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Résumé 10

Découverte dans les années 1920, la science des polymères a connu un développement rapide notamment du fait de la capacité des polymères synthétiques à remplacer des matériaux naturels issus de matières premières peu disponibles telles que le caoutchouc. En tant que matériaux plastiques, les polymères synthétiques sont rapidement devenus des matériaux providentiels dans de nombreux domaines pour leur grande facilité de mise en forme, leur faible densité ou encore la possibilité d'exploiter leur grande inertie chimique ou biologique. Le développement de nouveaux procédés de polymérisation a permis d'établir des méthodes de production à grande échelle et à faible coût. Par conséquent, l'utilisation de matériaux polymères est devenue quasi systématique dans la production de produits de grande consommation tels que les emballages alimentaires ou pour des applications dans les travaux publics.

Cependant, leur implication dans des produits dont la durée d'utilisation est faible face à l'espérance de vie des matériaux plastiques soulève de nombreuses inquiétudes. Le rejet dans l'environnement de ces matériaux est aujourd'hui tenu comme l'un des principaux responsables des problèmes écologiques actuels, problèmes liés notamment au traitement des déchets. S'ils existent depuis de nombreuses années, les polymères dégradables n'ont attiré une attention particulière que récemment, pour leur capacité à répondre aux enjeux environnementaux mentionnés plus haut mais aussi pour leur utilité dans des applications biomédicales. Parmi eux, on peut notamment citer les polyesters qui sont déjà largement produits à l'échelle industrielle et utilisés dans de nombreux domaines d'applications. Ces polymères sont principalement obtenus par polymérisation par ouverture de cycle ou par polycondensation. Par conséquent, l'obtention de particules de polyesters, qui sont par exemple d'une importance cruciale dans le domaine biomédical, ne peut se faire que via des procédés de formulation sur des polymères préformés et donc à de faibles taux de solides, ce qui limite grandement leur développement industriel.

A l'inverse, les particules de polymères vinyliques peuvent être obtenues très simplement par des techniques de polymérisation radicalaire en milieu dispersé éprouvées industriellement, notamment par la polymérisation en émulsion. Les polymères vinyliques occupent une place prépondérante parmi les différentes classes de polymères existants. Les procédés de polymérisation radicalaire permettent notamment des faibles coûts de production et la possibilité d'obtenir toute une gamme de matériaux aux propriétés variées. En conséquence, ils sont utilisés dans tous les domaines d'applications des matériaux polymères allant des applications de commodité comme l'emballage alimentaire ou la construction jusqu'à des applications de spécialités comme l'aéronautique, la microélectronique ou le domaine biomédical.

Cependant, ces polymères ne sont pas dégradables.

Développée dans les années 80, la polymérisation radicalaire par ouverture de cycle (rROP) des acétals de cétène cycliques (CKAs) a permis la synthèse de polyesters par des procédés radicalaires. Cette technique a notamment permis d'ouvrir la voie vers la synthèse de polymères vinyliques dégradables par la copolymérisation radicalaire des CKAs avec les monomères vinyliques. Les CKAs ont cependant montré certaines limitations, notamment leur faible rapport de réactivité avec les monomères vinyliques classiques et leur forte sensibilité à l'eau. En conséquence, une alternative crédible a été très récemment identifiée dans les thionolactones qui sont aussi capables de copolymériser par rROP avec les monomères vinyliques pour introduire des fonctions thioester clivables dans les chaines. A l'inverse des CKAs néanmoins, les thionolactones sont non ou peu sensibles à l'hydrolyse. Leur copolymérisation avec des monomères vinyliques est de plus en plus étudiée en milieux homogènes.

Cependant, il n'existait, au démarrage de cette thèse, aucun exemple de copolymérisation en milieux dispersés aqueux, malgré l'importance que pourrait revêtir la synthèse efficace et en une seule étape, directement dans l'eau, de particules de polymères dégradables.

Cette thèse s'inscrit dans un projet plus large rassemblant trois laboratoires et dont le but final est de proposer des procédés pour la synthèse de particules dégradables dispersées dans l'eau, pour des utilisations comme nanovecteurs pour la délivrance de principes actifs ou pour des applications d'imageries médicales (Figure a). Dans le cadre de ce projet, cette thèse avait pour objectif d'étudier la copolymérisation radicalaire en émulsion aqueuse de CKAs ou de thionolactones avec des monomères vinyliques classiques pour la synthèse de particules de polymères vinyliques dégradables dispersées dans l'eau. Idéalement, et dans l'optique de produire des particules pour le domaine biomédical, ces particules seraient stabilisées par des polymères biocompatibles et préférentiellement par le poly(éthylène glycol) (PEG). Du fait de l'implication de ces monomères dans des milieux aqueux, nous nous sommes tout d'abord intéressés à leur hydrolyse. Ces études ont notamment permis de déterminer les conditions qui permettraient de la réduire au maximum afin de favoriser leur copolymérisation en limitant la fraction de monomère dégradé dans la phase aqueuse. La copolymérisation du MDO avec le VAc n'a cependant été possible dans aucune des conditions testées, le MDO s'hydrolysant rapidement et totalement même dans les conditions censées être les plus douces. En revanche, le BMDO a pu être copolymérisé avec le MMA à l'aide d'un système utilisant un amorçage thermique à 70 °C et du dodécylsulfate de sodium (SDS) comme stabilisant. Des latex stables ont pu être obtenus. Les particules correspondantes sont formées de chaines de P(MMA-co-BMDO) qui se sont avérées dégradables. Cependant, l'hydrolyse du BMDO n'a pas pu être totalement évitée.

Le même type de procédé de polymérisation en émulsion a été appliqué à la copolymérisation du DOT avec le BA ou le S. Ces synthèses, conduites à 70 ou 80 °C et en utilisant le SDS comme tensioactif, ont permis l'obtention de latex stables en moins de 2 heures. Il a été démontré que les unités DOT étaient introduites en totalité dans les chaines de copolymères constituant les particules. Les copolymères à base de PS ou PBA ont par ailleurs pu être dégradés par hydrolyse. Finalement, la terpolymérisation du DOT avec le BA et le S a conduit à la formation de particules de copolymères dégradables dont les propriétés thermiques peuvent être ajustées en fonction du ratio S/BA (Figure b). À la suite des résultats prometteurs obtenus en utilisant le SDS, un tensioactif moléculaire anionique qui n'est pas nécessairement recommandé pour des applications biomédicales, des procédés de polymérisation en émulsion sans tensioactif ont ensuite été élaborés. L'utilisation du principe de l'auto-assemblage induit par la polymérisation (PISA) en émulsion a notamment été explorée. Plus spécifiquement, nous avons tenté de synthétiser des copolymères diblocs amphiphiles dont le bloc hydrophobe serait composé d'un copolymère vinylique dégradable. Pour ce faire, le principe de polymérisation radicalaire par désactivation réversible (de type RAFT, transfert de chaine réversible par addition-fragmentation) à partir de différents agents de transfert macromoléculaires (macroCTA) a été appliqué à la copolymérisation en émulsion du DOT avec le BA ou le S (Figure c). La copolymérisation du DOT avec le BA ou le S en présence d'un macroCTA de poly(Nacryloylmorpholine) (PNAM) a conduit à la conversion totale des monomères vinyliques ainsi que du DOT et à la formation de latex stables. Les polymérisations sont bien contrôlées et conduisent à la formation de copolymères diblocs composés d'un bloc hydrophobe de P(BA-co-DOT) ou P(S-co-DOT) (Figure d). Ces copolymères ont de plus pu être dégradés par l'action d'une base forte. Ce type de copolymérisation a ensuite été tenté en présence d'un macroCTA à base d'un PEG linéaire. Si la polymérisation du styrène s'est avérée délicate dans ces conditions, il a été possible de copolymériser le DOT avec le BA pour obtenir des nanoparticules stabilisées par du PEG et possédant un coeur dégradable de P(BA-co-DOT). Même si la PISA du styrène à partir d'un macroCTA de PEG n'a pas été possible, des particules de PS dégradables stabilisées par le PEG ont été obtenues par la copolymérisation du DOT avec le styrène en émulsion et en présence d'un macro-monomère de méthacrylate de poly(éthylène glycol) méthyle éther (PEGMA). Ainsi, l'ensemble de ces travaux de thèse décrit les premiers exemples de procédés de polymérisation en émulsion aqueuse par ouverture de cycle de monomères de types CKAs et thionolactones. Ces résultats ont permis d'obtenir une variété de particules de polymères vinyliques dégradables par un procédé efficace, en une étape et directement dans l'eau. L'extension de ces stratégies à d'autres comonomères vinyliques pourrait notamment permettre d'accéder à des systèmes particulaires directement utilisables dans des applications biomédicales. This first chapter consists in a general introduction on degradable polymers and degradable polymer particles. Through this introduction, we will define the positioning of this thesis and its goals concerning the ongoing challenges in the field of degradable polymer particles.

I.1. Degradable polymers I.1.A. The challenge of degradable polymers

Synthetic polymers were originally designed and developed for their ability to replace natural materials (especially rubber) as they proved to be easily processable, of low density, inert materials, and most notably because of their low cost of production.

Polymeric materials proved to be a groundbreaking innovation and were soon extensively used as commodity materials in areas such as packaging, construction or many daily-life items. The wide use of those materials associated with the sometimes short life expectancy of the polymer-based manufactured products led to the ongoing challenges of waste management.

On the other hand, the discovery of polymers led to a scientific breakthrough and opened new fields in chemistry and physical chemistry. Polymer science has become one of the most productive fields of research in these domains, leading to the design of increasingly more complex materials. Originally designed for commodity products, polymers have eventually found applications in more specific and specialized fields due to the convenience to finely tune the properties of the final materials through the adjustment of the chemistry or the physical chemistry of the production processes.

Polymers are today also used as valuable specialty materials in electronics, aeronautics or biomedicine. (Bio)medical applications of polymer chemistry have been trending for years and are still attracting increasing interest due to the vast range of properties that can be granted to the final material. 1 However, biodegradation is a key parameter in this field, as for many applications the used material should be able to be eliminated once its purpose has been pursued.

The development of new processes for the synthesis of (bio)degradable or recyclable polymer materials has thus seen a surge of interest over the last few years in light of their potential applications as materials to address environmental issues or as high performance materials in biomedicine. [2][3][4] 

I.1.B. Polymers and degradability

It could be stated that degradable polymers have been used as natural resources present in accessible media such as collagen from animals or cellulose from plants long before the concept of polymer was even invented. Nonetheless, the concept of biodegradable polymers was only established in the 80s 5 when degradation was starting to be seen as a potentially valuable property for polymeric materials.

As we seek to degrade polymers the ultimate goal is to obtain biodegradation as defined by IUPAC 6 :

Breakdown of a substance catalysed by enzymes in vitro or in vivo. This may be characterized for purposes of hazard assessment as:

Primary. Alteration of the chemical structure of a substance resulting in loss of a specific property of that substance.

Environmentally acceptable. Biodegradation to such an extent as to remove undesirable properties of the compound. This often corresponds to primary biodegradation but it depends on the circumstances under which the products are discharged into the environment.

Ultimate. Complete breakdown of a compound to either fully oxidized or reduced simple molecules (such as carbon dioxide/methane, nitrate/ammonium and water). It should be noted that the products of biodegradation can be more harmful than the substance degraded.

Biodegradation is a very specific case of degradation that is not necessarily required for every degradability-requiring application, as for instance hydrolysis would not be considered as biodegradation although it still allows to breakdown some polymers.

Anyhow, the first step in biodegradation in the case of polymers would be to cleave the macromolecule into smaller ones, which would be characterized by a loss in the molecular weight of the polymer. This feature is usually the main requirement when speaking of degradable polymers. The vast majority of (bio)degradable polymers are thus polymers bearing weak chemical functions on their backbone that would be cleaved upon application of an external stimulus such as pH, chemical reagent, light or microbial/enzymatic activity.

Nowadays, there are numerous classes of (bio)degradable polymers that can be divided in two categories: those coming from natural resources (biopolymers) and the synthetic polymers (Figure I.1).

Polysaccharides represent the most significant class of biodegradable biopolymers as they are plentiful in the nature: chitosan from shells of crustaceans, cellulose from plants or dextran from microbial activity. Polysaccharides already find many applications, notably in biomedicine. 7 However, polysaccharide applications show some limitations as this type of polymers is not easily processable and often requires to be used in a blend of polymers. In addition and since they are usually extracted from natural resources, those polymers generally suffer a lack of property consistency depending on the nature of the batch or the quality of the extraction. 8 , which are the main industrial processes for their synthesis. However, polycondensation is a process that requires high temperature and long reaction time while ROP does not sustain the polymerization of functional monomers.

In the case of polyesters, degradation occurs through the scission of the intra-chain esters. Those functions are usually reactive toward hydrolysis or enzymatic activity (Figure I.2). 9 Nonetheless, the presence of an in-chain ester function is not always sufficient and not all polyesters can be degraded. For instance, polyethylene terephthalate (PET) is not subjected to hydrolysis due to a too high steric hindrance of the ester function bearing an aromatic group. 5 Figure I.2. Hydrolysis of an ester function.

