (left), CsCl (middle) and CsBr (right) (from reference 199)

  , a strapped calix[4]pyrrole ion-pair receptor polymer was synthesized and tested via liquid/liquid extraction experiments. It showed a capacity to extract ion pairs in DCM or at the interface of a DCM/H2O solution. This ion-pair formation occurs along with the self-assembly of the polymer into micelles. As well, it showed to be more efficient than the free-standing ion pair receptor (CP6 used originally for polymerization) in extracting several alkali cations and cesium halides.214 All of these facts show that multitopic ion pair receptors and high-level organized structures play a major role in enhancing the monitoring and manipulation of the cation selectivity and release. Furthermore, cation chelation is strongly affected by both solvents and counter-anions engaged during experiments.

9 .

 9 Phenoxycalix[4]pyrrole: an emerging scaffold for the recognition of cationic targets

Figure 29 .

 29 Figure 29. Crown ether-functionalized calix[4]pyrrole CP6 and a strapped calix[4]pyrrolebearing diblock copolymer, PMMA-b-PSC4Py (from reference 214).

Figure 30 .

 30 Figure 30. Phenoxycalix[4]pyrrole synthesis.

Figure 31 .

 31 Figure 31. Phenoxycalix[4]pyrrole isomers (αααα, ααββ, αβαβ and αααβ).

Figure 25 )Figure 34 .

 2534 Figure 25). As well, Sessler et al. described the presence of four isomers by1 HMNR characterization through the number of CH pyrrolic signals. This type of isomers indicates the direction of the phenolic groups compared to the methyl groups on the meso rim and were reported by Sessler et al. as: αβαβ, ααββ, αααβ, αααα (Figure35).3 

Figure 35 .

 35 Figure 35. Phenoxycalix[4]pyrrole's isomers αβαβ, ααββ, αααβ and αααα, distinguished via the position of the phenolic functionalities relatively to the methyl groups on the meso-rim.

Figure 36 .

 36 Figure 36. Crystal structure of a PCP trimer including 6 acetic acid molecules (adapted from reference 2).

Figure 38 .

 38 Figure 38. PCP2/PCPCOOH synthesis procedure.

Figure 39 .

 39 Figure 39. The structure of linear deferoxamine DFO (up) and the structure and structure complexes of acetohydroxamic acid AHA with uranium and iron (adapted from reference 14).

Figure 40 .

 40 Figure 40. Hydroxamic acid PCP3 synthesis through the activation of carboxylic acid PCP2 using several coupling agents.

Figure 41 .

 41 Figure 41. The synthesis of hydroxamic acids PCP3 and PCP3' using PCP1 as a starting material.

0. 27 ppm- 5 Figure 42 .

 27542 Figure 42. Partial 1 H NMR spectra of PCP1, PCP2, PCP3 and PCP3' showing the chemical shift for O-CH2 upon hydroxamic acid formation.

Figure 43 .

 43 Figure 43. PCP4 synthesis procedure.

Figure 44 .

 44 Figure 44. PCP5 synthesis procedure.

Figure 45 .

 45 Figure 45. The synthesis protocol for PCP-click-pyridino: (a) Synthesis of terminal alkyne PCP6, (b) CuAAC cycloaddition for the synthesis of click-pyridino PCP, (c) Synthesis of 2-(azidomethyl)pyridine 8.

Figure 47 .

 47 Figure 47. Synthetic methods and experimental conditions for synthesized molecules reported in chapter 2.

4. 60

 60 MeV (6 %) and 4.78 MeV (94 %). These particles have the ability of elaborating ionizations and excitations of molecules and different matrices. As for Ra-228, it has a lifetime of 5.7 years and decays through the emission of beta particles that have an average energy of 14 KeV and a maximum of 55 KeV. Being governed by their mass, alpha and beta particles carrying high energies travel very short distances compared to other types of ionizing emissions and thus, their hazard is mainly caused to humans when taken internally.24 III.2.1.4.a. Absorption, distribution and excretion of radium

  pyrrole-epichlorohydrin polymer, PCP-EP, reported in literature. PCP units were crosslinked via epichlorohydrin and consequently polyether bridges. The synthesis of PCP-EP was optimized and it was engaged in solid/liquid extractions with aqueous solutions containing halide anions and radionuclides, separately.Its anion extraction capacity in aqueous solutions towards halides (fluoride, chloride, bromide and iodide) was tested through solid/liquid extractions. It was found that this polymer possesses a great affinity towards iodide probably due to the presence of large pockets capable of extracting larges halides like iodide and bromide rather than smaller anions. Anion exchange process was found to occur with bromide and to a lesser extent iodide, as it was able to occupy the same extraction pockets, occupied previously by chloride as evidenced by ion chromatography analysis. At the end, PCP-EP was engaged in solid/liquid extractions with radioactive solutions containing Ra-226. In an acidic solution and in a preliminary test, PCP-EP showed a capacity to extract 22 % of Ra-226. The extraction conditions (pH, temperature and time of contact) of Ra-226 were optimized through a designed Doehlert experimental plan, based on RSM, while Ba 2+ was used as a stable element model instead of radioactive Ra-226, for they have similar chemical behavior. The designed model yielded optimum conditions as 𝑝𝐻 = 5, 𝑇 = 31.6 °C and 60 minutes as time of contact. Upon applications of these conditions for solid/liquid experiment tests on a radioactive solution, PCP-EP showed an extraction capacity of 89 % for Ra-226 from water.

Figure 48 .

 48 Figure 48. Experimental designs of the studies carried on PCP-EP in chapter 3.

Figure 49 . 1 H

 491 Figure 49. 1 H NMR spectrum of PCP, acetone-d6, 400 MHz, 300 K

FTIR: 1755 cm - 1 ( 1 (

 11 C=O stretching vibration), 1064 cm -1 (C-O-C2H5 stretching vibration), cm -1 (C-H deformation vibration, CH2-CH3), 764 cm -1 (C-O-C deformation vibration), 576 cm -C=O wagging vibration).

Figure 51 . 1 HIV. 1 . 3 .

 51113 Figure 51. 1 H NMR spectrum for PCP1, DMSO-d6, 400 MHz, 300 K.

FT-IR: 1723 cm - 1 (IV. 1 . 4 .IV. 1 . 9 .

 11419 C=O stretching vibration), 763 cm -1 (C-O-C deformation vibration), 578 cm - Synthesis of acyl fluoride PCP [PCP2'] Caution! It is important to pay attention to the volatility of cyanuric fluoride, and if high temperatures occurred during reaction (> 74 °C boiling point) work should be conducted in a sealed container to maintain cyanuric fluoride within the reaction mixture. High precautions should be taken into consideration while manipulating cyanuric fluoride, classified as an extremely hazardous substance by the United States in Section 302 of the U.S. Emergency Planning and Community Right-to-Know Act (42 U.S.C. 11002).The carboxylic acid PCP2 (0.1 g, 0.10 mmol) was dissolved in a stirring solution of dry acetonitrile (15 mL), to which we added 0.11 g (0.82 mmol) of cyanuric fluoride and 0.065 g (0.82 mmol) of pyridine and the mixture was left overnight at room temperature and under nitrogen atmosphere. The solvent was removed in vacuo, to afford a reddish-brown oil that was dissolved in dichloromethane (10 mL) and washed with water (3 × 8 mL). The organic phase was separated, dried over MgSO4 and removed in vacuo, to yield in 54 % an impure brown powder of PCP2'. 1 H NMR (400 MHz, CD3CN) δ: 7.90 (s, 4H, NH), 6.95 -6.73 (m, 16H, Ar), 6.03 (d, 𝐽 = 2.6 Hz, 8H, pyrrolic CH), 4.89 (d, J = 4.0 Hz, 8H, O-CH2), 1.84 (s, 12H, CH3). The synthesis of terminal alkyne PCP [PCP6] PCP (330 mg, 0.45 mmol) and K2CO3 (750 mg, 5.43 mmol) were suspended in acetonitrile (30 mL) and stirred for 30 minutes. A mixture of propargyl bromide 80 % in toluene (271 µL)

Figure 59 . 1 H

 591 Figure 59. 1 H NMR spectrum for 3-(azidomethyl)pyridine, chloroform-d, 400 MHz, 300 K.

Figure 60 . 1 H

 601 Figure 60. 1 H NMR spectrum for (azidomethyl)benzyl, chloroform-d, 400 MHz, 300 K.

FT-IR PCP7 :

 PCP7 1116 𝑐𝑚 -1 (aromatic =C-H in-plane deformation vibrations),769 𝑐𝑚 -1 (out-ofplane deformation vibrations for benzyl group),1009 𝑐𝑚 -1 (aromatic =C-H in-plane deformation vibrations) disappearance of the acetylenes characteristic wave numbers. FT-IR PCP8: 1047 𝑐𝑚 -1 (C-H deformation vibration, pyridine), 1009 𝑐𝑚 -1 (aromatic nitro entities C-N stretching vibration),760 𝑐𝑚 -1 (C-H deformation vibration, 2-substitued pyridine),1595 𝑐𝑚 -1 (C=C and C=N vibration), disappearance of the acetylenes characteristic wave numbers. FT-IR PCP9: 1048 𝑐𝑚 -1 (C-H deformation vibration, pyridine), 770.5 𝑐𝑚 -1 (C-H deformation vibration, 3-substituted pyridine), 1603 𝑐𝑚 -1 (C=C and C=N vibration), disappearance of the acetylenes characteristic wave numbers. HRMS (TOF-SIMS) calc. for (PCP8) C84H77N20O4 + m/z 1429.6431, found m/z 1429.6461.