I.1.C. Methods for the preparation of polyesters particles

The synthesis of particles made of biodegradable polymers has been widely studied for their potential in biomedical applications. 10 Waterborne polyesters particles have notably become of paramount importance for the fabrication of bioresorbable materials, tissue engineering scaffolds or for their use as drug delivery devices. 11,12 To this day, numerous methods have been developed for the preparation of polyesters nano-or microparticles. The choice of an appropriate method depends mainly on the physico-chemical properties of the polymers and notably on their solubility and on the targeted application. To draw up a non-exhaustive list we may notably cite emulsion/solvent evaporation, salting-out or nanoprecipitation methods, which are the most common for preparation of poly(lactic acid) PLA particles. 13,14 The most basic one is probably the emulsion/solvent evaporation technique. The polymers are first dissolved in an organic solvent. This organic solution is then mixed with an aqueous solution containing a stabilizer, or surfactant. The mixture is then emulsified under high energy shaking using ultrasounds or homogenizer. Particles are recovered after the evaporation of the organic solvent.

In the salting-out process, a starting oil-in-water emulsion comprising droplets of polymers dissolved in a water-miscible solvent such as THF or acetone is formed. The aqueous dispersed phase contains the stabilizer and a high concentration of salts which prevent any diffusion of the organic solvent to the aqueous phase and allows maintaining a stable dispersion. Upon addition of a large volume of water in the stable emulsion, the organic solvent migrates to the aqueous phase because of the reduction of the ionic strength, which leads to the formation of polymer particles.

Eventually, nanoprecipitation or solvent displacement method is a widely used method for its ability to produce monodisperse particles. 15 Polymers are dissolved in a watermiscible solvent such as acetone or methanol. The solution is then added dropwise to the aqueous phase containing a stabilizer. The solvent diffuses rapidly to the aqueous medium at the interface of the droplets, resulting in the production of the polymer particles. Overall, it should be noted that the formation of particles made of degradable polymers relies on multi-steps formulation of preformed polymers that usually lead to rather low solids content (typically 1-5 wt%) and low reproducibility 13 resulting in limited industrial development. 12 

I.1.D. Limitations and ongoing challenges for degradable polymers

If existing (bio)degradable polymers and notably polyesters are already in use in various fields of applications, they cannot yet replace synthetic vinylic polymers and limitations are appearing. As mentioned above, polyesters are mainly synthesized by polycondensation or ring opening techniques, 16 which both do not allow straightforward formation of waterborne particles. Additionally, processes associated to the formation of polyester particles are preventing a wider range of applications.

On the other hand, vinylic polymers which are of paramount industrial importance due to their cheap, efficient, versatile polymerization process that can lead to a myriad of polymers with adjustable properties are, by definition, non-degradable. Vinylic polymers can also be obtained under many forms (bulk, solution, colloidal dispersion) depending on the polymerization process. Notably, polymerization in dispersed media allows obtaining polymers under the form of dispersed waterborne polymer particles, or latex, in simple one-step syntheses. Nonetheless and due to environmental concerns, vinylic polymers suffer from their lack of degradability. Therefore, there is an urge in finding new synthetic routes to afford the versatile and unmatched properties of vinylic polymers associated to the degradation properties of polyesterlike polymers. 1 Valuable options have already been found to synthesize degradable vinylic polymers.

The development cyclic ketene acetals (CKAs) which enabled the synthesis of polyesters by radical polymerization opened new opportunities in the field of degradable polymers. It especially afforded degradable polymers through copolymerization with classical vinylic monomers through radical polymerization. 17,18 Nonetheless, this approach has yet to be extended to dispersed aqueous media (see below).

In addition, while polymer latexes are of major industrial relevance, there was, at the start of this thesis, no example of simple and straightforward synthetic route for the synthesis of degradable-polymer latex. Radical polymerization for the synthesis of degradable vinylic polymers has thus yet to reach its full potential considering it could be used to fill the lack of existing process for the direct synthesis of degradable vinylic polymer-based particles.

I.2. Radical polymerization and degradable vinylic polymers I.2.A. Introduction to radical polymerization

Among the variety of existing polymerization processes, radical polymerization is the most widely used industrially with about 50 wt% of the polymers being made using this method. 19 Radical polymerization presents numerous advantages. Notably, radical polumerization is a very versatile method that can be performed in various media (bulk, solution, dispersed media) and in relatively mild conditions that essentially require an absence of oxygen. In addition, this technique can be employed to polymerize or copolymerize most of the vinylic monomers. Synthetic vinylic polymers are of meaningful importance as they represent more than 75% of the global polymers production. 20 The mechanism of radical polymerization comprises three steps: initiation, propagation and termination. 21 In the initiation step, a radical is generated from the initiator. In the case of azo-or peroxy initiator, this occurs through the homolytic cleavage of a covalent bond. The radical then adds onto the double bond of the vinylic monomer to form a primary radical. During the propagation step, the subsequent addition of monomers to the radical gives rise to the growing polymer chain. Eventually, termination results in the formation of dead chains that will thus be unable to propagate further. Termination occurs either by the radical coupling of two propagating macro-radicals or by disproportionation. The rate of termination is greater than propagation meaning that propagating radicals possess a very short lifetime.

The rate of propagation is usually higher than the rate of initiation, meaning that the rate of initiation depends mainly on the decomposition of the initiator and that polymer chains will be generated through the whole polymerization process. Several types of initiators may be used depending on their decomposition processes, the most common one being thermal initiation, which usually requires azo-initiators or peroxides.

However, photo-initiation and red-ox initiation can also be used in systems where a low temperature is required.

However, radical polymerization is also prone to suffer from noteworthy chain transfer reactions. Chain transfer results from the reaction between the propagating radical and any of the species present in the medium, i.e. the initiator, the monomer, the polymer, the solvent or a chain transfer agent (CTA), and yields a dead chain and another radical. Chain transfer can result in either a reduction of the molecular weight or, in the case of intramolecular chain transfer or backbiting, in potentially unwanted branching along the polymer chain.

Radical polymerization is thus a cheap and efficient process but suffers from the lack of control over the polymerization. It is thus profitable for the synthesis of commodity materials but shows limitations for the synthesis of high-performance polymers.

I.2.B. Cyclic ketene acetals (CKAs)

As mentioned in the first part of this chapter, to overcome the limitations of polyesters, a new class of monomers compatible with radical polymerization was discovered. In the 80's, Bailey introduced the concept of radical ring-opening polymerization (rROP) through the radical polymerization of cyclic ketene acetals (CKAs). [22][23][24] The rROP of CKAs unfolds in a two-step mechanism: addition of the radical on the ketene followed by -scission and ring-opening leading to the formation of an ester group and an alkyl Since then, this method has grown as the most convenient way to confer degradability to vinylic polymers. Ensuing 40 years of development, CKAs have been extensively

developed to a point that numerous CKA monomers have been synthesized and investigated. 17 Investigations on the reactivity of the monomers led to the conclusion that effective ring-opening mechanism was strongly dependent on the ring size and on the substituent groups. It was notably concluded that ring opening was more easily achieved in the case of 7 or 5-membered cycles. 17 Nonetheless, the most widely studied and used ones are 2-methylene-1,3-dioxepane (MDO) and 5,6-benzo-2methylene-1,3-dioxepane (BMDO) (Table I.1) because they can be easily synthesized and usually lead to high amount of ring-opened units.

CKAs present the advantage of leading to polymers with structures that are very close to the historical aliphatic polyesters as, for instance, PMDO homopolymer is essentially the same chemical structure as PCL. Nonetheless, homopolymerization of CKAs is not the main interest, as homopolymerization is known to be difficult. CKAs copolymerization with vinylic monomers has been studied broadly for nearly all classes of vinylic monomers leading to disparate success. There are now extensive sets of data that compile the features of the copolymerization of CKAs with vinylic monomers and reactivity ratios. 17,25 Copolymerization with vinyl acetate (VAc) gave the most promising results, especially with MDO. Copolymerization between MDO and VAc was the first system to be studied. 22 The apparent reactivity ratios proved to be favorable to the formation of random copolymers with rMDO = 0.47 and rVAc = 1.53 as determined by Agarwal and coworker. 26 Experimentally, it was shown that stoichiometric incorporation of MDO could be reached. 22,26 MDO also showed good incorporation in the final copolymer when copolymerized with vinyl ethers. 27,28 Copolymerization with more activated monomers such as styrene or MMA is however more complicated as indicated by the reactivity ratios (Table I.1).

BMDO can be copolymerized with a variety of vinylic comonomers and, in comparison with MDO, is more suited for more activated monomers such as styrene and MMA (Table I.1). BMDO can hardly be copolymerized with VAc or in very specific or harsh conditions and leading to relatively low incorporation in the copolymer. Degradation of copolymers containing CKA units are most of the time studied in accelerated hydrolytic condition i.e. in basic conditions using strong bases such as KOH 29,38,39 or, in some cases, acidic conditions using strong acids such as H2SO4. 36 In this case, degradation leads to the formation of oligomeric species with a carboxylic acid on the -end and an alcohol on the -end (Figure I.6). Degradation also proved to be occurring in enzymatic processes. 40 Nonetheless, CKAs present relatively low reactivity towards traditional vinylic monomers and more specifically toward the more activated ones such as styrene or MMA. Copolymerization with vinylc monomers is often marked by low incorporation of CKA units and requires high amount of CKA in the initial feed of monomer to achieve a proper incorporation of CKA units. In addition, such divergent reactivity ratios also mean that CKA units are often not evenly distributed in the polymer backbone. This feature can be detrimental as it leads to degradation products with disparate molar masses. 41 CKAs provide many great opportunities in the field of (bio)degradable polymer materials and are still the subject of many investigations. 

I.2.C. Thionolactones

CKAs are not the only monomers capable of polymerizing through rROP and generating cleavable units. We may cite, for instance, spiro-ortho-carbonates and spiro-orthoesters or macrocyclic allylic sulfides. 17 First attempts of radical polymerization proved that DOT was particularly compatible with acrylates. Bingham and coworkers notably successfully copolymerized DOT with methyl acrylate (MA), poly(ethylene glycol) methyl ether acrylate (PEGA), acrylonitrile and N,N-dimethyl acrylamide through organic solution radical polymerization reaching high conversions in each case. 43,45 They extended the range of application of DOT to reversible-deactivation radical polymerization (RDRP) as they successfully synthesized P(PEGA-co-DOT) through reversible addition-fragmentation chain-transfer polymerization (RAFT) using a trithiocarbonate as chain transfer agent (CTA).

In parallel, the group of Gutekunst probed DOT for RAFT copolymerization in dimethylformamide with both n-butyl acrylate (BA) and tert-butyl acrylate, and showed that DOT was consumed more rapidly than the acrylates leading to copolymers with a slight gradient of comonomer distribution. 44 Eventually, the copolymers all proved to be able to degrade through several techniques ranging from methanolysis in sodium methoxide 44 to hydrolysis in aqueous NaOH solution 46 and to aminolysis with isopropylamine. 43,46,47 All degradations were performed at room temperature.

Later, Roth and coworkers extended the range of comonomers able to copolymerize with DOT to maleimides to afford alternating copolymers in dimethyl sulfoxide, acrylonitrile or aniline, with tunable degradation. 47 Figure I.8. Radical ring-opening mechanism in the case of cyclic thionoester.

However, homopolymerization and copolymerization with other classes of vinylic monomers proved to be very tricky. The first homopolymerization attempts at 150 °C in DMSO only led to isomerization of thioesters. 43 DOT homopolymerization was nonetheless achieved under heavy coercion. Indeed, to obtain PDOT, Spick et al. were forced to carry out the reaction over 27 days in DMSO at 60 °C with regular addition of initiator to reach only 22% of conversion. 47 The copolymerization with other vinylic monomers proved to be either difficult or impossible. Notably, Bingham et al. found that DOT inhibits radical polymerization of vinyl acetate and N-vinylcarbazone. 43 During copolymerization with MMA, DOT remains a bystander. DOT was originally found to retard the polymerization of styrene without being incorporated. 43 However, in the frame of the project associated to this thesis work, our collaborators from Marseille recently showed that DOT and styrene could be efficiently copolymerized under appropriate experimental conditions. At high temperature (i.e., 150 °C), the reactivity ratios are close to 1, allowing a statistical incorporation of the two monomers regardless of the feed ratio. At lower temperature, only a feed ratio of 5 mol% of DOT could be used due to the lower reactivity of DOT. 48 Following these promising results obtained with DOT and by analogy with research that were led with CKAs, the focus was put on the design of other thionolactone monomers in order to adjust their reactivity to extend the range of accessible vinylic comonomers. Notably the groups of Guillaneuf and Destarac paid attention to thethionolactone (TCL, Figure I.7). By analogy with the known mechanism of additionfragmentation on thiocarbonyl that was widely investigated in the case of RAFT, it was suggested that changing the aromatic substituents by an alkyl would enable copolymerization with less activated monomers (LAMs).

Destarac confirmed this hypothesis by successfully copolymerizing TCL with VAc in both radical polymerization and RAFT polymerization. The copolymerization led to rather high conversion in VAc (77%) and to full conversion of the TCL when the initial feed of TCL was maintained low (below 10 mol%). 49 Polymerization kinetics allowed calculating apparent reactivity ratios of 0.3 for VAc and 3 for TCL. The copolymerization between TCL and VAc is not perfect as the TCL is consumed at a faster rate compared to VAc giving rise to some PVAc homopolymers at the end of the reaction. Like DOT with BA, TCL exerts a retarding effect on the polymerization of VAc. Based on NMR analyses, the authors determined that a significant amount of TCL units was present under the form of a cyclic structure. Eventually, they showed that homopolymerization of TCL was not possible in the given conditions which was attributed to a slow ringopening step and thus slow propagation of the radical based on the retardation effect and the assumption of ring-retaining. This theory was however discredited by the group of Guillaneuf who coincidentally worked on the copolymerization of TCL and thiono-decalactone (ThDL, Figure I.7) with VAc. 50 Just like Destarac, they did confirmed that TCL was able to copolymerize with VAc to give copolymers bearing thioester units into their backbone. Yet, they interpreted the results in a different way.

By copolymerizing TCL with MDO, they showed that the initiation system could be detrimental for a proper initiation and propagation of TCL. Additionally, they questioned the NMR attribution of Destarac and coworkers, considering that what they ascribed to cycle retention in TCL units was actually due to H-transfer leading to branching.

Guillaneuf and coworkers extended the range of application of thionolactones by synthesizing amphiphilic block copolymers with either one of the block or both being degradable through RAFT polymerization. They synthesized a first hydrophilic block by copolymerizing N,N-dimethylacrylamide (DMAA) with DOT using a xanthate as CTA.

This first block was then used as macromolecular chain transfer agent (macroCTA) in the RAFT copolymerization of TCL with VAc to yield a second hydrophobic bloc. This feature may find useful applications in the formation of waterborne particles. Reprinted from reference with permission from the publisher. 

I.2.D. Toward degradable vinylic polymer particles

rROP attracted an extensive attention for its ability to be used with various vinylic monomers and to be compatible with many different RDRP techniques leading to welldefined functional polymers with various architectures. Those properties notably led to their use in several systems for biomedical applications. 18 A particular attention has been paid toward the combination of rROP with various RDRP techniques. 51 To this day, a broad set of RDRP methods have been studied for the copolymerization of CKAs with vinylic monomers. Intrinsic issues with CKAs remain and cause the same issues than in radical polymerization when applied to RDRP techniques, i.e., low reactivity, ring-retention or sensitivity toward protic species. Nonetheless, RAFT, nitroxide-mediated polymerization (NMP) and ATRP have been used successfully for a vast range of copolymerization systems and provide efficient methods for synthesis of well-defined polymers. 17,51 As a result, a large catalog of degradable vinylic polymers with complex architectures, diverse functionalities and tunable properties is now available. 52 RDRP techniques also led to the development of degradable block copolymers and more specifically of amphiphilic block copolymers, even though they can also be obtained through specific radical polymerization or post-functionalization methods. Degradable amphiphilic block copolymers are materials of crucial importance as they are able to self-assemble to form degradable nanoparticles (NPs) which are of crucial importance for applications in biomedical related fields. 18,52 In the past 10 years, extensive research has therefore been devoted to the formation of nanoparticles composed of degradable vinylic polymers.

One of the first examples of the formation of degradable vinylic polymer-based NPs can be found in the work of Hedir et al. 38 They were able to obtain waterborne nanogels through solvent displacement methods applied on hyperbranched P(VAc-co-MDO) obtained by RAFT polymerization.

Besides, examples of degradable vinylic polymer-based NPs have been mainly based on the self-assembly of amphiphilic block copolymers through different techniques. We may cite the work of the group of Gaitzsch that shows that a variety of pegylated amphiphilic block copolymers can be used to form the NPs by film rehydration. 25,53 They were notably able to obtain pH-responsive self-assemblies. reference with permission from the publisher. 54 The group of Nicolas has shown great interest in the synthesis of CKA-based amphiphilic (block) copolymers through RDRP for the synthesis of self-assembled polymeric nanoparticles. They notably reported successful syntheses of nanoparticles through nanoprecipitation of pegylated amphiphilic copolymers. 27,28,55 The amphiphilic copolymers were obtained by grafting PEG chains to a functional degradable polymer obtained through the copolymerization of MDO with vinyl ethers. More recently, they were able to synthesize degradable particles made of water-soluble degradable block copolymers possessing both a lower critical solubility temperature (LCST) and an upper critical solubility temperature (UCST). 55 The block copolymers were obtained by the Those investigations eventually led to the development of polymerization-induced selfassembly techniques (PISA) applied to rROP (radical ring-opening copolymerization-induced self-assembly (rROPISA)). 39,56 This method consists in the synthesis of a solvophilic block through RDRP which will then be chain extended in a selective organic solvent (heptane) with a second solvophobic block leading to the in situ self-assembly of the block copolymers into nanoparticles (Figure I.12). rROPISA allowed yielding selfstabilized NPs made of block copolymers with either one or both block being degradable. 39,56 This synthesis allowed forming NPs with narrow size dispersity and high solids content, which marks a significant improvement compared to previously used nanoprecipitation processes. Nonetheless, this technique has only been applied

RAFT
to polymerization in organic dispersed media and still requires additional steps to transfer the NPs in aqueous phase. (TCEP), they were able to observe changes of morphologies from worms to spheres. 57 A single example of the polymerization in aqueous media of a CKA has been reported. 58 In this work, BMDO was copolymerized with either styrene or MMA by miniemulsion polymerization to yield degradable particles. The particles were probed as drug delivery system for the encapsulation of active substances. However, there was no mention of hydrolysis of BMDO during the process despite a reportedly high water sensitivity. 29 In addition, the lack of data on the kinetics and of structural analysis does not allow to attest of the incorporation of BMDO units. Eventually, it may be noteworthy that despite being the first article on the copolymerization in aqueous media of CKA and in sight of the benefits such system could offer, no further investigations have been made since the article was released 10 years ago.

rROP has already proved to be a valuable tool for the formation of degradable polymeric nanoparticles. However, the processes involved today suffer from the same limitations than the processes used for the formation of classical polyester particles. If these processes may be relevant in biomedical fields, it is yet difficult to envision industrial applications for such low efficiency processes. Therefore, there is still an urge to find a way to translate rROP to polymerization in aqueous media in order to offer straightforward and more efficient processes for the synthesis of degradable polymerbased nanoparticles or latexes.

I.3. Aim of the work

The synthesis and applications of (bio)degradable polymers are already a welldocumented field of polymer chemistry and materials science. Polyesters notably occupy a prominent position among existing classes of degradable polymers. In addition, it has been shown that degradability properties can be conferred to vinylic polymers. This was achieved by the design of specific monomers capable of copolymerizing with classical vinylic monomers by radical polymerization to introduce cleavable units into the copolymer backbone.

In the frame of the ongoing research and challenges, there is yet a completely unexplored field in the synthesis of degradable polymers: synthesis in aqueous dispersed media. Although of paramount industrial significance, no record of direct synthesis of degradable polymer-based latexes through straight emulsion polymerization was reported at the start of this thesis work. In the case of historical polyesters this can be explained by the incompatibility of ROP or polycondensation with synthesis in aqueous dispersed media. In the case of CKAs however, the radical mechanism of rROP is fully appropriate to emulsion polymerization mechanism.

Nonetheless, CKAs suffer from their high sensitivity toward protic species, which makes polymerization in aqueous dispersed media highly challenging. Conditions would have to be very finely tuned so that the rate of polymerization would be higher than that of hydrolysis. The very recent development of thionolactones as suitable monomers for rROP yet opens new opportunities in the field of emulsion polymerization as they have shown higher stability in ambient conditions and toward hydrolysis.

The aim of this thesis is thus to explore the use of CKAs and thionolactones in aqueous emulsion polymerization to propose appropriate systems for the synthesis of degradable polymer-based latexes in one step synthesis performed in aqueous dispersed media. Additionally, the development of such emulsion polymerization systems could be exploited further to propose more advanced systems for efficient syntheses of biocompatible degradable polymer-based particles by notably offering surfactant-free emulsion polymerization processes.

This PhD thesis includes two distinct parts with their own bibliography. In the first part, we will focus on the copolymerization of CKAs or thionolactones with vinylic monomers under very conventional emulsion conditions. In Chapter II, we will display some general features of emulsion polymerization. Chapter III will focus on the behavior of CKAs in such systems. More specifically, we tried to copolymerize MDO with VAc and BMDO with MMA after assessing the hydrolysis of MDO and BMDO in aqueous dispersed media. In Chapter IV, the copolymerization of DOT with either BA, styrene or both under conventional emulsion conditions will be investigated.

In the second part of this thesis, we will investigate polymerization-induced selfassembly processes, notably for the synthesis of surfactant-free and degradable vinylic nanoparticles. Chapter V consists in a general introduction to surfactant-free emulsion polymerization and a more detailed introduction to polymerization-induced selfassembly (PISA The aim of this thesis work is to propose processes for the synthesis of waterborne latexes composed of degradable vinylic polymers. To achieve this goal, we sought to take advantage of the principle of radical ring opening (rROP). As such we reckoned that the copolymerization of a vinylic monomer with a second monomer capable of introducing a cleavable unit under aqueous emulsion conditions could constitute an efficient process.

In aqueous emulsion polymerization, among the most used vinylic monomers are styrene, n-butyl acrylate (BA), methyl methacrylate (MMA) and vinyl acetate (VAc).

In a radical process, those monomers present different reactivity, from the more activated monomers (MAMs, typically styrene) to the less activated ones (LAMs, typically VAc), and appropriate cleavable comonomers should be chosen according to their reactivity.

In this first part of the thesis, composed of three chapters (Chapter II, III and IV), two types of monomers capable of introducing cleavable units into the backbone of vinylic polymers are tested for the synthesis of latexes made of degradable vinylic polymers.

In Chapter III, we will assess the potential of cyclic ketene acetals (CKAs), and more specifically of 2-methylene-1,3-dioxepane (MDO) and 5,6-benzo-2-methylene-1,3dioxepane (BMDO), to copolymerize with vinylic monomers under conventional aqueous emulsion conditions. In Chapter IV, the use of thionolactones and more specifically of dibenzo[c,e]oxepane-5-thione (DOT) in aqueous emulsion copolymerization will be studied.

Before getting into the detail of our investigations, we propose to give in Chapter II a general introduction on the features of the emulsion polymerization as this is the process that will be used throughout Chapters III and IV.

Introduction to emulsion polymerization

Chapter II

II.1. Radical polymerization in dispersed media

Polymer latexes can be obtained from polymerization in dispersed media. In this nonhomogeneous process, the monomer is dispersed in a continuous phase, which is generally water. There are several processes for radical polymerization in dispersed media. The same ingredients are often required, but each method differs from the other through the nature or concentration of monomers, initiators and surfactants.

In aqueous suspension polymerization, a hydrophobic, or monomer-soluble, initiator is used with a hydrophobic monomer in water. Upon stirring and with a usually low amount of surfactant, the initiator-loaded monomer phase forms droplets in which the polymerization takes place. The monomer droplets essentially act here as microreactors in which bulk polymerization proceeds, resulting in the formation of generally poorly stabilized polymer particles with a size in the same range as the original monomer droplets i.e. above 10 μm in diameter. Suspension may conversely be used in an organic dispersing phase to polymerize water-soluble monomers under inverse suspension polymerization. 1 Dispersion polymerization can be applied to solvophilic monomers that generate solvophobic polymers. In this process, the initial medium is homogeneous as the initiator, monomer and surfactant are all soluble in the chosen dispersing phase. The polymerization starts in the dispersing phase and results in particles when the oligomers reach a specific degree of polymerization where they become insoluble in the solvent. The particles formed through dispersion polymerization typically present a diameter of about a few hundred nanometers to about 10 μm. Dispersion polymerization can be carried out in water, but also in a non-aqueous dispersing phase such as alkanes and alcohols. 2 Emulsion polymerization mostly takes place in water and differs from the other processes as it allows polymerizing hydrophobic monomers using hydrosoluble initiators and surfactant. Emulsion polymerization generally leads to particles with a diameter ranging from 50 nm to about 500 nm. 3 Polymerization in aqueous dispersed media, and more specifically emulsion polymerization, offers a great many benefits compared to other homogeneous polymerization processes. As the polymerization takes place in an aqueous dispersed medium, the heat produced by the polymerization can be easily removed, relatively low viscosity at high polymer content can be obtained and polymers can be easily extracted from the latex, providing very easy to handle materials. Latexes can also be used directly in coating applications for instance or provide polymeric nanoparticles for more specific applications such as drug delivery. Additionally, emulsion polymerization affords the production of polymers with a higher molecular weight and at a faster polymerization rate than other radical polymerization techniques. Eventually, aqueous emulsion polymerization is the only polymerization system that allows the synthesis of hydrophobic polymers in water, which is beneficial in view of reducing the use of volatile organic compounds (VOCs). Nowadays, emulsion polymerization is widely used in the industry to synthesize a wide range of polymers and polymer latexes. 3

II.2. Mechanism of emulsion polymerization

Emulsion polymerization takes place in an initially unstable heterogeneous medium comprising an aqueous phase in which large monomer droplets are poorly dispersed (about 1 to 10 μm).

The kinetics of a radical emulsion polymerization differs completely from polymerization in homogeneous media since it is not only dictated by chemistry but also by the physico-chemical interactions between the components involved and formed in the system. According to the pioneering work of Smith and Ewart, 4 the mechanism comprises three distinctive intervals (Figure II.1). The first step is nucleation (1) in which particles are formed and sees a continuous increase of the rate of polymerization (Rp). After the nucleation, the particles are recognized as mature and stable, meaning that no new ones are created. In the second step (2), the polymerization proceeds at a steady rate inside the particles as they are consistently alimented from monomer droplets, until those are depleted. The end of the polymerization (3) is characterized by a decreasing rate of polymerization due to the decreasing amount of available monomer. 