Figure 62 . 1 H

 621 Figure 62. 1 H NMR spectrum for PCP8, DMSO-d6, 400 MHz, 300 K.

Figure 61 . 1 H

 611 Figure 61. 1 H NMR spectrum for PCP7, DMSO-d6, 400 MHz, 300 K.

1 H

 1 NMR (400 MHz, DMSO-d6) δ 9.40 (s, NH), 6.92-6.78 (m, Ar, 4H), 5.94 (s, 2H, pyrrolic CH), 5.73-3.34 (H of the cross-linking chain), 1.75 (s, CH3).FT-IR: 1030 𝑐𝑚 -1 (ether functional groups), 768 𝑐𝑚 -1 (unreacted epoxide ring vibration), 701 𝑐𝑚 -1 (C-Cl stretching vibrations). A drastic diminution of the characteristic bands of the phenols between 1310 -1410 𝑐𝑚 -1 was attributed to the crosslinking reaction.

Figure 64 . 1 H

 641 Figure 64. 1 H NMR spectrum for PCP-EP (entry 3), DMSO-d6, 400 MHz, 300 K.

Figure 65 . 1 H

 651 Figure 65. 1 H NMR spectrum for all polymers reported in Table9-DMSO-d6, 400 MHz, 300 K.

  titrations were performed on a Thermofischer DIONEX ICS900 apparatus equipped with a DIONEX IonPac AG14 (Guard 4 × 50 mm) pre-column, a DIONEX IonPac AS14A (Analytical 4 × 250 mm) column, an Electrolytically Regenerated Suppressor (DIONEX AERS 500 4 mm) and a DS5 conductivity detector. Sodium carbonate (8 mM) and sodium bicarbonate (1 mM) in ultrapure water were used as an eluant at a rate of 1.2 mL. min -1 . Aqueous solutions containing the tetrabutylammonium salts of the four halides (TBAF, TBACl, TBABr and TBAI) were used for external calibration between 1 and 20 ppm (5 points, 𝑅 2 > 0.999). Absorption spectra were recorded using a double beam spectrophotometer Cary 100 Scan. The spectral range extends from 200 nm to 600 nm with an accuracy of 1 nm. The absorption cuvettes used are 100-OS optiglass cells with an optical path length equal to 10 mm. Molecular fluorescence spectra were recorded on a Varian Cary Eclipse spectrofluorometer. The cuvettes used are 100-QS quartz with optical path length equal to 10 mm. The solvents used are of HPLC quality and are degassed in an ultrasonic bath before recording the molecular fluorescence spectra. Time resolved fluorescence studies were carried using a Deltahub Horiba Scientific fluorescence lifetime system that uses the technique of time-correlated single-photon counting (TCSPC).

Gamma spectroscopy:

  The analysis of Ra-226 was carried out at the Gamma Spectroscopy Laboratory-Environmental Radiation Control Department at the LAEC. The laboratory is accredited according to ISO 17025 standard. The prepared Ra-226 solutions and PCP-EP were measured by a gamma spectrometer with extended range HPGe detector of relative efficiency 50 % and high resolution (2.1 keV -1332 keV), having a beryllium window (Figure 66). A lead shielding of 10 cm thickness surrounds the detector to minimize background radiation and a 0.5 cm copper layer is used to attenuate X-rays emitted by lead. The detector is connected to standard integrated data processor DSA 1000 desktop inspector electronics from Canberra and the spectra were accumulated in 8K MCA. Genie 2000 software Version V3.1a was used for spectra analysis including peak search, nuclide identification, activity and uncertainty calculation, and Chapter IV-IV.3. Materials and Methods 192 MDA calculation modules. Radium-226 was determined from its gamma line at 186.2 keV after correction for uranium-235 interference.

Figure 66 .

 66 Figure 66. Gamma spectrometer with HPGe -LAEC/CNRS-L.

Figure 67 .

 67 Figure 67. Energy resolution (top) and Efficiency (bottom) control charts .

1 H

 1 NMR,13 C NMR and FT-IR. Subsequently, a study on the chelation capacities of the new 2-pyridino-1,2,3-triazolo-PCP derivative was carried out by fluorimetric detection for transition, alkali and alkaline earth metals in a homogeneous solution of DMSO. The existence of a selective complexation of ferrous and ferric iron in DMSO was demonstrated by coupling the time-resolved fluorescence data to that of steady-state fluorescence. Due to negligible interactions of 1,2,3-triazolo-2-pyridino-PCP with other transition metals, alkali and alkaline earth metals, no studies have been performed in the presence of radionuclides. As for the anionic chelation capacities, they were studied by molecular fluorescence and 1 H NMR titrations in DMSO-d6 and showed a selectivity for fluoride among chloride, bromide and iodide.

  radionuclides-containing solution (𝑝𝐻 = 2) in order to evaluate the specific extraction capacities of PCP-EP on radium. This resulted in an extraction rate of 22 % for Ra-226, considered one of the most important NORMs. In this continuity, the development of a Doehlert experimental design using response surface methodology was carried out in order to optimize the experimental extraction conditions. During this optimization step, the study of Ba 2+ , a stable metal with a chemical behavior similar to Ra 2+ , was prioritized in order to reduce the production of radioactive wastes. The results of this experimental design resulted in optimal extraction conditions lasting 60 minutes at 31.6 °C and 𝑝𝐻 = 5. By translating these optimal conditions to an experimental study for the extraction of a Ra-226 containing solution, PCP-EP showed an extraction capacity of 89 % for Ra-226.
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  De plus, des calixarènes contenant des fonctions amides ont été développés et ont montré des capacités de chélation pour les métaux alcalino-terreux tels le Ba 2+ et le Sr 2+ , 66 et pour les actines (Am-241) et lanthanides (Eu-152).67,68 En outre, en 2013 Phan et al.69 a introduit une émulsion nettoyante huile-dans-eau à base de calixarène pour la décontamination de l'uranium de la peau. Le calixarène choisi (Figure8) est connu pour ses bonnes capacités chélatrices des actinides. Dans le cas où aucun traitement n'est appliqué pendant 24 heures sur une peau contaminée, 48,2 % de l'uranium appliqué est diffusé par la peau et 21,6 % est retenu par la

peau. Cependant, après 24 heures d'application de l'émulsion de calixarène sur la peau contaminée, seulement 6,3 % d'uranium a été diffusé (environ 7,6 fois moins qu'une peau non traitée) et une réduction d'environ 10 % de l'uranium retenu. Suite à cette étude, cette molécule a été introduite par Cevidra comme le premier traitement d'urgence commercialisé de la contamination cutanée par les actinides (Figure

). 105 Cette réaction a été réalisée dans l'acétone et en présence de

  

	K2CO3. Ce composé a été obtenu avec un rendement de 60 % par une simple étape de lavage
	dans de l'acétone froide sans avoir besoin d'une autre technique chromatographique pour la
	purification.
	A partir de ce dérivé de tétra-azide, un dérivé de tétra-amine a été synthétisé par une réaction
	Entrée en une étape à partir de laquelle le dérivé d'azide PCP4 a été réduit en amine primaire PCP5. Conditions expérimentales Remarques Références
	1 Plusieurs méthodes sont décrites dans la littérature pour la réduction des azotures (réaction de NaOH, NH2OH.HCl, THF/MeOH, Pas de réaction Hutchinson et al. 1993 102
	-5 °C pour 5 h, puis 5 j à ta Staudinger, hydrogénation). Dans notre cas afin de réduire le coût de la réaction en termes de
	2 consommation de carbone ou d'utilisation de gaz dihydrogène (risque d'incendie et DBU, NH2OH (50 % aq), MeOH, ta, 6 j Nécessité de purification Harris et al. 2016 103
	3 d'explosion), nous avons engagé à la place un donneur d'hydrogène, le formiate d'ammonium DBU, N-méthylhydroxylamine.HCl, MeOH, ta, 6 j Nécessité de purification Harris et al. 2016 103
	(6), avec 10 % de palladium sur charbon. Le composé amine a été obtenu avec un rendement
	quantitatif et le formiate d'ammonium résiduel mis en évidence dans les spectres 1 H RMN a
	été éliminé par une simple étape de lavage avec une solution aqueuse de NaCl saturée (son
	élimination a été confirmée par 13 C RMN).
	O-CH2
	Figure 18. Les spectres partiels de 1 H RMN de PCP1, PCP2, PCP3 et PCP3' montrant le
	déplacement chimique du O-CH2 lors de la formation d'acide hydroxamique.