Nucleation

Nucleation is a very complex step and depends on several parameters. It may occur according to different mechanisms: homogeneous and heterogeneous/micellar nucleation. Droplet nucleation is a third mechanism that might be taken into account but is generally disfavored and negligible compared to the others. All three often coexist, even though one is usually predominant depending on the formulation of the emulsion, reaction conditions and nature of the monomer. To understand the nucleation mechanisms properly, it is essential to acknowledge that they are mainly governed by diffusion of the species between monomer droplets, aqueous phase and micelles, nuclei or polymers particles. It should be noted that even though the monomers involved are hydrophobic, they still possess a certain solubility (or miscibility) in water. This feature is compulsory for emulsion polymerization. Indeed, emulsion polymerization of "super-hydrophobic" monomers, such as lauryl acrylate, is not possible and requires either the addition of a species capable of transporting the monomer through the aqueous phase 5 or the use of miniemulsion techniques. 6 The first stage of the nucleation is the same in both cases: monomer reacts with the radicals generated from the initiator in the aqueous phase to generate oligoradicals that will propagate in this aqueous phase. As they grow to reach a certain degree of polymerization (z-mer, Figure II.2), they become surface active, as they are composed of a short hydrophobic chain with a hydrophilic chain end resulting from the initiator.

At this stage, the fate of the growing oligoradical will depend on the characteristics of the system in which the emulsion polymerization is taking place.

Homogeneous nucleation occurs when no micelles are present in the aqueous phase, that is to say when the surfactant concentration is below its critical micelle concentration (CMC), and/or when the monomer has a significant solubility in water.

In this situation, the oligoradical will keep propagating in the continuous phase until it reaches a critical degree of polymerization (jcrit) at which it becomes insoluble in water and precipitates to form a primary particle. This primary particle is not stable as composed solely of the collapsed chain with only the hydrophilic chain end resulting from the initiation to stabilize it. The primary particles then sustain limited coalescence to form stable aggregates, or mature particles, through the sharing of their stabilizing chain ends. Surfactant adsorption helps reducing this phenomenon by bringing improved stability to the aggregates. When no surfactant is added to the formulation, stable particles are obtained through the aggregation of numerous precipitated chains bearing charges and resulting in the reduction of the number of particles formed and thus the increase of their size.

Heterogeneous or micellar nucleation occurs when the surfactant is at a concentration above its CMC and thus mainly present under the form of micelles. The outcome of the z-mer drastically changes when monomer swollen micelles are present in the system. Because micelles are present at a very high concentration (typically 10 18 -10 20 micelles per liter depending on the nature of surfactant) and are small (<10 nm), they develop a very large surface area which greatly favors the entry of the growing oligoradicals as soon as they gain surface activity. Monomer droplets with a much larger size (about 10 μm) and in lower concentration develop a much-reduced surface area in comparison. The phenomena of droplet nucleation thus become imperceptible, as oligoradical entry into droplets is statistically inexistent. Once the z-mer enters a micelle it creates a new and stable monomer-swollen particle as it is stabilized by surfactant from the start. When the first stable particles are created, surfactant micelles not only serve as nucleation site but also as a surfactant reservoir for the stabilization of growing particles. Nucleation is thus a determining step in fixing the physico-chemical properties of the resulting latex. In micellar nucleation, an increase of the surfactant concentration will result in an increased number of micelles in the continuous phase and thus an increased number of micelles potentially nucleated. This will lead to higher number of particles and thus smaller particles (equation ( 1)). In homogeneous nucleation, reducing the surfactant concentration will result in more limited coalescence leading to larger particles. As nucleation is also dictated by the partitioning of species between the aqueous phase, droplets and particles, monomer solubility also plays an important role in the nucleation mechanism. Monomers with higher water solubility can still lead to significant homogeneous nucleation even when surfactant micelles are present.

Acknowledging the number of parameters to consider, it is difficult to predict the number of particles that will be created beforehand.

(1)

Np stands for the number of particles per volume of latex (L -1 ), for the solid content of polymer in the latex (g L -1 ), D for the mean diameter of the particles (m) and for the density of the polymer (kg m -3 ).

The nucleation step can be bypassed in some cases. When enough preformed and stable polymer particles, or seeds, are added in the initial batch, the oligoradicals will enter the seeds rather than creating new particles thus annihilating the nucleating step. Seeded emulsion polymerization is employed widely in the industry since it allows reliably controlling the number of particles in the final latex.

Particle growth

Once particles are formed the polymerization enters the phase of particle growth. At this point the number of particles remains constant. As the monomer is consumed in the particles, which now represent the main locus of the polymerization, new monomer is fed through diffusion from the monomer droplets. The rate of polymerization then depends mainly on the concentration of monomer in the particles and on the average number of radicals per particle (equation ( 2)). The latter is however considered constant for a given system according to the Smith-Ewart theory. 4 As the monomer diffusion is regarded as much faster compared to the rate of polymerization, the monomer concentration in the particles stays equal to the monomer saturation value thus resulting in a constant rate of polymerization until monomer droplets are depleted.

(

) 2 
kp is the constant of propagation, [M]p is the concentration of monomer inside the particles, Na is the Avogadro constant, and is the average number of radicals per particle.

End of polymerization

When monomer droplets are depleted, the monomer concentration in the particles progressively decreases along with the rate of polymerization. In some specific cases there can be a sharp increase in the rate of polymerization due to the Trommsdorff effect (gel effect) when the viscosity increases in the particles and termination is slowed down while diffusion of the monomers to the growing radicals is not. This is notably a feature of MMA emulsion polymerization. 7

II.3. Miniemulsion polymerization

Although often associated with emulsion polymerization because the goal is essentially the same, i.e. the polymerization of a hydrophobic monomer in an aqueous dispersed medium, miniemulsion polymerization possesses a very different nucleation mechanism. 3 The main difference with emulsion polymerization is the initial state of the reaction medium. In miniemulsion, the initial dispersion is formulated so that the starting medium comprises only stable monomer droplets with diameters ranging from tens to hundreds of nanometers. The formulation of such metastable emulsion goes through the adjustment of the surfactant concentration to stabilize the droplets/aqueous phase interface along with emulsification methods such as the application of ultrasounds or intense stirring. 8,9 The addition of the hydrophobic costabilizer is required to limit the occurrence of Ostwald ripening. It is commonly acknowledged that, in miniemulsion, nucleation mechanism is mainly that of a droplet nucleation. Because the size of the droplets is much smaller than in the case of emulsion polymerization, they develop a total interfacial surface area that is much larger, thus greatly increasing the odds of entry of growing oligoradicals into the monomer droplets.

As mentioned earlier, miniemulsion can be advantageous when polymerizing monomers with a very low water solubility and thus unable to properly diffuse through the aqueous phase. Droplet nucleation is also a feature that allows efficient encapsulation of hydrophobic species, which is beneficial in some applications, for instance in bio-related applications. 10 Overall, polymerization in dispersed media and more specifically emulsion polymerization are well-known and efficient methods for the synthesis of waterborne polymer particles. The compatibility of radical chemistry with water made emulsion polymerization particularly interesting with the view of implementing the synthesis of degradable vinylic polymer particles using the principle of radical ring opening polymerization (rROP).

Cyclic ketene acetals in aqueous emulsion polymerization

Chapter III Preliminary results on the stability of MDO in aqueous conditions and on its copolymerization in aqueous dispersed media has already been established by Cédric

Bergerbit in the frame of his master's thesis work at CP2M in collaboration with ICR (Marseille). 4 Due to the relative high rate of hydrolysis of MDO in aqueous dispersed media, the miniemulsion copolymerization of MDO with VAc was indeed investigated and proved to be delicate. These results represent the basis of the investigations proposed in this chapter and will be detailed when required in the following.

On the other hand, BMDO has been investigated once in aqueous dispersed media. 5 If this article reported for the first time the synthesis of degradable nanoparticles by miniemulsion copolymerization of BMDO with either MMA or styrene, the lack of data on the kinetics and of structural analysis does not allow to formally attest of the incorporation of BMDO units in the copolymers. In this example, miniemulsion was employed as the goal of the study was to encapsulate drugs in a degradable polymer matrix. Emulsion polymerization would bring a more general approach to the copolymerization of MDO and BMDO in aqueous dispersed media, and we thus undertook a comprehensive study on the particle formation, the structure of the resulting polymer before considering their degradation.

Before getting to the copolymerization experiments, we focused on investigating the hydrolytic stability of MDO and BMDO since, as far as we are aware of, it has never been thoroughly discussed before. It seemed to us important to understand the features of such degradation before using the monomers in an aqueous medium.

Strong of these understandings, we then first studied the ability of MDO to be copolymerized with VAc under aqueous emulsion conditions. Eventually, we considered the copolymerization of BMDO with MMA under emulsion conditions. This study was conducted by Laura Sinniger during her master thesis work in the laboratory.

III.2. Stability of CKAs in water.

Although the aqueous sensitivity of CKAs is widely known, no specific study focused on the identification of the products of CKAs hydrolysis or on the kinetic of degradation can be found. According to the work of Kresge et al., 6 hydrolysis of ketene acetals is acid-catalyzed and happens in a two-step mechanism: acid-catalyzed hydration of the carbon-carbon double bond followed by elimination of one of the alkoxy group (Scheme III.1). Experimentally, degradation of the ketene acetal groups mainly occurred in acidic conditions. In addition, it was observed that cyclic derivates were hydrolyzed at a faster rate than non-cyclic ones. 6 Scheme III.1. Proposed mechanism for the acid-catalyzed hydrolysis of ketene acetal functions. 6

III.2.A. Degradation of MDO in aqueous media

The degradation product resulting from the hydrolysis of MDO can be easily identify.

By mixing a dispersion of MDO in water overnight, an oily liquid that appeared to be not volatile can be recovered after drying. 1 H NMR analysis of this compound confirms that the degradation product is 4-hydroxybutyl acetate, which is expected according to the suggested mechanism of hydrolysis of ketene acetals given in Scheme III.1, and has already been observed. 4 shown by the experiments at pH 8.7 and 9.1 where more than 50 mol% of the initial MDO were still not hydrolyzed after 2 hours. When increasing the pH up to 11.2, the rate of hydrolysis was comparable to that observed at neutral pH. It is possible that MDO's hydrolysis might also be base-catalyzed to some extent and at high pH.

Nonetheless, the apparent sensitivity in acidic media is consistent with the suggested acid-catalyzed hydrolysis mechanism of ketene acetals.

As the final objective is to implement emulsion polymerization of MDO, it seems essential to assess the effect of the surfactant on the degradation of MDO. C. Bergerbit . In every case MDO hydrolyzed slowly when a small amount of NaHCO3 was added to increase the pH, which is expected as we demonstrated that MDO degrades more slowly in basic conditions. The same tendency in the evolution of the rates of hydrolysis were observed for media containing either of the above-mentioned stabilizer and no significant differences were noticed. MDO still seemed to hydrolyze slowly in the presence of Tweens as about 30 mol% of MDO have been degraded after 120 min while in the presence of SDS, 45 mol% was degraded. However, when no base was added, meaningful differences appeared between SDS and Tweens. SDS induced a total hydrolysis of MDO in less than 50 min while only 20 and 30 mol% of the initial MDO was degraded in the presence of Tween20 and Tween60, respectively. It was presumed that long chains (both hydrophobic and hydrophilic) of Tweens could improve impermeability of the monomer droplets and thus reduce interactions between MDO and water. Following this assumption, the degradation in the presence of linear PEG-OH (2000 g mol -1 ) was monitored. PEG-OH seemed to be the best stabilizer as it allowed preserving half of the MDO after 100 min in absence of any base. The full description of this system will be the topic of Chapter VII. The properties of the different seeds used in the present chapter can be found in the experimental part (Table III .13). With a diameter of 20 to 25 nm, the obtained nanoparticles seemed perfect as seeds as they are supposed to develop a very high exchange surface and thus should be easily swollen by MDO. However, the final dispersion possesses an acidic pH (pH ca. Those rather trivial experiments gave consistent results and allowed getting an insight on the conditions that are the most appropriate to the reduction of the degradation of MDO in an aqueous dispersed medium. It appears clearly that successful copolymerization of MDO with VAc cannot happen in acidic conditions as, even at low temperature, MDO hydrolysis fully in less than 10 minutes. Additionally, the presence of PEG seems to bring increased hydrolytic stability to MDO.

III.2.B. Degradation of BMDO in aqueous media

We initially planned to implement the same strategy to study the degradation of BMDO in aqueous media. However, it soon appeared that the hydrolysis of BMDO was much more intricate than that of MDO as the first results obtained with BMDO pointed out to multiple degradation products.

Efforts were put into identifying the products resulting from the hydrolysis of BMDO. This work was made in collaboration with Laura Sinniger during her Master thesis at CP2M. According to a previous report, 7 BMDO quantitatively degrades when dissolved in "used as received" DMF. It was stated that this degradation was due to the presence of acidic impurities that could add on the double bond of BMDO to yield an orthoester, called D1 from now on (Figure III.5).

We found out that BMDO takes the form of a solid that alters upon daily exposure to air to become slimy clusters, indicating a particular sensitivity to air moisture. We thus recovered the oily part to identify the degradation products. Figure III.5 presents the 1 H NMR spectra of pure BMDO and of the oily part resulting from exposure to air. Surprisingly, if the signals attributed to D1 were indeed present and no residual BMDO could be detected, other unassigned signals could also be found.

At this point, it is worth mentioning that BMDO being highly sensitive, traces of water in the NMR solvent may also lead to hydrolysis making it difficult to affirm that degradation of BMDO had already occurred before preparing the sample when the solvent used has not been dried beforehand.

Nevertheless, acknowledging the mechanism associated with the acid-catalyzed hydrolysis of ketene acetals (Scheme III.1), we assumed that D1 could be the intermediate species on the way to the opened hydrolyzed form D2 (Figure III.5).

Attributions of the signals according to simulation from Chemdraw and to their integration tend to confirm the presence of both D1 and D2 in the degraded BMDO. To fully identify the products of degradation, liquid chromatography coupled with mass spectrometry (LC-MS) analyses were considered. However, they did not bring any exploitable results as both degradation products have the same molar mass and since BMDO was degraded in the column because of the protocol used to prepare the sample: BMDO was dissolved in a mixture of methanol and acetonitrile containing 0.1% of formic acid.

To assess the features of BMDO hydrolysis further and knowing it could be degraded by air moisture, accelerated hydrolysis conditions were considered to estimate whether D1 was indeed formed first to eventually lead to D2. BMDO was heated at 60 °C and the degradation was followed by NMR and gravimetry. The BMDO degradation products being now identified, the goal was thus to assess the stability of BMDO in aqueous dispersed media. BMDO, unlike MDO, is a solid.

Evaluation of the kinetics of hydrolysis in emulsion polymerization conditions thus required to dissolve BMDO in MMA to yield a proper "oil-in-water" emulsion that can be compared to emulsion polymerization conditions. A first attempt was thus made dispersing in water a solution containing 50 wt% (36 mol%) of BMDO dissolved in MMA. Dissolution of the medium in acetone-d6 gave unexploitable NMR spectra due to the number of species involved.

The complexity of the NMR spectra associated with the presence of volatile compounds make quantification of the different species very difficult. It was thus impossible to estimate rates of degradation in aqueous dispersed media. However, it seems reasonable to assume that hydrolysis of BMDO shares similar features with the hydrolysis of MDO, and that acidic pH or high temperature would lead to increased rate of hydrolysis. Nonetheless, the reason to why, in some conditions and notably when organic solvent containing traces of water or acidic species is employed, 7 only D1 was isolated while in our case both D1 and D2 were identified remains unclear. It is worth mentioning that in a dispersed medium hydrolysis will likely depend on diffusion phenomena as CKAs may hydrolyze at different rates depending on whether they degrade because water can swell the monomer droplets or while CKAs diffuse through the aqueous phase.

Building on these results, we then tried to implement emulsion polymerization systems for the copolymerization of MDO/VAc and BMDO/MMA in water.

III.3. Emulsion copolymerization 2-methylene-1,3-dioxepane (MDO) with VAc

To find an appropriate emulsion polymerization system for the copolymerization of MDO with VAc, we probed several processes under various conditions. A successful copolymerization would occur when the rate of polymerization of MDO would be higher than the rate of its hydrolysis. Systems that would either show high rate of polymerization, be able to "protect" MDO or preferentially both should thus be targeted.

In his work, Cédric Bergerbit investigated the copolymerization of VAc with MDO in aqueous dispersed media. 4 Miniemulsion conditions using thermal initiator, and either SDS or Tween60 as surfactant, led to full hydrolysis of MDO and no integration of ester units in the chains. Subsequently, different approaches were probed. The use of redox initiation at low temperature (30-40 °C) yielded the same results. Eventually, miniemulsion conditions using initiation by UV irradiation at 30 °C showed promising results. It led to the incorporation of a small fraction of the MDO into the chains (up to 20% of the MDO put in the initial feed) but the obtained latexes were unstable.

As we showed that the presence of PEG chains could slow down the hydrolysis of MDO, we anticipated that the use PEG-stabilized seeds under appropriated pH (basic) and at low temperature would prevent MDO from hydrolysis while promoting its copolymerization. On the other hand, it would allow the direct synthesis of PEGstabilized and degradable particles.

In addition, we expected that starve-fed emulsion systems could also be an efficient method to promote copolymerization over hydrolysis. In starve-fed conditions, the monomers are fed continuously in the medium considering the rate at which they are consumed. By finding appropriate feeding rate we envisioned that MDO stay in the aqueous phase could be reduced enough before polymerization and limit its hydrolysis.
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Besides, a reference P(VAc-co-MDO) copolymer was synthesized in bulk at 60 °C with 10 mol% of MDO in the initial feed according to previous report. 8 The 1 H NMR spectrum (Figure III.9) was then used as a reference to determine whether emulsion copolymerization of MDO with VAc was indeed taking place or not. 

III.3.A. Thermally initiated seeded emulsion (co)polymerization under batch conditions

Previous report stated that miniemulsion polymerization of MDO using conventional surfactants (SDS, Tween) proved to yield full hydrolysis of the monomer and no incorporation of MDO units in the polymer. 4 We started our investigations with seeded emulsion polymerization systems using the previously mentioned PEG-b-PVAc seeds.

For convenience, the features of this synthesis will not be detailed in this Chapter as it will be the subject of another Chapter on its own (see Chapter VII). In this present chapter, we will acknowledge that the seeds are nanoparticles made of self-assembled amphiphilic PEG-b-PVAc block copolymers possessing a hydrodynamic diameter of about 25 nm. Since the block copolymers were obtained via RAFT polymerization of VAc, it is worth mentioning that the PVAc block may still carry a xanthate end that could potentially be involved in the radical process. The characteristics of the different batches of seeds that were used in this chapter can be found in Table III. 13. Seeds were dialyzed before use unless otherwise stated.

A first synthesis was run to assess if a stable latex could be obtained by polymerizing VAc alone in the presence of the seeds at 70 °C (E1VA, Table III It is worth noting that the size of the final particles is huge in comparison to the initial seeds (from about 20 nm to 500 nm). Such a huge diameter might be the result of coalescence during the process and may indicate that our seeds do not feature enough stability and should probably be used at a higher concentration. Starting from about 35 wt% of PEG for the initial seeds, the final particles only contain about 4 wt%.

Emulsion copolymerizations of VAc with MDO were performed between 65 and 70 °C aiming for solid contents between 15 and 20 wt% (Table III.1).

Table III.1. Experimental conditions and results for the seeded emulsion (co)polymerization of VAc with MDO using PEG-b-PVAc seeds.

Run [AIBA] (mmol L -1 )

[NaHCO3] (mmol L -1 ) fMDO [a] (%)

Seeds [b] (wt%) s th [c] (wt%) T (°C) t (min) s [c] (wt%) 
Conv. [d] (%) The very first experiments were conducted with non-dialyzed seeds and without NaHCO3 (results not displayed). In those cases, MDO was fully hydrolyzed before the polymerization was even started, as the medium was degassed for about 20 min.

Zave [e] (nm) PdI [e] pH0 [f] pHf [f] E1VA 8 
Accordingly, the aqueous phase and the monomer mixture were degassed in separate vessels for all the following experiments to prevent early hydrolysis and NaHCO3 was systematically used.

The next experiments all led to approximately the same results: low VAc conversion and no integration of MDO into the chains as exemplary shown by experiment E1MDO and E2MDO in Table III It is worth mentioning that the use of VAc in aqueous dispersed media introduces even more complexity when envisioning copolymerization with MDO since VAc is also prone to hydrolysis. 9 This hydrolysis is nevertheless rather slow. Yet it implies the formation of acetic acid (Scheme III.2), which will inevitably lead to the catalysis of the hydrolysis of MDO. In addition, while the hydrolysis of MDO has proved to be accelerated in acidic conditions, the hydrolysis of VAc is known to be faster under alkaline conditions than in acidic media. Experimental data on the long-known emulsion polymerization of VAc even established that the pH at which the hydrolysis of VAc is the slowest is at 4.4, 10 which is not compatible with the desired stability of MDO. The generation of acetic acid during the emulsion polymerization of VAc can be consistent with the systematic decrease of pH between the start and the end of the polymerization (Table III.1). We supposed that this was also the reason for the acidic pH obtained at the end of the reaction for the synthesis of the PEG-b-PVAc seeds (see Chapter VII).

Scheme III.2. Hydrolysis of VAc.

To complete the study, we then tried to perform miniemulsion-like polymerization. We assumed that adding a highly hydrophobic molecule could prevent excessive exchanges with the aqueous phase forcing monomers partitioning in the hydrophobic core of the seeds. In that respect, MDO and VAc were mixed with hexadecane before adding the aqueous phase. Both water-soluble initiators (KPS and AIBA) and monomer-soluble initiator (AIBN) were probed (Table III.2). In every case, low conversions of VAc were observed. If AIBA allowed obtaining 60% conversion of VAc in 90 min (M1MDO, Table III.2), KPS and AIBN led to only 26% in 90 min and 29% in 120 min, respectively (M2MDO and M3MDO, Table III.2). Additionally, NMR proved that MDO was fully hydrolyzed and that none was integrated in the polymer chains.

The obtained spectra were indeed similar to that of E2MDO shown in Figure III.12. 
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All experiment were conducted at 70 °C with 1 wt% of initiator compared to the mass of monomers, [NaHCO3] = 8 mmol L -1 and with 5 wt% of hexadecane compared to the mass of monomer.

[a] Molar fraction of MDO in the feed of monomers.

[b] Seed to monomer ratio expressed as a weight percentage of the total monomer content.

[c] Theoretical ( s th ) and experimental ( s) solid contents calculated by gravimetric analysis. [d] VAc conversion calculated from gravimetric analysis.

A last approach was next explored. We tried emulsion polymerization using phase transfer catalyst as an original patent from Bailey et al. stated that the copolymerization of MDO with sodium acrylate was possible in water at 90 °C using tetra-n-butylammonium bromide. 11 No explanation on why the phase transfer catalyst enabled copolymerization of MDO in this hostile environment was provided but we hypothesized that it could give some sort of protection to MDO by complexing it in the aqueous phase. It was however not possible to reproduce the experiments given in the patent and aqueous emulsion copolymerization of VAc with MDO in the presence of tetra-n-butylammonium bromide was not successful (results not displayed).

Results on the thermally initiated emulsion copolymerization of MDO lead to the conclusion that, in batch conditions, PEG-stabilized seeds are not sufficient to confer enough stability to envision thermal initiated radical emulsion copolymerization of MDO

with VAc. According to the degradation study, those results are not surprising as we also showed that MDO was fully hydrolyzed in about 10 min in this range of temperature (65 °C, Figure III.2). We thus had to seek for other means to reduce the rate of hydrolysis of MDO while promoting its copolymerization.

III.3.B. Thermally initiated emulsion (co)polymerization in semi-batch conditions

Following failed attempt to copolymerize MDO with VAc under batch emulsion conditions in the presence of seeds, we sought to evaluate the ability of MDO to copolymerize in conditions where monomers are fed in the medium during the polymerization. Ideally, by feeding the monomers we hoped to reach a stage where monomers would be converted as soon as they enter the aqueous phase (i.e. "starvefed" conditions), thus limiting the stay in the aqueous phase and consequently the hydrolysis of MDO. Before running these experiments with the PEG-b-PVAc seeds, we decided to first evaluate this strategy under conventional emulsion conditions, using SDS as surfactant.

III.3.B.a Thermally initiated emulsion (co)polymerization in semi-batch conditions using SDS as surfactant

Even though SDS and high polymerization temperature proved to be rather detrimental to the stability of MDO in aqueous media (Figure III.3), it seems relevant to determine first whether feeding could be sufficient to induce the copolymerization of MDO. The polymerizations were conducted at 70 °C, in the presence of SDS, using KPS as initiator. 15 wt% of the total monomers were put in the initial batch and a 15 min gap was left between the start of the polymerization and the start of the monomer feeding to allow the nucleation step to proceed and thus obtaining seeds in situ to promote swealing once MDO is added. Monomers were fed for approximately 40 min via a peristaltic pump. Results are presented in Table III.3.

Table III.3. Results for emulsion copolymerizations of MDO with VAc in semi-batch conditions using SDS as surfactant and thermal initiation at 70 °C.

Run fMDO [a] (%)

t (min) Feed rate [c] (g Lwat -1 min -1 ) s [b] (wt%) 
Conversion [d] (%) The polymerization of VAc alone (EF1VA, Table III.3) yielded a stable latex of 170 nm with high final VAc conversion. As shown by Figure III.13, instantaneous conversion reached more than 50% after 10 minutes and increased to reach a plateau at about 80% after 30 min. In starve-fed emulsion polymerization, high instantaneous conversion should be reached. Indeed, this means that the monomer is consumed at a relatively high rate and thus stays for a limited time in the aqueous phase before being polymerized.

Zave [e] (nm) PdI pH0 [f] pHf [f] EF1VA - 53 
We then reproduced this experiment adding about 10 mol% of MDO in the feed of monomer (EF1MDO, Table III.3). In the initial batch, only VAc was present, and the nucleation step should thus result, as for experiment EF1VA, in the formation of seeds of homo-PVAc. However, lower conversion of VAc was obtained as we only reached 53% total conversion in an hour and NMR results once again showed that the final polymer was a homo-PVAc and that MDO was hydrolyzed quantitatively. 

III.3.B.b Thermally initiated seeded emulsion (co)polymerization under semi-batch conditions

As for batch emulsion polymerization, we then explored thermally initiated emulsion polymerization using the PEG-b-PVAc seeds in semi-batch conditions. First, we looked to find an appropriate formulation by experimenting different conditions for the fed emulsion polymerization of VAc alone by varying the initiator, the seed concentration and the rate of the monomer feeding. The feeding was started right from the beginning as we expected no nucleation step in this seeded system. Results are presented in Table III.4.