L'étude du dérivé fluorescent PCP8

  

	M) et de l'eau de saumure, étaient suffisantes pour obtenir un produit ayant une pureté
	appropriée pour effectuer d'autres réactions. Bien que ce composé ait déjà été décrit dans l'étude
	de Sessler et al. 109 en 2017 avec un rendement de 65 %, il a été possible de l'obtenir à 80 %
	avec le protocole proposé ci-dessus. Ce dérivé a été utilisé plus tard pour ancrer les fragments
	benzyle et 2-pyridino par une condensation alcyne-azide catalysée par le cuivre avec
	(azidométhyl)benzène et (azidométhyl)pyridine, respectivement, synthétisés sous irradiation
	micro-ondes. 110 La réaction a été réalisée dans du DMSO en présence de CuI et de triéthylamine
	et a donné ces molécules avec un rendement élevé de 89 %.
	En raison de la présence de quatre chromophores 1,2,3-triazole dans le PCP8, les
	spectroscopies d'absorbance et de fluorescence moléculaire ainsi que la spectroscopie de
	fluorescence résolue en temps ont été mises à profit afin de comprendre les propriétés
	photophysiques du PCP8 et d'étudier sa complexation et capacités de reconnaissance envers
	plusieurs invités ioniques dans DMSO.
	Les propriétés photophysiques du PCP8
	En plus des dérivés de PCP synthétisés mentionnés ci-dessus, de nouveaux dérivés étendus par Les spectres d'émission de fluorescence moléculaire et d'excitation ont été enregistrés dans du
	des hétéro-aryles ont été synthétisés par la chimie par click. En effet, au fil des années, les DMSO et ont montré que le PCP8 présentait une émission maximale à 446 nm lors d'une
	molécules et supramolécules azotées multidentées sont connues pour leur capacité à chélater excitation à 300 nm. Des expériences de rendement quantique pour le PCP8 ont été réalisées
	des métaux et en particulier l'uranium. 106-108 Les quatre fonctions phénoliques de PCP ont et comparées à un étalon de référence d'anthracène 111 et le rendement quantique s'est avéré être
	ensuite été étendues, à l'aide de la chimie click, par des fragments pyridyl. Ce faisant, le PCP de 0,02, ce qui est en accord avec d'autres valeurs rapportées dans la littérature. 112
	est étendu à travers des entités riches en azote, faisant de sa cavité aromatique une entité plus
	favorable pour la chélation de cations. En effet, les atomes N-donneurs de cette entité sont
	dirigés vers l'intérieur de la cavité aromatique du PCP et pourraient former avec les entités
	triazole, un site riche en azote prêt à accueillir des cibles cationiques.
	Dans ce but, et avant d'entreprendre la synthèse de PCP8 (Figure 24), il a été décidé d'optimiser
	les conditions expérimentales au travers de l'élaboration du dérivé de PCP-click-benzyle
	(PCP7, Figure 24) puisque le chlorure de benzyle est moins coûteux (2,1 euros/100 g) que la
	2-(chlorométhyl) pyridine (237 euros/100 g). Par conséquent, un protocole de synthèse en
	deux étapes a été défini et une fois optimisé, il a été appliqué de manière identique pour
	synthétiser PCP8. La première étape reposait sur la synthèse d'un alcyne terminal PCP6 par
	réaction de substitution nucléophile entre le PCP et le bromure de propargyle dans l'acétonitrile
	en présence de K2CO3. De simples étapes de lavage du produit brut avec de l'eau, du HCl (1

Etude de Reconnaissance des anions

  

	conformation de cône lorsque les quatre fonctions pyrroliques NH interviennent dans la
	complexation.
	Lors de l'ajout d'anions, les titrages de 1 H RMN et de fluorescence moléculaire indiquent
	clairement que le PCP8 était capable de faire la distinction entre les sels de
	tétrabutylammonium des anions pour reconnaître et chélater sélectivement le fluorure et non
	pas le chlorure, le bromure, l'iodure et l'hydrogénosulfate. Les titrages 1 H RMN du PCP8 avec
	TBAF (Figure 19) ont montré le déplacement chimique et la disparition progressive des
	signaux du ligand libre en faveur du nouveau complexe. Alors que de nouvelles résonances
	sont apparues lors de l'ajout de 3 équivalents de TBAF, la complexation totale a été obtenue
	lors de l'ajout de 11 équivalents de TBAF, comme en témoigne la disparition de la résonance
	singulet NH à 9,4 ppm en faveur d'une nouvelle résonance doublet à 12,6 ppm (H-F 𝐽 =
	46 Hz). Ces changements démontrent la formation de la liaison hydrogène entre le fluor et le
	cycle pyrrolique, conduisant à la réorganisation du macrocycle qui se verrouille dans une

Chapitre 3 : Synthèse d'un polymère de phénoxycalix[4]pyrrole et l'étude de ses capacités d'extraction envers le radium en solution aqueuse

  Enfin, les rapports molaires de l'ECH et d'hydroxyde de sodium ont été augmentés (Tableau 3, entrée 6-7) pour obtenir des polymères plus complexes mais n'ont pas réussi à fournir la consistance de polymère souhaitée alors que notre objectif était d'utiliser ces supports polymères dans des extractions solide/liquide.

	température, le temps de réaction et le rapport molaire PCP/NaOH/ECH ont été étudiées et
	optimisées (Tableau 3). Dans une première approche, le rapport molaire PCP/NaOH/ECH a été
	Ce chapitre présente la synthèse et l'étude des propriétés d'un nouveau polymère à base de fixé à 1/16/32 et l'influence de la température (20, 50 et 80 °C) a été évaluée pour un temps
	PCP. Le choix d'explorer les capacités du PCP en phase solide repose sur les points suivant : de réaction fixe de 4 heures (Tableau 3, entrée 1-3).
	(1) la structure du PCP est pré-organisée, (2) la synthèse de matrices de haut poids moléculaire Tableau 3. L'optimisation de synthèse de PCP-EP.
	portant de multiples fonctions chélatantes pouvant permettre d'accueillir des invités, (3) les Entrée NaOH ECH Temps T (°C) Apparence Masse (g)
	matrices polymériques sont capables de supporter des conditions chimiques et radioactives (equiv.) (equiv.) (h)
	difficiles et (4) la synthèse de polymères insolubles permets de les engager dans des extractions 𝟏 16 32 4 𝟐𝟎 Poudre fine -Blanc/beige 1.07
	solide/liquide avec des solutions aqueuses. Cette étude est subdivisée en deux parties : la 𝟐 16 32 4 𝟓𝟎 Solide -Marron clair 1.31
	première décrivant la synthèse du polymère à base de PCP réticulé via l'épichlorohydrine, 𝟑 16 32 4 𝟖𝟎 Solide marron 1.51
	dénommée PCP-EP, et l'étude de ses capacités chélatantes vis-à-vis des anions, et la seconde 𝟒 16 32 𝟐 80 Solide marron 1.28
	l'étude de ses capacités d'extraction des radioéléments en solution aqueuse.	
	𝟓	𝟏𝟔	𝟑𝟐	𝟖	80	Solide marron	1.50
	Le choix de l'épichlorohydrine (ECH) comme agent de réticulation provient d'une expertise
	déjà présente dans l'équipe de chimie supramoléculaire de l'UCEIV. 116,117 L'épichlorohydrine 𝟔 𝟑𝟐 𝟔𝟒 4 80 Solide marron liquescent 1.73
	est un matériau pouvant être biosourcé, peu coûteux, et comportant une fonction époxyde ainsi 𝟕 𝟔𝟒 𝟏𝟐𝟖 4 80 Huile marron 2.08
	qu'un fragment chloroalkyle qui une fois présents dans un milieu basique, sont prêts à La plus grande quantité de matériau récupéré a été obtenue à 80 °C, ce qui est cohérent avec polymériser et à réticuler des unités PCP par des ponts polyéther. Il est largement utilisé dans les spectres 1 H RMN enregistrés pour chaque échantillon. D'autres expériences ont ensuite été des domaines comme la conception de matériaux biosourcés, 117 la chimie des polysaccharides conduites à 80 °C avec le même rapport molaire des matières de départ en faisant varier le et notamment polymérisation des cyclodextrines. 118 temps de réaction (Tableau 3, entrée 3-5). Après 2 heures de réaction, 1,28 g de polymère ont
	L'étude de chélation des anions a été réalisée afin de mieux comprendre le comportement de été obtenue tandis qu'un temps de réaction de 4 heures fournit 25 % de matériaux en plus. Un
	ce polymère envers les espèces anioniques qui coexistent naturellement avec les cations dans temps de réaction plus long (8 h) n'a pas fourni un meilleur rendement, indiquant que 4 h est
	les environnements aqueux et identifier dans un futur proche s'il y a des interactions positives le temps optimal pour cette synthèse.
	ou négatives possibles entre les deux espèces Cela n'efface pas le fait que d'autres anions
	comme les nitrates, les carbonates, les sulfates et les phosphates, sont présents dans la nature
	et se doivent d'être étudiés à l'avenir ; Dans une première approche, le comportement connu
	des calix[4]pyrroles vis-à-vis des halogénures à orienter le choix de leur étude afin de
	comprendre les mécanismes de chélation qui se produisent. L'efficacité de la synthèse du PCP-EP a été établie par spectroscopies 1 H NMR (Figure 26) et
	FT-IR (Figure 27). Le spectre 1 H RMN du PCP-EP confirme la présence de PCP dans le réseau La synthèse du PCP-EP polymère en raison de la présence de ses pics de résonance caractéristiques, à 1,75 ppm
	La synthèse du PCP a été réalisée en milieu aqueux en présence d'hydroxyde de sodium utilisé (méthyle), 5,94 ppm (CH pyrrolique), 6,80 ppm (CH aromatiques) et 9,40 ppm (NH). Il est
	pour ioniser et solubiliser le PCP et pour permettre sa réaction avec l'ECH (Figure 25). Le intéressant de noter qu'aucun pic résiduel de phénol n'a été observé indiquant l'efficacité du
	polymère précipite au cours de la réaction et est récupéré par filtration. Les paramètres des processus de réaction. De plus, la présence de signaux non résolus supérieurs à 3 ppm est
	conditions expérimentales susceptibles d'influencer la structure du polymère tels que : la