Table III.4. Experimental conditions and results for the seeded emulsion polymerization of VAc in semi-batch conditions.

Run Initiator [I] (mmol L -1 )

[NaHCO3] (mmol L -1 ) VAc in Batch [a] (wt%)

Seeds [b] (wt%) s th [c] (wt%) t (min) Feed rate [d] (g Lwat -1 min -1 ) s [c] (wt%) 
Conv. [e] (%) A first experiment was run using AIBA as initiator (EFVA1, Table III.4) and led to a stable latex with 92% conversion of VAc in 1 h. Nonetheless, KPS was then used as initiator as it is more suitable to basic media than AIBA, which led to the formation of a coagulated latex in the presence of NaHCO3 (EFVA2, Table III.4)

Zave [f] (nm) PdI pH0 [g] pHf [g] EFVA1 AIBA 2.4 0.0 12 
All experiments using KPS presented the same kinetic profiles. Figure III.14 illustrates the kinetic results for experiment EFVA6 (Table III.4). Interestingly, all experiments showed an inhibition time of about 10-20 min (Figure III.14, a) that may be due to the presence of the xanthate chain-end that may be reinitiated in the core of the seeds as seen in experiment E1VA (Table III.1). As discussed previously, the point of feeding the monomers is to obtain high instantaneous conversion (preferentially 100% in starve-fed conditions) to make sure that the monomer is instantaneously polymerized, which, in the case of MDO, should prevent hydrolysis. We did not achieve proper starve-fed conditions. Nonetheless, the variation of seed to monomer ratio, initiator concentration or feeding flow had no significant impact on the instantaneous conversion (experiments EFVA3-7, Table III.4). In addition, a linear increase of the size of the particles was observed together with a drastic decrease in the number of III.4).

Even so, we assumed that reaching an instantaneous conversion above 60% after 20 min (EFVA4, EFVA5 and EFVA6, Table III.4) should be sufficient to ensure than at least some part of the MDO would be copolymerized and to validate the strategy. In that respect, we tried to copolymerize MDO with VAc in those conditions, i.e. reproducing experiment EFVA4 (EFMDO2, Table III.5).

Table III.5. Experimental conditions and results for the seeded emulsion polymerization of VAc in presence of MDO in semi-batch conditions.

run

Initiator [I] (mmol L -1 ) [NaHCO3] (mmol L -1 )
fMDO [a] (%)

Seeds [b] (wt%) s th [c] (wt%)

t (min)

Feed rate [d] (g Lwat -1 min -

(wt%)

Conv. [e] (%) This experiment led to the formation of a stable latex. Once again, we performed 1 H NMR on the resulting dried latex to assess whether MDO was integrated into the chain or not. By zooming on NMR spectrum, we only hardly find the signal at 2.55 ppm characteristic of a linkage between a MDO and VAc units (Figure III.15). However, this signal is merely buried in noise and once integrated points out to an average of less than 0.05% of MDO units in the polymer chains. With such marginal fraction of MDO units, we cannot consider that a proper copolymer was obtained. We thus conclude that, in this range of temperature, MDO hydrolyzes almost instantaneously making it impossible to envision any copolymerization. Thermally initiated copolymerization of MDO with VAc in emulsion was thus abandoned.

Zave [f] (

III.3.C. Redox initiated seeded emulsion (co)polymerization in batch conditions

Logically, the next step in our investigations would have been to look for systems allowing polymerization at reduced temperature and preferentially at room temperature. Usually, room temperature polymerization of VAc can be obtained by either redox initiation or photoinitiation. The couple ascorbic acid/tertbutylhydroperoxide (tBHP) is an efficient and widely used redox couple for the emulsion polymerization of VAc at nearly ambient temperature. However, the decomposition of ascorbic acid, which is required for the redox reaction leading to the generation of a radical by tBHP, can only occur at pH below 4 meaning this system can hardly be applied to MDO. 12 In the already mentioned work of C. Bergerbit, the use of the couple KPS/sodium metabisulfite in miniemulsion did not allow MDO to be copolymerized since the decomposition of sodium metabisulfite leads to the formation of acidic species thus catalyzing the hydrolysis of MDO. 4 At this very point in our work, a patent followed by an article came out reporting the aqueous emulsion copolymerization of MDO with VAc. 13,14 In this work, P(VAc-co-MDO) copolymers were obtained in semi-batch emulsion conditions at 40 °C. Even though the complex formulation makes it complicated to identify the important parameters for this successful copolymerization (i.e., a mix of surfactants was used, low amount of ionic comonomer was added along with MDO and VAc, and a combination of initiators was used), it appears that the key was most certainly the use of a specific redox couple as initiator. This in addition confirmed somehow all the reasoning we had so far on the implementation of a successful emulsion copolymerization of VAc and MDO. The authors used the combination of tBHP with "bruggolite FF6M" as the latter can act as an efficient reducing agent at ambient temperature and at pH up to 8.

Indeed, they reckoned as well that copolymerization should proceed in slightly basic aqueous solution (pH≈8) and at temperatures comprised between 30-50 °C in order to reduce the rate of hydrolysis of MDO while maintaining a sufficient rate of polymerization. As we envisioned, they also fed the monomers through the whole synthesis.

Subsequently, and in order to provide additional original insights in the field, we tried to adapt this work to emulsion process using our seeds. If there were no real point in implementing the emulsion copolymerization of VAc with MDO using conventional surfactant, it indeed seemed still relevant to try to implement emulsion copolymerization using the seeds to obtain surfactant-free and PEG-stabilized latexes.

The polymerizations were all carried out in batch, unless otherwise stated.

We first sought to check if the tBHP/FF6M couple was indeed the determining factor to obtain high rates of VAc polymerization in this range of temperature and pH.

Correspondingly, we ran an ab initio emulsion polymerization of VAc at 40 °C in batch condition using SDS (8 mmol L -1 ) as surfactant and adjusting pH to 7. (wt% )

T (°C) t (min) s [b]
(wt%)

Conv. [c] (%)

Zave [d] (nm) PdI pH0 [e] pHf [e] Np,0 [f] (mLat -1 ) Np,f [f] (mllat -1 )

ERVA1

Trizma As a result, we conducted seeded emulsion polymerization of VAc at 30 °C, slightly basic pH (7-9), using the redox couple tBHP/FF6M as initiator, and still using PEG-b-PVAc seeds. Acknowledging that under such conditions MDO would be stable long enough, we sought to obtain a system with polymerization rate as high as it can be so that it could be favorizing polymerization over hydrolysis. In that respect, we first tried to identify the conditions that could allow obtaining the fastest rates of polymerization while maintaining the pH around 8 and the temperature below 40 °C and preferentially at 30 °C.

First, both the initial seeds content along with the solid content were varied (Table III.6, Figure III.17 Figure III.17 shows that a higher polymerization rate was obtained when using 5 wt% of seeds and aiming for a 10% total solid content. Stable latexes were formed for every experiments. The next experiments were thus led in those conditions.

We then tried to evaluate the rate of polymerization depending on the pH (or the buffering base) and the temperature. As shown by Table III.7, the initial pH was varied between 7 to 9 by changing the base introduced in the initial batch. K2CO3 was used to adjust the pH to 9, NaHCO3 for a pH of about 8, Trizma buffer solutions for a pH of about 8.5 and Trizma HCl for a pH of about 7. (wt%)

T (°C) t (min) s [b]
(wt%)

Conv. [c] (%) It appeared that at a pH ≥ 8.5, the conversion increased rather slowly as conversion failed to reach 40% after 40 min no matter whether syntheses were led at 30 or 40 °C (ERVA6, ERVA7, ERVA9, Table III (wt%)

Zave [d] (nm) PdI pH0 [e] pHf [e] Np,0 [f] (mLlat -1 ) Np,f [f] (mLlat -
Conv. [d] (wt%)

FMDO [e] (%) The first experiment was led at 30 °C using NaHCO3 to adjust the initial pH to around 8 (E6MDO, Table III.8). Only 30% conversion of VAc was obtained after 1 hour while the same formulation without MDO led to 72% conversion in 30 minutes (ERVA3, Table III.7). Once again, the presence of MDO seems to retard the polymerization of VAc under emulsion conditions, which could have something to do with the presence of the xanthate chain end again. In addition, 1 H NMR analyses showed that no MDO units was integrated in the chains and only the presence of the degradation product. As a result, to increase the rates of polymerization we raised both the temperature to 45

Zave [g] (nm) PdI pH0 [g] pHfinal [g] E6MDO NaHCO3 
°C and the target solid content to 20 wt% (E7MDO, Table III.8). We were able to reach 81% conversion of VAc in 3 hours. Eventually, 1 H NMR spectrum attested the incorporation of MDO units as showed by the signals at 4 ppm and 2.5 ppm in Figure III. 19. Even though starting from 8 mol% of MDO in the initial monomer feed, only 0.6 mol% MDO units were found in the copolymer meaning that less than 10% of the MDO was integrated in the copolymer. Nevertheless, this result is the first successful incorporation of MDO units in the particles. We then reduced the starting pH to about 7 to see if an increased rate of polymerization could allow a higher incorporation of MDO units (E8MDO, Table III.8). We further decreased the temperature to 40 °C and the initial fraction of MDO. VAc conversion reached 95% and a stable latex was obtained. Once again, MDO was integrated into the polymer chains (FMDO = 0.3%), however without improvement compared to E7MDO (FMDO = 0.6%). From thermal initiation in batch to redox initiation in semi-batch and at low temperatures, the aim of the previous studies was to identify a performing emulsion copolymerization system for VAc and MDO. This revealed to be extremely tricky.

Although we managed to set up conditions to successfully copolymerize VAc and MDO

in emulsion, the high sensitivity of the system with respect to hydrolysis of MDO did not let envision the easy implementation of robust emulsion copolymerization systems.

Overall, it was concluded that emulsion (co)polymerization of MDO in aqueous media

is a process that is extremely difficult to handle. Even though MDO copolymerization in aqueous emulsion is possible, as shown by the work of Carter et al., 13,14 it can only be obtained by a very fine optimization of the formulation and process. Emulsion copolymerization of MDO with VAc will probably prove to be restrained to very specific formulations and applications.

Additionally, investigations of other monomers capable of introducing cleavable units

led to more interesting and reliable systems discouraging from putting more effort into this very intricate system.

III.4. Radical copolymerization of 5,6-benzo-2-methylene-1,3dioxepane (BMDO) in aqueous emulsion systems

As already stated, BMDO is the second most widely used CKA and shows favorable reactivity ratio with MMA which is a very common monomer in emulsion polymerization. As mentioned in the section focusing on the hydrolysis of BMDO, we

were not able to determine any rate of hydrolysis for this CKA in aqueous dispersed media. However, we assumed that the mechanism associated to its hydrolysis may be close to that of MDO and thus that BMDO should degrade in acidic solution. The strategy we initially envisioned for the emulsion copolymerization of BMDO with MMA was very similar to that we applied to MDO. We thus planned to start with a very classical emulsion polymerization and then eventually investigate more specific systems until finding the most appropriate one. Contrary to MDO emulsion copolymerization however, successful copolymerizations of MMA and BMDO were observed very quickly.

The data displayed in this section are the results of the work of Laura Sinniger during her Master thesis, which was included in the project associated to this thesis.

III.4.A. Preliminary results

We first ran emulsion (co)polymerizations under very conventional conditions, i.e.

using SDS as surfactant and KPS as initiator. A first synthesis was conducted with 5 mol% of BMDO at 70 °C (E1BMDO, Table III.9) and by adjusting the pH to 8.8 with NaHCO3. MMA polymerization was run under the same conditions to provide a reference experiment (E1MMA). (wt%)

Conv. [b] (%)

FBMDO [c] (%)
Zave [d] (nm) PdI

Tg [e] (°C) Next, we sought to identify the obtained polymer. The dried latex E1BMDO was thus analyzed by 1 H NMR (Table III III.9) and E1MMA (blue, Table III.9) (CDCl3, 256 scans). Assignments were made according to a previous report. 3 B stands for a BMDO unit and M for a MMA unit in a triad.

Mn [f] Đ (kg
The introduction of BMDO units was unexpected following the experiments on the aqueous emulsion (co)polymerization of MDO with VAc. MDO proved to be hydrolyzed rapidly in any conditions we tried, preventing its incorporation in the chains. If no information on the rate of hydrolysis of BMDO in dispersed media could be acquired, we still expected BMDO to be very sensitive to hydrolysis since it proved to be degraded very rapidly when put in organic solvent containing traces of water. 7 It was thus expected to be hydrolyzed rapidly when put in an aqueous media at 70 °C. 15 and thus requires high amount of CKA in the initial feed of monomer. For instance, the bulk radical polymerization of MMA with BMDO (50/50 mol/mol) conducted at 50 °C using AIBN leads to a copolymer containing only 13 mol% of BMDO units after 45 h of reaction. 16 In addition, the reactivity ratios combined with the higher solubility of MMA in water probably lead to the formation of polymer chains richer in MMA units at the beginning the polymerization, or even to PMMA chains. In the same line, degradation of BMDO during the polymerization, even limited, could also lead to a point when all BMDO is depleted and only PMMA chains are formed.

SEC analysis performed on the dry extract gave additional information on the impact of the presence of BMDO on its emulsion copolymerization with MMA. Indeed, the molar mass of the copolymer (61 500 g mol -1 ) is significantly lower than that of the PMMA (660 kg mol -1 ) obtained from the emulsion polymerization of MMA in the same conditions. Additionally, the SEC trace is seemingly broader and bipopulated which is materialized by an increased dispersity (5.8 for E1BMDO against 2.1 for E1MMA, Table III.9). This feature may be the results of secondary products generated by BMDO and its hydrolyzed products, which would favor irreversible chain transfer reactions.

The multi-wavelength UV detector of the SEC can bring additional information on the chain composition. Comparing the UV spectra obtained for the dried extract of experiments E1MMA and E1BMDO (Table III.13), we noticed that for E1MMA there is only a single signal with the wavelength of maximum absorbance at about 220 nm, while in the case of E1BMDO, there is also an absorbance between 240 and 260 nm, corresponding to the aromatic cycle of the BMDO units. When samples absorb at different wavelengths, it is possible to obtain the chromatogram for each wavelength.

Here, the chromatograms obtained for the UV detector set at 217 nm and 260 nm (Figure III.23, right) do not fully overlap, indicating a difference in the molar mass depending on the composition of the chains. The chains of higher molar masses appear to contain more MMA units than the one of lower molar masses. In other words, the chains of lower molar masses are richer in BMDO units than the chains of higher molar masses. (fBMDO = 0%) and E1BMDO (fBMDO = 5%, Table III.13). Normalized on the maximum of absorption.

Right: SEC chromatograms from the UV detector set at 218 nm (blue) and 260 nm (red) obtained for experiment E1BMDO (Table 1).

Eventually, the curve obtained from DSC analysis performed on the dried extract seems to present two transitions (Figure III.26). The first transition was found to be at a lower temperature than the one of PMMA and much more pronounced (86 °C, Table III.9). This transition can likely be attributed to the Tg of P(MMA-co-BMDO) random copolymers as the Tg of the PBMDO has been reported to be 16 °C. 15 The second transitions is set at 125 °C and is of much lower intensity than the first one.

We suggested that this thermal signature was probably too high to be associated to PMMA chains as its Tg is usually found below 120 °C. No explanation has yet been found for this feature.

Overall, this experiment indicated that these very classical emulsion conditions can lead to the formation of stable latex made of P(MMA-co-BMDO) copolymers.

III.4.B. Impact of the pH on the copolymerization

Following this very promising result, we tried to investigate the impact of the pH on the polymerization. As already mentioned, if we were not able to evaluate the rate of hydrolysis of BMDO depending on the pH, we assumed it would be increased in acidic media by analogy with the results on the hydrolysis of MDO. We thus conducted emulsion copolymerizations using different bases while maintaining the other parameters of the reaction constant (temperature, initiator, solid content). Conv. [b] (%)

FBMDO [c] (%)
Zave [d] (nm) PdI

Tg [ The use of K2CO2 as a "buffer" (E2BMDO, Table III.10) instead of NaHCO3 (E1BMDO, Table III.10) did not change much conversion and particle size. In both experiment the conversion is high and the particles rather small. Nevertheless, the incorporation of BMDO was slightly increased as experiment E2BMDO yielded a copolymer with an average of 4.6 mol% of BMDO units in the chains. A third experiment was run without adding any base to the medium (E3BMDO Table III.10). Only 73% conversion of MMA was achieved after 90 min and barely any BMDO was integrated in the copolymers. It is also very likely that, in this case, BMDO was hydrolyzed at a faster rate compared to the experiments conducted in the presence of either NaHCO3 or K2CO3 shifting the balance towards the hydrolysis of BMDO rather than its copolymerization. The use of a base is thus of paramount importance to achieve a successful copolymerization of MMA with BMDO under aqueous emulsion conditions.

III.4.C. Impact of the amount of BMDO in the initial feed

We chose to use NaHCO3 as buffer for the next experiment as it led to full conversion of MMA, the formation of a stable latex and incorporation of BMDO into the chains. We thus conducted a series of experiments varying the fraction of BMDO in the initial feed of monomer between 2 mol% and 10 mol% (Table III.11).

Table III.11. Experimental conditions and results for the emulsion (co)polymerization of BMDO with MMA for different fractions of BMDO in the initial feed of monomer.

Run fBMDO [a] (%)

t (min)
Conv. [b] (%)

FBMDO [c] (%)
Zave [d] (nm) PdI

Tg [e] (°C) The syntheses all led to nearly full conversion of MMA (more than 98%) in less than 90 min. Stable latexes were formed in every case (Figure III.24).

Mn [f] Đ (kg
According to the DLS analysis, the hydrodynamic diameter of the particles decreases when BMDO is added to the reaction (from 67 nm to 45 nm, for fBMDO = 0 and 2% respectively, Table III.11), which translates in the aspect of latex to be more translucent (Figure III.24). The hydrodynamic diameter does not vary significantly when the BMDO content increases (45 nm to 47 nm, for fBMDO = 2 and 10%, Table III.11). The content of BMDO in the copolymer (FBMDO), determined by 1 H NMR, increases with the initial fraction of BMDO in the monomer feed. However, the more BMDO in the initial feed, the less is proportionally incorporated in the chains. While an initial fraction of BMDO of 2 mol% (E4BMDO, Table III.11) led to 100% of the BMDO being incorporated in the copolymer (FBMDO = 2%), the synthesis starting with 10 mol% of BMDO (E5BMDO, Table III.11) led to the incorporation of 64% of the BMDO in the copolymer (FBMDO = 6.4%). Yet, an incorporation of 64% into the copolymer after only 2 hours is still in strike contrast with what can be obtained for the bulk copolymerization of BMDO with MMA. Indeed, the copolymerization of MMA with BMDO (50/50 mol/mol) conducted at 50 °C using AIBN in bulk led to a copolymer containing only 13 mol% of BMDO units after 45 h of reaction. 3,16 The molar mass of the copolymer decreases as the amount of BMDO increases. As mentioned above, the occurrence of irreversible chain transfer reactions might be responsible of this phenomenon. Of the copolymers comprising an average of 2% and 3.8% of BMDO units (respectively E4BMDO, fBMDO = 2% and E1BMDO, fBMDO = 5%, Theoretical values (dotted line) were calculated with the Fox's theory.

The Tg of copolymers with low BMDO content (FBMDO = 3.8%, E1BMO and FBMDO = 2.0%, E4BMDO, Table III.11) agree with Fox's theory, but for the higher BMDO mass fraction, the experimental value deviates from the theory. As the BMDO content increases, the amount of degradation products formed due to the sensitivity of BMDO toward water also increases. 17 Hence the presence of these degradation products could plasticize the polymer thus lowering the Tg and justifying the observed deviation from Fox's theory.

III.4.D. Degradation of copolymers

Last but not the least in the context of our works, we probed the degradability of our copolymers. Several methods can be used to degrade CKA-containing vinylic copolymers. Yet, the most convenient and broadly used is the degradation under accelerated hydrolytic condition i.e. in basic conditions using a strong base such as KOH. 7,18,19 First, we checked that this protocol did not affect the copolymers obtained in the control experiment, E1MMA. As expected, the molar mass of this product did not change significantly after treatment of the dry extract by KOH (Table III.12, 660 to 632 kg mol -1 after degradation), further showing that esters of MMA units remained untouched.

For every experiment performed in the presence of BMDO, SEC traces shifted toward the lower molar masses after treatment of the dried extracts with KOH in THF/MeOH (Figure III.29). All copolymers suffered a loss of molar mass of more than 80% (Table III.12). Those results prove the degradability of the copolymers and confirm the incorporation of BMDO units. It is worth mentioning that molar mass values obtained remain higher than the calculated theoretical ones. Several factors may explain this observation. The rROP of CKAs is known to lead to some ring retention. The fraction of the BMDO leading to closed acetals units would not degrade. The presence of such units can usually be assessed by 13 C NMR analysis. However, in our case, the relatively low BMDO content associated with the high concentration required to perform 13 C NMR 123 did not allow obtaining exploitable results. It is also possible that the mole fraction of BMDO in the copolymer, as determined by NMR, is overestimated due to the inaccuracy of the 1 H NMR signal integration. Eventually, it is very likely that the distribution of the degradable ester functions along the chain is uneven resulting in asymmetrical degradation products. 20 Nonetheless, the results of this degradation proved that we did obtain stable latexes made of degradable PMMA-based polymers. III.12).

Overall, emulsion copolymerization of BMDO with MMA provides a very interesting route for the synthesis of nanoparticles made of degradable vinylic polymers as the most conventional conditions allowed yielding stable latexes made of P(MMA-co-BMDO) copolymers. The synthesis proved to be successful only in basic media, which is probably due to an increase rate of hydrolysis of BMDO under acidic conditions. The integration of BMDO into the chains was not quantitative. Yet, it does not suffer from the comparison with copolymerization of MMA with BMDO in homogeneous media.

Eventually, all copolymers proved to degrade showing a loss of molar mass of at least 80%.

The successful copolymerization of BMDO with MMA under conventional emulsion polymerization conditions raises several questions on the hydrolysis of CKAs. The elucidation of the mechanism of hydrolysis of BMDO was only partially addressed and some results remain confusing. On the first hand, BMDO seems to be hydrolyzed very rapidly in an organic solvent containing traces of water as previously reported in the literature. 7 This was confirmed experimentally as quantitative hydrolysis of BMDO was observed in CDCl3 containing traces of water. On the other hand, BMDO proved to be able to copolymerize rather easily with MMA under emulsion conditions in water at 70 °C, indirectly indicating a good resistance to hydrolysis under those conditions, while MDO proved to be hydrolyzed incredibly rapidly in similar environments the monomer excepted, which is rather unintuitive.

It is possible that the reason of a limited hydrolysis in an aqueous dispersed medium

for BMDO has something to do with the nature of its products of hydrolysis. Indeed, if for MDO the hydrolysis product (4-hydroxybutyl acetate) is water-soluble, this is not the case for those of BMDO (D1 and D2). The degradation in an organic medium may thus promote the hydrolysis of BMDO, since the resulting products will be soluble. On the other hand, in aqueous media, the hydrolysis could lead to insoluble products and thus be limited.

III.5. Conclusion

Investigation of the copolymerization of MDO and BMDO with vinylic monomers under aqueous emulsion conditions led to mixed results. On the first hand, MDO proved to be very sensitive to hydrolysis no matter the conditions employed and emulsion copolymerization with VAc was not possible. During our investigations, a patent followed by an article stated that the copolymerization of MDO with VAc was possible through very fine adjustments of the formulation. 13,14 This work proved the feasibility of a stable latex made of degradable chains by emulsion copolymerization of MDO with VAc in water and the optimizations performed were consistent with our understanding of the issues to be overcome. Nevertheless, our work along with the fact we were unable to reproduce those latter results under our own conditions tend to demonstrate that this system is very hard to control and sensitive to tiny variations in the formulation.

On the other hand, BMDO was found to copolymerize surprisingly well with MMA under very conventional emulsion conditions using thermal initiation and SDS at 70 °C in water. Those results were not expected considering the reported sensitivity of BMDO toward hydrolysis and acknowledging the results on the hydrolysis of MDO depending on the aqueous medium. Overall, the aqueous emulsion copolymerization of BMDO with MMA constitutes in a very promising process for the synthesis of latexes made of 125 degradable vinylic polymers using CKAs. Nonetheless, the syntheses still led to a substantial hydrolysis of BMDO. Improvements of the process may go through the design of new type CKAs and notably of CKAs that would show enhanced resistance to hydrolysis. This was one of the original goals of the ANR project but was let off as the use thionolactones proved to be even more beneficial (see Chapter V).

III. 

III.6.B. Hydrolysis of MDO in dispersed media

About 0.9 mL of the aqueous phase was put in a 2 mL flask. About 0.1 mL of MDO was then added and the mix was vigorously stirred with a magnetic stirrer. Samples were withdrawn periodically and diluted in acetone-d6 to perform 1 H NMR.

III.6.C. Bulk copolymerization of MDO with VAc

Bulk copolymerization of VAc with MDO was performed in a vial according to previous report. 8 The polymer was recovered by precipitation in diethyl ether, yielding a white powder that was characterized by 1 H and 13 C nuclear magnetic resonance (See chapter VII).

III.6.D.b Emulsion polymerization of VAc in the presence of PEG-X.

All emulsion polymerizations were performed using the following protocol. VAc, PEG-X, AIBA and deionized water were introduced in a 50 mL one-neck round bottom flask, which was immersed in an ice bath. After degassing of the medium for 20 min under argon, the flask was placed in an oil bath previously heated at 70 °C. After 1h30 under stirring at about 400 rpm, the reaction was quenched by immersion of the flask in an ice bath and exposure to air. VAc consumption was followed by gravimetric analysis of samples withdrawn from the medium at different times. The latexes were then purified by dialysis against water for 1 week using 3500 MCWO dialysis tube. After one week the pH of the latex goes from about 2.5-3 to 6.5-7.

Table III.13 gather the results of the synthesis made for all the batch of seeds that were used in section III.3. 

III.6.H. Analytical techniques

Nuclear magnetic resonance (NMR).

1 H and 13 C spectra were recorded on a Bruker Avance III 400 MHz spectrometer ( 1 H: 400 MHz; 13 C: 100 MHz) at 25 °C. The samples were diluted in CDCl3 at concentrations of about 30 mg mL -1 for 1 H and 90 mg mL -1 for 13 C. NMR spectra were recorded with a 5 mm BBFO+ probe with a z-gradient coil.