Entrée Extractant Anions Concentration initiale de la solution (ppm) Concentration de la solution après traitement (ppm) Concentration de chlorure libéré en solution (ppm) % d'extraction

  

	être fortement dépendante des anions présents en solution et pourrait être considérée comme Tableau 5. Résultats de l'analyse par chromatographie ionique lors d'une expérience de compétition d'extraction solide/liquide
	un marqueur pour les tailles de poches chélatantes d'anions présentes dans le polymère. avec PCP-EP dans l'eau.
	Tableau 4. Résultats de l'analyse de chromatographie ionique sur des extractions solides/liquides de fluorure, chlorure,
	bromure, iodure (sous forme de sel de tétrabutylammonium) avec PCP et PCP-EP dans l'eau.		
	1	PCP	F -	9.52	7.83	-	17.75 ± 0.12
	2	PCP	Cl -	9.89	9.75	-	1.42 ± 0.10
	3	PCP	Br -	9.98	9.54	-	4.4 ± 1.75
	4	PCP	I -	10.09	9.28	-	8.02 ± 0.86
	5	PCP-EP	-	-	-	1.28	-
	6	PCP-EP	F -	9.75	9.14	2.07	6.3 ± 1.32
	7	PCP-EP	Cl -	9.80	10.94	1.14	-
	8	PCP-EP	Br -	9.96	1.95	7.79	80.4 ± 2.08
	9	PCP-EP	I -	Figure 28. Thermogravigrammes de PCP et PCP-EP. 10.37 1.2	3.67	88.4 ± 1.32
	L'entrée 8 tu Tableau 4 indique que l'extraction du bromure est accompagnée de la plus forte
	libération de chlorure suggérant que le chlorure et le bromure partagent les sites de chélation
	Les propriétés d'extraction des anions du PCP et du PCP-EP ont été étudiées par des extractions ayant la même taille. Il est intéressant de noter que lors de ces expériences, la libération de
	solide/liquide (Tableau 4). La quantification des solutions anioniques a été réalisée par analyse sodium était très faible (environ 0,13 ppm) par rapport à la quantité de chlorure libérée,
	de chromatographie ionique, avant et après l'interaction avec les composés anioniques. Malgré indiquant que le sodium reste piégé dans le réseau polymère jouant potentiellement un rôle
	nos efforts pour obtenir un polymère exempt de résidu de synthèse (multiples lavages avec de dans la reconnaissance des anions. Concernant la plus petite libération de chlorure observée
	l'eau ultrapure), une libération de chlorure a été observée dans chaque expérience impliquant avec l'extraction de l'iode (Tableau 4, entrée 9), cela pourrait conduire à la conclusion qu'il
	le PCP-EP, principalement en raison de la génération de chlorure de sodium lors du processus existe des poches plus grandes capables d'héberger uniquement des anions volumineux comme
	de polymérisation. l'iodure. Pour expérimenter cette hypothèse et pour évaluer les capacités d'extraction de PCP-
	Les capacités d'extraction du PCP non polymérisé ont d'abord été testées contre des solutions EP, une expérience de compétition a été réalisée avec une solution contenant environ 10 ppm
	aqueuses contenant un seul anion comme sel de TBA (Tableau 4, entrée 1-4). De manière de chaque halogénure (Tableau 5). Fait intéressant, les capacités d'extraction du PCP-EP vers
	surprenante, aucune différence significative n'a été observée pour les capacités d'extraction du l'iodure n'ont pas été affectées par la présence d'autres anions concurrents alors que l'extraction
	du bromure a considérablement diminué. En outre, la quantité libérée de chlorure reste PCP vers le fluorure, le chlorure, le bromure et l'iodure. A l'inverse, dans les mêmes conditions, le PCP-EP a montré une excellente capacité d'extraction vers l'iodure et le bromure (88,4 et inchangée entre cette expérience et l'expérience présentée ci-dessus (Tableau 4, entrée 8)
	80,4 % respectivement) couplée à une capacité d'extraction déconcertante pour le fluorure indiquant que toutes les poches précédemment occupées par le chlorure étaient maintenant
	occupées par du bromure ou de l'iodure. Ces observations corroborent l'affirmation précédente (seulement 6,3 %). Cela pourrait être attribué à des distorsions du noyau αααα-concernant la présence de différentes tailles de poches et démontrent une plus grande affinité phénoxycalix[4]pyrrole lors de la polymérisation conduisant à une structure désorganisée incapable de complexer le fluorure. De manière remarquable, la libération de chlorure semble du PCP-EP pour l'iodure.

Anions Concentration initiale de la solution (ppm) Concentration de la solution après traitement (ppm) Concentration de chlorure libéré en solution (ppm) % d'extraction

  

	F -	11.95	8.41		29.6 ± 1.7
	Cl -	9.88	17.59	7.71	-
	Br -	9.96	5.04		49.4 ± 4.20
	I -	9.83	1.9		80.7 ± 3.51
	L				

'étude du polymère phénoxycalix[4]pyrrole-épichlorohydrine pour ses capacités de chélation vis-à-vis des éléments radioactifs naturels

  

	À la suite de la synthèse, de la caractérisation et de l'étude des capacités de chélation des anions
	par PCP-EP dans l'eau, il a été possible de réaliser dans un second temps une étude visant à
	étudier le comportement du PCP-EP vis-à-vis des cations dans des solutions radioactives
	aqueuses par extractions solide/liquide.
	Par la suite, une description des expériences solide/liquide engageant à la fois PCP-EP et des
	solutions contenant des radionucléides est rapportée. Un échantillon constitué des restes de sol,
	IAEA-CU-2010-03 et un matériau de référence de minerai d'uranium IAEA-RGU-1, fournis
	par l'AIEA ont été utilisés pour la préparation de solutions contenant des radionucléides

naturels, sachant que ces derniers sont considérés comme NORM et pourraient être produits comme TENORM.

Dans cette thèse, il a été décidé de se concentrer sur la chélation du radium qui est considérée comme l'un des NORM les plus importants. Le radium est considéré comme l'un des NORM les plus importants pour plusieurs raisons: (1) sa grande hydrosolubilité, (2) ses risques chimiques et radiologiques combinés, (3) l'émission de rayonnements ionisants, de rayons gamma et de particules alpha, qui causent respectivement des risques radiologiques externes et internes, (4) sa désintégration en un gaz radioactif toxique, le Rn-222 qui contribue à 41 % à l'exposition du public mondial aux rayonnements ionisants, comme indiqué par le rapport UNSCEAR 2008

14 

(5) il possède un isotope un très long temps de demi-vie, Ra-226 (1622 ans). De plus, c'est l'un des éléments les plus générés comme TENORM en raison de plusieurs activités industrielles, décrites par certains auteurs comme un tueur silencieux.

119 

Ces activités industrielles se déroulent dans plusieurs pays, dont le Liban (production d'engrais phosphatés).

Application des conditions optimales pour l'extraction du Ra-226 d'une solution aqueuse par PCP-EP

  

RS2' (100 mL) a été mis en contact avec PCP-EP (100 mg) dans les conditions optimales d'extraction préalablement déterminées (𝑝𝐻 = 5, temps de contact 64 minutes et température de 31,6 °C). Ensuite, le PCP-EP a été séparé du RS2 'par centrifugation et le PCP-EP et RS2' ont été quantifiés séparément. Le Tableau 6 montre les résultats du comptage de RS2 et de la quantification des isotopes présents avant et après extraction avec PCP-EP. Une diminution de la concentration d'activité de tous les éléments présents en solution a été détectée et il est intéressant de noter que Ra-226 a diminué de 89 % passant de 103 ± 15 Bq/Kg à 11 ± 1 Bq/Kg (ce qui est inférieur au MDA 15 Bq/Kg). Néanmoins, à cette étape seule la diminution de l'activité de Ra-226 sera considérée comme une extraction par PCP-EP car les effets des variations de pH et d'oxydo-réduction sur la solubilité des sels de radium sont mineurs dans les conditions optimales d'extraction contrairement aux autres éléments et en particulier pour l'uranium et le plomb qui sont plus sensibles aux variations de pH. 120-123 Afin de déterminer la cause sous-jacente de leur baisse de concentration d'activité (une extraction ou une précipitation), une étude de spéciation doit être réalisée avant d'appliquer une extraction solide/liquide. Tableau 6. L'activité de concentration des radioéléments dans RS2 'avant (Ai) et après (Af) extraction avec PCP-EP en utilisant les conditions optimales d'extraction (𝑝𝐻 = 5, 64 minutes, 31,6 °C). * valeur corrigée pour Ra-226.

Nucléides E(

KeV) Ai (B/Kg) Af (Bq/Kg)

  De plus, le PCP-EP a été compté avant et après l'extraction. Des mesures avant l'extraction ont montré que le PCP-EP ne contient pas de Ra-226. Puisque la quantité de PCP-EP engagée pour l'extraction solide/liquide est relativement faible (100 mg) par rapport à la masse de RS2' (100 mL), et parce que le Ra-226 se retrouve naturellement dans le spectre de fond, la comparaison des activités du Ra-226 au sein de PCP-EP et RS2' ne peut pas s'effectuée en Bq/Kg ou Bq/échantillon. Pour cela, pour comparer correctement, les unités seront converties en comptes par seconde (C/S). Ce faisant, le temps de comptage de chaque élément a été pris en considération (temps de comptage différents), et la correction de C/S pour Ra-226 (à 186,21 KeV) présent en arrière-plan a également été appliquée. De plus, l'interférence de l'U-235 avec le Ra-226 a été corrigée en C/S. Comme le montre le Tableau 7, les comptes par

	Ra-226	𝟏𝟖𝟔. 𝟐𝟏	𝟏. 𝟎𝟑 × 𝟏𝟎 𝟐 *	𝟏. 𝟏𝟎 × 𝟏𝟎 𝟏
	Pa-234m	1001.03	1.84 × 10 2	4.00 × 10 1
		143.17	3.43 × 1	0.00 × 1
	U-235			
		163.36	2.07 × 10 2	0.00 × 1
		609.31	7.90 × 10 1	4.71 × 1
	Bi-214	1120.29	8.38 × 10 1	6.94 × 1
		1764.49	9.08 × 10 1	6.25 × 1
		295.22	7.70 × 10 1	3.59 × 1
	Pb-214			
		351.93	8.34 × 10 1	4.44 × 1
	Pb-210	46.54	4.66 × 10 2	4.01 × 10 2

seconde qui ont disparu du RS2' après extraction (0,0456 C/S) sont présents à 97,80 % (0,0446 C/S) dans le PCP-EP compté après extraction. Ces résultats confirment l'extraction du Ra-226 de RS2 'par PCP-EP à 89 %. Tableau 7. Les résultats du comptage par seconde pour RS2' avant et après extraction et du PCP-EP après extraction.
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(MCL) for several radionuclides in public water supplies in order to avoid any health risk.

  and ending with Pb-207 and (3) thorium series starting with Th-232 and ending with Pb-208. Due to the fact that uranium and thorium isotopes are unstable (heavy nuclides), they decay through alpha, beta and gamma emissions to different radioactive nuclides and terminate

8,10 

Decay-series radionuclides: decay series radionuclides are primordial radionuclides disintegrating through a chain, into new daughter radionuclides and ending with a stable element. Three main natural radioactive decay chains

11 

account for the majority of terrestrial Naturally Occurring Radioactive Materials (NORM) in the environment, and these are:

(1) 

uranium series starting with U-238 and ending with Pb-206, (2) actinium series starting with U-235

  In areas with normal background radiation, it varies between 3.7 and 126 Bq/kg, while UNSCEAR (United Nations Scientific Committee on the Effects of Atomic Radiation) in 2008 determined the average worldwide activity concentration for Ra-226 in soils to 32 Bq/kg.13 Radium-226 in Lebanese soils was determined and ranges between 35 ± 3 Bq/kg and 165 ± 8 Bq/kg in the northern region, while in the region of Mount Lebanon it varied between 12 ±

As for radium content in soils, it depends on the type of the bedrock, weathering, erosion, radium mobility in underground waters and ion exchange processes. Based on the IAEA (International Atomic Energy Agency) technical report series N° 476,

13 

several studies were carried on different types of soils in different regions of the world having different natural backgrounds radiation.

Table 1 .

 1 Main industrial activities generating TENORM (adapted from reference 25).

	Industrial activity	TENORM form
	Uranium mining	Overburden
		Tailings
	Phosphate fertilizer and elemental phosphorous production Ferrophosphorus
		Phosphogypsum
		Scale
		Slag
	Coal combustion	Fly ash
		Bottom ash and slag
	Oil and natural gas production and processing	Scale
		Sludge
		Contaminated water and
		production and processing
		equipment
	Municipal water treatment	Sludge Radium-selective resins

  decontaminate and should have none or very low solubilities in this solution. This technique was commonly used for the treatment of aqueous wastes or organic liquid streams in both nuclear and non-nuclear industries. One of the most important features of this technique is its efficiency at reducing the radioactive content of a large liquid waste volume into a small solid volume. Usually, two types of resins are involved: (1) resins with negatively charged functions, involving exchange with cations and (2) resins with positively charged functions, involving exchange with anions. Functional groups of ion-exchangers could be strong acids (sulpho and phospho acidic groups), strong bases (tetraammonium basic exchangers), weak acids (phenolic groups) and weak bases (primary amino groups). In an intermediate spot, there are carboxy groups and tertiaryamino groups.41 In most facilities, a mixture of both negatively and positively charged resins are used in order to remove cationic and anionic species from water. In fact, a mixture of 90 % sodium Strong Acid Cation resin (SAC) and 10 % of a Strong Base Anion resin (SBA) depicted the capacity of removing more than 90 % of radium and 83 % of uranium from water. The addition of SBA resins is important for enhancing uranium removal. In fact, processes occurring in this case are represented in the following equation:42 

	2𝑅[𝑁𝑎] + 𝑅𝑎 2+ = 𝑅 2 𝑅𝑎 + 2𝑁𝑎 +
	4𝑅[𝐶𝑙] + 𝑈𝑂 2 (𝐶𝑂 3 ) 3 4-= 𝑅 4 𝑈𝑂 2 (𝐶𝑂 3 ) 3 + 4𝐶𝑙

40 

Ion exchange (Table

2

, entry 2) is a solid/liquid extraction technique, where ionexchangers should contain ions that are exchangeable with other ions present in the solution intended to - Equation 1. Ion exchange resins for radium and uranium (R referring to the ion exchange resin).

Table 2 .

 2 Conventional applied techniques for the removal of radioisotopes from water.

					Highest % of	
	Entry	Technology	Used materials	Target radionuclides	extraction/ DF * /	References
					capacity	
				Cerium (Ce-144)	92.8	
				Yttrium (Y-91)	93.4	
			Clay (removal by turbidity)			
				Iodine dissolver	64.1	
				Strontium (Sr-89)	> 40	
				Cerium (Ce-144)	89.4	
				Yttrium (Y-91)	35.7	
	1	Coagulation-flocculation	1. Alum 2. NaOH	Strontium (Sr-89) Iodine (I-131)	0 14.9	Straub et al. 1951 36
				Phosphorous (P-32)	94.2	
			1. Alum	Cerium (Ce-144)	94.9	
			2. NaOH	Yttrium (Y-91)	57.1	
			3. Turbidity	Strontium (Sr-89)	7.4	
				Iodine (I-131)	22	
				Phosphorous (P-32)	98.8	

* DF: Decontamination Factor (ratio of concentrations of a compound in a mixture of two immiscible solvents at equilibrium) ; RO: Reverse

Table 3 .

 3 Comparison of synthesis experimental conditions and recovered yields for PCP1.

		Figure 37. PCP1/PCPCOOEt synthesis procedure.	
	Entry	Synthesized derivative		Experimental conditions	Yield
			Temperature	Time	Solvent/base	
	1	PCP1	reflux	5 days	dry THF/NaH	30 %
	2	PCP1	reflux	5 days	dry ACE/K2CO3	76 %

Table 4 .

 4 Synthesis procedures of PCP3 through the activation of carboxylic acid PCP2 using several coupling agents.

	Entry Activating agent	Operating conditions	Remarks	Reference
	1	Cyanuric fluoride	1. Dry ACN, 25°C, 12h	Two-steps reaction	Cooke et al. 1999 22
			2. Dry ACN, N-methyl hydroxylamine, TEA, rt, 12h	High toxicity and unavailability of	Montalbetti & Falque
				cyanuric fluoride	
	2	Cyanuric chloride		One pot reaction	Giacomelli et al. 2003 25
			DMF, DMAP, NMM, rt, 12h	Failed reaction	Montalbetti & Falque
	3	SOCl2	Dry DCM, rt, 72 h	Two-steps reaction	Montalbetti & Falque
				Failed reaction	
	4	CDI	Dry THF, rt, 12h	One pot reaction	Usachova et al. 2010 28
				Failed reaction	
	5	CDMT	THF, NMM, rt, 12h	One pot reaction	De Luca et al. 2001 24
				Failed reaction	
	6	DCC	1. Dry DCM, pentachlorophenol, DMAP, rt, 24h	Two-steps reaction	Gokel et al. 2001 23
			2. Dry DCM, N-methyl hydroxylamine, TEA, 36h	Challenging purification	Montalbetti & Falque
					Ouchetto et al. 2005 34
	7	EDC	DCM, pentachlorophenol, DMAP, N-methyl	One pot reaction	Gokel et al. 2001 23
			hydroxylamine, TEA, rt, 72h	Needs further purification	Montalbetti & Falque
					Graham L. Patrick 2015 29

  The first step relied on the synthesis of a terminal alkyne PCP6 through a reaction of nucleophilic substitution between PCP and propargyl bromide in acetonitrile in the presence of potassium carbonate. Simple washing steps of the crude product with water, HCl (1 M) and brine water, were sufficient to obtain a product having an appropriate purity to carry further reactions. Although this compound was already described in the study of Sessler et al. in 201754 with a yield of 65 %, it was possible to obtain it in 80 % with the proposed protocol above. The reduced yield reported bySessler et al. is 

	1 euros/100 g)
	than 2-(chloromethyl)pyridine (237 euros /100 g). Hence, a two-step synthesis protocol was set
	and once optimized, it was applied identically to synthesize PCP8.

  : bone necrosis, benign bone growth, severe growth retardation in children, tooth breakage, kidney and liver disease, cataracts, chromosomal aberrations, decrease in the live birth rate, jaw necrosis, aplastic anemia, bone sarcomas, head sarcomas.24,32 Several analytical radiometric and non-radiometric approaches were developed and applied for the quantification of radionuclides but the most engaged techniques consist of: alpha spectroscopy, liquid scintillation counting (LSC), gamma spectroscopy, radon emanation and ICP-MS.34,35 Each technique has its own accuracy, selectivity, traceability, applicability and minimum detectable activity (MDA); therefore, based on the type of emitted ionizing radiation and the purpose of each study or research, one should choose their measurement technique taking into account the time of manipulation and counting, consumption of the collected sample, the concentration of the studied radioelement as well as the collection of reliable and accurate results.

	III.3. Gamma spectroscopy: a measurement technique for gamma-
	emitting radionuclides
	24
	While Ra -226 and Ra-228 have a similar distribution and absorption in a human body, once
	incorporated, either isotopes will start decaying into new radionuclides producing different
	ionizing radiations. These radionuclides have different radiological characteristics; Ra-226 is
	more energetic and thus its emissions travel broader distances than those of Ra-228. This leads
	to the fact that each radionuclide has a toxic potency different than the other. 24
	III.2.1.4.b. Toxicological effects on Humans
	Studies for radium toxicity on human health, was mainly assessed through epidemiological
	studies of workers that has been exposed considerably to radium. Almost all the effects of

radium described in the literature occur due to long-term exposures; no acute toxicity was signaled. All the effects of radium were controlled by the duration of exposure and referred to the body weight of each worker. In fact, several malignant and benignant diseases were identifiedRadiometric approaches can be direct or indirect. In the case of relatively high levels of Ra-226, gamma spectroscopy with High Purity Germanium (HPGe) semi-conductor detectors are employed. Through this method, Ra-226 could be measured directly using 186.21 KeV gamma line, taking into account that an interference could occur in the presence of U-235 that contributes at 185.71 KeV and should be corrected.

35 

Another method consists of using gamma lines of its daughters Pb-214 and Bi-214 after a waiting period for equilibration behavior of Ra-226 and Rn-222 (21 days to reach secular equilibrium between Ra-226 and its daughters).

Optimization of Ra-226 extraction from water via PCP-EP, through the use of the stable element Ba 2+ as a model and a Doehlert experimental designed plan

  Upon centrifugation and separation of the polymer from the aqueous solution, RS1 was measured and Ra-226 was found to be 61 ± 4 Bq/Kg.In view of this promising result, it was decided to optimize the parameters influencing the extraction of Ra-226 by PCP-EP using Ba 2+ as a model, due to their similar chemical behavior (see section III.2.1.2) and to avoid radioactive waste generation. To do so and to reduce the time of experiments, the quantity of engaged polymer and barium containing solutions, a Doehlert experimental design was developed and applied in order to predict statistically the optimal conditions of extraction (pH, time, temperature and amount of engaged PCP-EP) for

	Ba 2+ in water.
	This study, presented below, was fully described and published in the journal of Environmental
	Science and Pollution Research. It is reproduced by permission of Springer Nature. N.B. In
	this article PCP-EP is referred to as CPP.

The obtained mass was recorded and the solution was measured by a gamma spectrometer with low level extended range HPGe detector (having a beryllium window). The initial activity concentration of Ra-226 prior to testing the extraction capacity of PCP-EP was found to be 81.44 ± 5 Bq/Kg. 100 mL of this radioactive acidic solution (𝑝𝐻 = 2) was engaged in a solid/liquid extraction with 300 mg of PCP-EP for 5 minutes at room temperature.

III.5.

-EP. III.6.1. Preparation and measurement of radium-containing solution before solid/liquid extraction III.6.1.1. Ra-226 solution preparation

  5, time of contact 64 minutes and a temperature of 31.6 °C, these latter have been applied for solid/liquid extractions involving an aqueous solution containing Ra-226 and PCPFor this experiment, a radioactive solution RS2 was prepared via an acidic digestion (similar to that carried for RS1) of 9 grams of a uranium ore reference material, IAEA-RGU-1. In fact, this uranium ore contains several naturally occurring radioelements that were found in RS2 (like Pa-234m, Ra-226, Pb-214, Bi-214, Pb-210 and U -235) upon digestion with nitric acid as nitrate salts. Due to the fact that Ra-226 is the daughter of U-238 and generally they co-exist in natural aqueous media, it is important to study the extraction capacities of the polymer for each element separately before studying the existence of any possible competition. In order to

	do so, it was decided to minimize uranium content in RS2 through a radiochemical separation
	of uranium isotopes via a double chromatographic extraction using AG1x4 and AG1x8
	resins. 39,40 The obtained eluent (RS2', Table 7) contained minor quantities of uranium than the
	initial solution and RS2 was chosen for the study of PCP-EP chelation capacities towards Ra-
	226.
	III.6

.1.2. Gamma spectrometer with HPGe detector for the measurement of Ra- 226 solutions and PCP-EP before and after extraction

  

	A gamma spectrometer with extended range HPGe detector of relative efficiency 50 % and
	high resolution (2.1 keV -1332 keV) was used for the determination of Ra-226 activity
	concentration in solutions and PCP-EP before and after extraction experiments. Ra-226 was
	determined from its gamma line at 186.21 keV after correction of U-235 interference at
	185.72 KeV. 41,42

Consequently, RS2' was counted and the initial activity concentration of Ra-226 before extraction was found to be 103 ± 15 Bq/Kg.

III.

6.2. Application of the optimal conditions for the extraction of Ra-226 from an aqueous solution by PCP-EP Afterwards

  , RS2' (100 mL) was put in contact with PCP-EP (100 mg) in the optimal conditions of extraction determined previously (𝑝𝐻 = 5, time of contact 64 minutes and a temperature of 31.6 °𝐶). Then, PCP-EP was separated from RS2' by centrifugation and both PCP-EP and RS2' were quantified. Table7shows the results of RS2' counting and the quantification of the present isotopes before and after extraction with PCP-EP. A decrease for the activity concentration of all the present elements was detected and interestingly Ra-226 decreased by 89 % from 103 ± 15 Bq/Kg to 11 ± 1 Bq/Kg (which is lower than the MDA 15 Bq/Kg). Nevertheless, at this step only the decrease of Ra-226 activity concentration will be considered as an extraction by PCP-EP because the effects of pH and oxidation-reduction

Table 7

 7 As well, PCP-EP was counted before and after extraction. Measurements before extraction showed that PCP-EP is free form Ra-226. Because the quantity of PCP-EP engaged for solid/liquid extraction is relatively low (100 mg) compared to the mass of RS2' (100 mL), and because Ra-226 occurs naturally in the background spectrum, the comparison of Ra-226 activities within PCP-EP and RS2' could not be done in Bq/Kg or Bq/sample. For that, to correctly compare, units will be converted to counts per second (C/S). Doing so, the counting time for each element has been taken into account (different counting times), and the correction of C/S for Ra-226 at 186.21 KeV present in the background was also applied. In addition, U-235 interference with Ra-226 was corrected in C/S. As we see in Table8, the counts per second that disappeared from the RS2' after extraction (0.0456 C/S) are present in 97.80 %

	. Activity concentration of radioelements in RS2' before (Ai) and after extraction (Af) with PCP-
	EP using the optimal conditions of extraction (pH=5, 64 minutes, 31.6 °C). * corrected value for Ra-
	226.					
	Nuclides	E(KeV)	Ai (B/Kg)	Ai uncertainty	Af (Bq/Kg)	Af uncertainty
	Ra-226	𝟏𝟖𝟔. 𝟐𝟏	𝟏. 𝟎𝟑 × 𝟏𝟎 𝟐 *	±15.00	𝟏. 𝟏𝟎 × 𝟏𝟎 𝟏	±1.00
	Pa-234m	1001.03	1.84 × 10 2	±11.41	4.00 × 10 1	±7.54
		143.17	3.43 × 1	±0.45	0.00 × 1	-
	U-235					
		185.72	8.12 × 1	±0.25	0.00 × 1	-
		609.31	7.90 × 10 1	±1.94	4.71 × 1	±0.46
	Bi-214	1120.29	8.38 × 10 1	±2.56	6.94 × 1	±1.33
		1764.49	9.08 × 10 1	±2.86	6.25 × 1	±1.64
		295.22	7.70 × 10 1	±1.92	3.59 × 1	±0.49
	Pb-214					
		351.93	8.34 × 10 1	±1.99	4.44 × 1	±0.39
	Pb-210	46.54	4.66 × 10 2	±13.40	4.01 × 10 2	±15.40

(0.0446 C/S) in PCP-EP counted after extraction. These results confirm the extraction of Ra-226 from RS2' by PCP-EP in 89 %.

Table 8 .

 8 The results of counts per second for the RS2' before extraction and RS2' and PCP-EP after extraction.

	Measured sample	Net C/S for Ra-226 at 𝟏𝟖𝟔. 𝟐𝟏 𝐊𝐞𝐕
	RS2' before extraction	0.0466
	RS2' after extraction	0.0010
	PCP-EP after extraction	0.0446

Upon application of the optimal conditions of extraction, PCP-EP's extraction for Ra-226 increased from 22 % (see section III.4) to 89 %. This impressive increase in Ra-226 by PCP-

  H NMR (400 MHz, DMSO-d6) δ 9.44 (s, 4H, NH), 6.85 (d, 𝐽 = 8.9 Hz, 8H, Ar), 6.77 (d, 𝐽 = 8.8 Hz, 8H, Ar), 5.96 (d, 𝐽 = 2.2 Hz, 8H, pyrrolic CH), 4.66 (s, 8H, O-CH2), 4.15 (q, J = 7.1 𝐻𝑧, 8H, CH2-CH3), 1.74 (s, 12H, CH3),1.21 (t, 𝐽 = 7.1 Hz, 12H, CH2-CH3).

	13 C NMR (101 MHz, DMSO-d6) δ 168.5, 156.2, 142.8, 137.2, 127.8, 113.9, 104.2, 64.3, 60.4,
	43.4, 31.3, 14.0.

1 

  4H, COOH), 9.46 (s, 4H, NH), 6.87 (d, 𝐽 = 8.8 Hz 8H, Ar), 6.77 (d, 𝐽 = 8.7 Hz 8H, Ar) 5.94 (s, 8H, pyrrolic CH), 4.57 (s, 8H, O-CH2), 1.74 (s, NMR (101 MHz, DMSO-d6) δ: 156.4, 142.6, 137.3, 127.8, 114.1, 104.4, 64.4, 43.4, 31.3.

	12H, CH3).

1 H NMR (400 MHz, DMSO-d6) δ: 12.96 (s, 13 C

  CDCl3): δ 7.61 (s, 4H, NH), 7.04 (d, 𝐽 = 8.8 Hz, 8H, Ar), 6.84 (d, 𝐽 = 8.9 Hz, 8H, Ar), 5.74 (d, 𝐽 = 2.0 Hz, 8H, pyrrolic CH), 4.66 (d, 𝐽 = 2.3 Hz, 8H, O-CH2), 2.54 (t, 𝐽 = 2.3 Hz, 4H, -C≡H), 1.94 (s, 12H, CH3). CDCl3): δ 156.2, 141.3, 136.8,128.7, 114.0, 106.3, 78.8, 75.7, 56.0, 44.2, 28.4.

1 HNMR(400 MHz, 13 C NMR (101 MHz,

  H NMR (PCP7, 400 MHz, DMSO-d6) δ 9.41 (s, 4H, NH), 8.27 (s, 4H, triazole), 7.44-7.19 (m, 20H, benzyl), 6.99 (d, 𝐽 = 8.8 𝐻𝑧, 8H, Ar), 6.79 (d, 𝐽 = 8.9 𝐻𝑧, 8H, Ar), 5.93 (s, 8H, pyrrolic CH), 5.56 (s, 8H, O-CH2), 5.07 (s, 8H, CH2-benzyl), 1.75 (s, 12H, CH3). 13 C NMR (PCP7, 101 MHz, DMSO-d6) δ 156.8, 143.0, 142.4, 137.3, 135.9, 128.7, 128.1, 127.9, 127.4, 124.5, 114.4, 104.5, 61.3, 52.8, 43.4, 30.7. H NMR (PCP8, 500 MHz, (CD3)2SO): δ 9.43 (s, 4H, NH), 8.46 (m, 4H, pyridine), 8.24 (s, 4H, triazole), 7.76 (td, 𝐽 = 7.7 𝐻𝑧, 1.8 Hz, 4H, pyridine), 7.31 (m, 4H, pyridine), 7.26 (m, 4H, pyridine), 7.03 (d, 𝐽 = 8.9 Hz, 8H, Ar), 6.80 (d, 𝐽 = 8.7 Hz, 8H, Ar), 5.94 (s, 8H, CH2-pyridine), 5.67 (s, 8H, pyrrolic CH), 5.07 (s, 8H, O-CH2), 1.75 (s, 12H, CH3). .9, 154.9, 149.5, 149.4, 142.8, 142.5, 137.4, 127.9, 125.5, 123.3, 122.3, 114.5, 104.6, 61.2, 54.4, 43.5, 31.3. Hz, 4H, pyridine), 8.30 (s, 4H, triazole), 7.69 (dt, J= 7.8 Hz ; 2.1 Hz, 4H, pyridine), 7.36 (m, 4H, pyridine), 7.00 (d, 𝐽 = 8.82 Hz, 8H, Ar), 6.80 (d, J = 8.83 Hz, 8H, Ar), 5.93 (s, 8H, CH2pyridine), 5.62 (s, 8H, pyrrolic CH), 5.03 (s, 8H, O-CH2), 1.75 (s, 12H, CH3). DMSO-d6) δ 156.8, 149.4, 149.2, 143.1, 142.5, 137.3, 135.8, 131.5, 127.8, 124.6,123.8, 114.4, 104.5, 61.3, 50.3, 43.4, 31.1.

	PCP	𝟕	𝟖	𝟗
	Melting point /decomposition (°C)	130	165	213

1 1 13 C NMR (PCP8, 125 MHz, (CD3)2SO): δ 1561 H NMR (PCP9, 400 MHz, (CD3)2SO): δ 9.44 (s, 4H, NH), 8.57 (s, 4H, pyridine), 8.53 (d, = 4.3 13 C NMR (PCP9, 101 MHz,

Table 9 .

 9 Variations of PCP-EP synthesis conditions carried out on 1 g of PCP.

	Entry	NaOH (equiv.)	ECH (equiv.)	Time (hrs.)	T (°C)	Appearance	ECH/PCP Ratio	Weight (g)
	𝟏	16	32	4	𝟐𝟎	Fine powder-White/beige	4.03	1.07
	𝟐	16	32	4	𝟓𝟎	Porous hard light brown solid	5.01	1.31
	𝟑	16	32	𝟒	𝟖𝟎	Hard brown solid	7.52	1.51
	𝟒	16	32	𝟐	80	Hard brown solid	7.30	1.28
	𝟓	16	32	𝟖	80	Hard brown solid	7.43	1.50
	𝟔	𝟑𝟐	𝟔𝟒	4	80	Liquescent brown solid	11.84	1.73
	𝟕	𝟔𝟒	𝟏𝟐𝟖	4	80	Brown oil	25.45	2.08

d'éviter tout risque sanitaire. Afin de se conformer à ses exigences, différentes méthodes de décontamination en radionucléides de l'eau ont été développées telles que la coagulation-floculation, l'échange d'ions, l'adoucissement par la chaux, la coprécipitation et les procédés membranaires. Plus récemment, des extractants macrocycliques telles que les cyclodextrines, les cucurbituriles, les éthers en couronne, les calixarènes ou encore les calixpyrroles ont fait l'objet d'études approfondies afin de faire face à cette problématique. En effet, de par leur structure cyclique pré-organisée et leur multiplicité des sites de chélation de ces supramolécules, ces dernières et, notamment celles issues de la famille des calixarènes, se positionnent actuellement en candidats de choix pour l'extraction de radionucléides.Dans le cadre de ce projet doctoral, un premier focus a été déployé sur la capacité du phénoxycalix[4]pyrrole à complexer et à extraire des éléments stables et radioactifs. En effet, de structure similaire aux calixarènes, le phénoxycalix[4]pyrrole, comporte un site de liaison anionique au niveau de son anneau pyrrolique qui, combiné à la création de sites additionnels de chélation cationique envisageables grâce la fonctionnalisation de ses unités phénoliques, serait susceptible de présenter des capacités accrues d'extraction de radionucléides.Dans cet objectif, de nouveaux dérivés à base de phénoxycalix[4]pyrrole ont été synthétisés et fonctionnalisés par des groupements ciblés contenant des groupes donneurs d'électrons

Afin de mieux comprendre les mécanismes sous-jacents menant à l'extinction de la fluorescence lors de l'ajout des espèces métalliques de PCP8 à la solution, la méthode de Stern-Volmer combinée à des mesures des durées de vie de fluorescence a été utilisée (Figure23). Cela nous a permis de distinguer la trempe dynamique, statique et à la fois statique et dynamique pour les quatre extincteurs métalliques. En conséquence, une pente croissante du τ0/τ en fonction de l'augmentation des concentrations de Hg 2+ et Ni 2+ indique la nature dynamique pure de la diminution de la fluorescence. Pour ces cations, la diminution d'intensité se produit lorsque les fluorophores excités entrent en contact avec ces espèces et donc les transitions non radiatives vers l'état fondamental ont été facilitées. En revanche, des expériences avec Fe 2+ ont indiqué une extinction purement statique, c'est-àdire qu'une relation linéaire a été observée pour le tracé F0/F contre la concentration croissante de Fe 2+ sans augmentation de la durée de vie de fluorescence. Un transfert d'électrons photoinduit se produit probablement lors de la chélation de Fe 2+ avec les fragments riches en électrons de PCP8. Concernant la diminution de 97 % de l'intensité de fluorescence du PCP8 par l'ajout de 10 équivalents de Fe 3+ , un rapport τ0/τ inchangé et une dépendance quadratique de F0/F avec une forme de courbure vers le haut ont été observés, indiquant la présence des deux types d'extinction de fluorescence, dynamique et statique. Cette dualité pourrait contribuer à l'explication des résultats obtenus lors des précédentes expériences. Les deux améliorations modérées d'émission de fluorescence provoquées par l'ajout de Cr 3+ et Zn 2+ peuvent être dues à une fluorescence améliorée par chélation, comme indiqué précédemment sur des structures similaires comprenant des groupes pyridyle et des unités triazole. 115Figure 22. La variation de l'émission de fluorescence de PCP8 après addition de 10 équivalents de 13 métaux comme sels de perchlorates (gauche) et l'extinction de fluorescence de PCP8 après addition de 10 équivalents de Fe 3+ , Hg 2+ et Fe 2+ .

publics en eau afin d'éviter tout risque sanitaire. Pour cela, différentes méthodes de décontamination en radionucléides de l'eau ont été développées et englobent, de manière récente, les extractants de type macrocyclique. En effet, ces derniers et, notamment ceux issus de la famille des calixarènes, se positionnent actuellement en candidats de choix pour l'extraction de radionucléides de par leur structure cyclique pré-organisée et leur multiplicité de sites de chélation. L'objectif principal de ce travail doctoral fut d'étudier des dérivés de la famille des phénoxycalix[4]pyrrole (PCP) comportant, un site de liaison anionique au niveau de son anneau pyrrolique. Toutefois, la possibilité de fonctionnaliser ses unités phénoliques et ainsi, de présenter des sites additionnels de chélation cationique, dévoilait une alternative intéressante afin d'accroitre les capacités d'extraction de radionucléides.La synthèse du phénoxycalix[4]pyrrole, décrit dans la littérature, nécessite une expertise d'élaboration qui fut le point préliminaire à acquérir en amont de ce travail, afin de garantir l'accès à cette matière première en quantité et en pureté satisfaisantes. Suite à ce premier objectif atteint, de nouveaux dérivés à base de phénoxycalix[4]pyrrole ont été synthétisés et fonctionnalisés par des groupements ciblés contenant des groupes donneurs d'électrons favorisant les interactions électrostatiques, tels que : acide carboxylique, acides hydroxamique, amine ainsi que dérivés d'aryle obtenus par « chimie click », l'ensemble de ces structures a été confirmé par 1 H RMN, 13 C RMN et FT-IR. Par la suite, Une étude sur les capacités de chélation du dérivé 1,2,3-triazolo-2-pyridino-PCP a été menée par détection fluorimétrique pour les métaux de transition, alcalins et alcalino-terreux dans une solution homogène de DMSO. L'existence d'une complexation sélective du fer ferreux et ferrique dans le DMSO a été mise en évidence en couplant les données de fluorescence à résolution temporelle à celles de fluorescence en régime permanent. En raison d'interactions négligeables du 1,2,3-triazolo-2-

(C=O wagging vibration). Disappearance of 1063 cm -1 (C-O-C2H5 stretching vibration) and

Figure 52. 1 H NMR spectrum for PCP2, DMSO-d6, 400 MHz, 300 K.

Figure 53. 1 H NMR spectrum for PCP2', acetonitrile-d3, 400 MHz, 300 K.

Figure 54. 1 H NMR spectrum for compound 6, chloroform-d, 400 MHz, 300 K.

(CH3 rocking vibration in CH2-CH3).

Figure 55. 1 H NMR spectrum for PCP4, chloroform-d, 400 MHz, 300 K.

Figure 56. 1 H NMR spectrum for PCP5, DMSO-d6, 400 MHz, 300 K.

Figure 57. 1 H NMR spectrum for PCP6, chloroform-d, 400 MHz, 300 K.

Figure 63. 1 H NMR spectrum for PCP9, DMSO d6-, 400 MHz, 300 K.
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II. Elaboration and study of supramolecular architectures based on phenoxycalix[4]pyrrole

IV.1. Synthesis of compounds in reference to chapter 2

IV.1.1. Synthesis of phenoxycalix[4]pyrrole [PCP]

PCP was synthesized based on previously described procedures. [1][2][3] To a stirring solution of pyrrole (5 g) dissolved in methanol (75 mL), 1 mL of methanesulfonic acid was added and left stirring for 30 minutes. After that, 4-hydroxyacetophenone (11 g) was dissolved in methanol (75 mL), added dropwise to the solution and the mixture was left stirring overnight at room temperature. The reaction mixture was quenched dropwise into a flask of stirred water (300 mL). The resulting yellow/orange precipitate was filtered through celite, dissolved in diethyl ether and filtered gravitationally. The filtrate was evaporated to give an orange/brown oil which is further crystallized (overnight) in refluxed acetic acid (50 mL). The mixture was filtered and the substrate was recrystallized in 100 mL of ACN:ACE (50: 50) and washed with diethyl ether, giving finally αααα PCP as a pink or beige powder in a 46 % yield.

Melting point: > 260°C. was added to confirm the attribution of the singlet at 8.49 ppm to the NH2 amines protons. In fact, compound PCP5 was isolated in its protonated form, which resulted in this exceptional downfield shift of NH2 proton signals.

IV.1.10. Synthesis of 2-(azidomethyl)pyridine [𝟗]

2-(azidomethyl)pyridine [𝟗] was synthesized based on previously described procedure. 8 2-(Chloromethyl)pyridine hydrochloride (1.0 g, 6.10 mmol) was suspended in dichloromethane (30 mL) and neutralized by a saturated solution of sodium hydrogen carbonate (3 × 15 mL). The organic phase was later evaporated and the desired product was obtained as an orange oil. After the addition of 20 mL of water and sodium azide (0.66 g, 10.15 mmol) to the aforementioned oil, the resulting mixture was placed in a sealed microwave vessel and irradiated (Biotage initiator) for one hour at 120 °C. Then it was extracted with diethyl ether (or DCM) (3 × 25 mL) and evaporated to dryness. The azido compound was finally obtained as an oil in 61 % yield. 
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