Size exclusion chromatography (SEC).

SEC analyses were performed using a Viscotek system (Malvern Instruments) including a four-capillary differential viscometer, a differential refractive index (RI)

detector and a UV detector. THF was used as the mobile phase at a flow rate of 1 mL min -1 at 35 °C. All samples were injected at a concentration of 3 to 5 mg mL -1 after filtration through a 0.45 μm PTFE membrane. The separation was carried out on three Polymer Standard Service columns (SDVB, 5 μm, 300 x 7.5 mm) and a guard column.

The average molar masses (number-average molar mass, Mn and weight-average molar mass, Mw) and the molar mass dispersity, Ɖ = Mw/Mn, were calculated from the RI signal with a calibration curve based on polystyrene standards (Polymer Standards Service) for experiments using VAc, and from PMMA standards (Polymer Standards Service) for experiments run using MMA.

Dynamic light scattering (DLS).

The intensity-weighted mean diameter (or Z-average diameter), Zave, of the latex particles and the polydispersity index (PdI) were measured at 25 °C using a Zetasizer Nano Series (Nano ZS) from Malvern Instruments. Before measurements, the latex was diluted with water. The mean particle diameter was averaged over three consecutive runs. The data were collected at 173° scattering angle using the fully automatic mode of the Zetasizer system and fitted with the cumulants analysis.

Differential scanning calorimetry (DSC). 

IV.1. Introduction and aim of the work

Although CKAs have been the most widely used comonomer to introduce cleavable ester functions in vinylic polymers, it was shown that their high sensitivity to ambient conditions and notably toward hydrolysis may limit their applications. In the previous chapter, we established that although the emulsion copolymerization of CKA is possible and can lead to sufficient incorporation of cleavable functions, manipulation of CKA remains tricky and leads to high amount of hydrolysis when not using the appropriate formulation. Successful emulsion copolymerization of CKAs is thus strongly formulation-dependent and may not be adaptable to a wide range of applications.

Subsequently, finding more universal alternatives seems pertinent.

Thionolactones have lately been recognized as a very promising type of monomers for the introduction of cleavable functions into the backbone of vinylic polymers through radical polymerization. [1][2][3][4] In the first hand, -thionolactone (TCL) proved to be able to copolymerize with less activated monomers and notably with VAc. However, its copolymerization in homogeneous media proved to be rather tricky and led to rather low incorporation of thioester units and inhibition of the polymerization, unless the right initiating system was employed. 1,2 It was also mentioned that TCL may be sensitive to hydrolysis and oxidation. 2 Acknowledging those works, we performed a couple of experiments in order to copolymerize TCL with VAc. Those preliminary works led to total inhibition of VAc polymerization and to degradation of TCL, probably through the above-mentioned hydrolysis or oxidation pathway. Recognizing the reported difficulty associated to the copolymerization of TCL with VAc along with those preliminary results, this system was not investigated further.

On the other hand, dibenzo[c,e]oxepane-5-thione (DOT) was designed specifically to have a tailored radical reactivity and also proved to be a more stable and reliable monomer. As detailed in Chapter I, DOT easily copolymerized with acrylates 3,4 and with styrene under the appropriate conditions. 5 We thus decided to focus on this monomer in our study. First, we investigated the copolymerization of DOT with n-butyl acrylate (BA) under conventional emulsion conditions. The very promising results

brought by those experiments led to us to envision the copolymerization of DOT with styrene under the same conditions. Eventually, we sought to extend this process to the terpolymerization of DOT with BA and styrene.

Most of the data presented in this chapter have been recently published in Angewandte Chemistry, International Edition. 6

IV.2. Copolymerization of DOT with n-butyl acrylate

IV.2.A. Conventional emulsion polymerization and preliminary results

With the aim of identifying the simplest system possible, aqueous emulsion copolymerizations of DOT and BA were thus conducted using the most basic ab initio batch system, with sodium dodecyl sulfate (SDS) as surfactant and potassium persulfate (KPS) as the sole water-soluble initiator. In a first experiment, a mixture of BA containing 5 mol% of DOT was prepared prior to its addition to the aqueous medium to target a 18 wt% solids content (A1, Table IV.1). Despite stirring, the monomer mixture remained biphasic as BA seemed to be unable to fully solubilize DOT, the latter remaining visible as a fine solid, either in suspension or stuck on the wall of the reactor.

Upon addition of the aqueous phase (namely water, SDS and KPS), three phases could be observed: the aqueous phase, dispersed drops of DOT solubilized in BA and solid DOT in suspension. The reaction was still carried out, starting from the turbid yellowish medium that formed upon stirring. The synthesis led to a white milky dispersion in about one hour. [g] Experimental number-average molar mass and dispersity, Mw/Mn, of the copolymer determined by SEC-THF using a calibration based on PMMA standards. [h] Intensity-average diameter and polydispersity of final latexes from DLS. A0' is a second reference experiment made for the syntheses run at 70°C.

Coagulum was however formed, to the extent of 18 wt% of initial monomer mass preventing an accurate conversion of BA through gravimetric analysis (estimated to 66 % for the stable latex fraction). The success of an emulsion polymerization is subject to the use of a hydrophobic monomer with some solubility in water, even very low. This ensures not only an efficient initiation in water but also its diffusion through the aqueous phase from the monomer droplet reservoirs to the nucleated particles.

While this is the case for BA, the apparent absence of solubility in water for DOT, combined with its low solubility in BA, may not allow for an efficient diffusion of both monomers through the aqueous phase leading to some bulk polymerization and thus formation of solids in the medium. with the corresponding assignments, and from latex A0 obtained with BA as sole monomer (blue).

It is worth mentioning that 1 H NMR spectrum of the coagula turned out to be the same.

However, the higher relative integration of protons g and h proved that the copolymers forming the coagula contain, on average, more DOT compared to the particles (FDOT = 6.7%). Eventually, no residual traces of DOT were found in any of the spectra and no sign of impurities that could be linked with a potential degradation of DOT were noticed, meaning that DOT was fully integrated. Eventually, the dry extract was treated with isopropylamine (IPA) and KOH, as thioester containing polymers are known to be sensitive to aminolysis and hydrolysis. 3,7,8 The SEC traces of the recovered products (Figure IV.3) showed a much lower molar mass (from 160.8 kg mol -1 to 16.4 kg mol -1 using isopropylamine and to 11.0 kg mol -1 using KOH), which accounts for a decrease in Mn of more than 90 % for both treatments.

This first experiment thus proved the feasibility of a degradable polymer-based latex through a very simple emulsion copolymerization of DOT with BA. Yet, this experiment also points out a number of intricate and correlated issues, among which the formation of coagulum leading to reduced yield of DOT incorporation. In that respect, several experiments were thus dedicated to the optimization of the experimental conditions in order to reduce the amount of coagulum.

The solids content was first reduced to 10 wt% (A2, Table IV.1) while maintaining the DOT molar fraction to ca. 5 mol%. To improve solubilization of DOT in BA, the monomer mixture was sonicated for 30 min prior to addition of the aqueous phase. A fraction of the DOT was however still present under the form of a very fine solid in suspension, confirming that DOT has a rather low solubility in BA. The copolymerization was then initiated, again starting from a triphasic system. As expected, this synthesis also led to the formation of a multiphasic system with a yellowish supernatant and solids stuck on the reactor wall to the extent of about 12 wt% of the initial mass of monomers (Figure IV.4). However, the yield was higher (73 %) than in our original trial (66 %). The 1 H NMR spectrum of the product recovered from the dry extract showed a good incorporation of DOT units in the copolymer (4.2 mol% for 5.3 mol% in the initial monomer feed).

Additional experiments were then performed using either anisole or acetone as a cosolvent to improve solubility of DOT in the monomer mixture. It did not improve the situation. Using acetone, DOT starts demixing almost instantaneously when the aqueous phase is added to the monomer mixture likely because of the high miscibility of acetone with water. Anisole being a rather highly hydrophobic solvent may have excessively hindered the diffusion of monomer/radicals between the different phases, resulting in a total inhibition of the polymerization. hydrophobic monomer that exhibits a solubility (even very low) in water. As already mentioned, this ensures not only an efficient initiation in water but also the diffusion of the monomer through the aqueous phase, from the monomer droplet reservoirs to the nucleated particles. While this is the case for BA, the very poor solubility of DOT in water and its low solubility in BA may not allow for an efficient diffusion of both monomers through water leading to some side polymerization in this DOT-rich phase.

Nevertheless, the yield for both A3 and A4 was significantly higher than for the previous experiments with, respectively, 87 % at 80 °C and 83 % at 70 °C. Eventually, for fDOT = 1 mol% (A5, Table IV.1), the medium remained homogeneous throughout the whole synthesis leading to a stable and coagulum-free latex (Figure IV.4) and still a good incorporation of DOT units (FDOT = 0.9 %).

Overall, emulsion polymerization experiments showed the difficulty in obtaining clean starting media and consequently the difficulty in obtaining coagulum-free latexes, even though, in every case, syntheses led to stable latexes. In addition, 1 It is worth mentioning that the reactor and stirring may also play an important role in the formation of those coagula. In the present work, the low amount of available DOT led us to target small volumes of latex (less than 20 mL) and syntheses were accordingly performed in round bottom flask with a simple magnetic stirrer. Despite those unideal conditions, we were still able to obtain very promising results. Syntheses performed using under optimized conditions in conventional reactors may provide cleaner systems for the emulsion copolymerization of DOT with BA.

Nonetheless and due to all the above-mentioned limitations, we looked for other means to improve the stability of our system.

IV.2.B. Pseudo-miniemulsion/sonication-assisted emulsion copolymerization of DOT and BA

Miniemulsion polymerization protocols were then investigated to decrease the impact of DOT solubility issue in BA and monomer diffusion issues through the aqueous phase.

In a miniemulsion polymerization, the nucleation takes place in pre-stabilized monomer droplets formed after applying high shear to the polymerization mixture. 9 For this purpose, hexadecane (HD) was added to the monomers as a co-stabilizer, and after addition of the aqueous phase of SDS, KPS and water, the mixture was sonicated with an ultrasound probe.

The miniemulsion polymerization of BA alone was possible using the appropriate formulation and sonication process (M0*, Table IV. and looked quite homogenous even for high DOT content (for fDOT = 5% for instance) compared to the initial dispersion formed without hexadecane and sonication. Even though this process did not allow providing a proper miniemulsion system, the subsequent successful polymerization of the resulting dispersion can be regarded as sonication-assisted emulsion polymerizations. 10 These polymerizations indeed showed better reproducibility and much less or no coagulum. This allows obtaining representative samples and thus run kinetic measurements up to a content of 2 mol% of DOT in the initial feed. Syntheses with DOT feed ranging from 1 mol% to 4.8 mol% were conducted using those media as they stood (Table IV. (%) to the copolymerizations of DOT carried out in organic solution where reactions last at least several hours and for which conversions were not always quantitative. 4,7,8 This is due to the beneficial effect of compartmentalization of the emulsion polymerization process. DOT, however, seems to have a retarding effect on the emulsion polymerization of BA. As mentioned previously (see section I.3.C), those results are in accordance with the already observed retardation by Bingham et al. 3 in the cases of radical copolymerization of methyl acrylate with DOT. The authors explained this behavior by analogy to retardation due to slow fragmentation in the case of RAFT polymerization using dithiobenzoates. 11 In addition, the previously observed tendency of DOT to be inserted at a faster rate than acrylates 3,4 is confirmed here, meaning that a drift in composition, i.e., in the content of degradable units in the chains over the course of the copolymerization, should be expected. Indeed, the observed decrease of the average molar fraction of DOT units in the copolymers over the course of the reaction (Figure IV.8) corroborates this assumption. The formation of PBA chains might therefore take place towards the end of the reaction when DOT has been consumed entirely.

Tg [f] (°C)
The higher rate of consumption of DOT compared to BA may be seen as an unwanted feature leading to chains with disparate amount of DOT. However, this interpretation is only valid in batch conditions. It can be recognized as profitable characteristic when considering continuous flow processes. Under these conditions, the appropriate adjustment of the process parameters could allow to synthesize copolymers with a higher fraction of DOT units than the fraction of DOT in the initial monomer feed. This could be particularly interesting considering that the amount of DOT one can put in the initial monomer feed is limited because of the solubility of DOT in BA, even though it will inevitably lead to large amounts of residual BA. It is worth mentioning that the size of the particles decreases as the molar fraction of DOT in the initial feed increases for both sonicated-assisted emulsion polymerization (M0, M1, M2, M3 and M4, Table IV.3) and emulsion polymerization (A0', A2, A3, A4 and A5, Table IV.1). This phenomenon is not necessarily expected and hard to explain in such a system where several factors influence the size of the particles. In emulsion polymerization, the size of the particles depends on the nucleation step which itself will be strongly influenced by parameters such as surfactant concentration, solid content, ionic strength or the nature of the comonomers and their relative solubility in water (see chapter II). It is widely accepted that, in emulsion polymerization, the first oligomer radicals are generated in the aqueous phase where they grow until they reach a critical degree of polymerization at which they become insoluble in water. This phenomenon leads to the formation of nuclei once these oligoradicals are captured by micelles (in the case of micellar nucleation) and will thus dictate the number and the size of the particles created. This critical degree of polymerization will obviously depend on the monomer solubility in water and will be shorter for less soluble monomer (such as styrene) and longer for the more soluble ones (such as vinyl acetate). The nucleation will thus also depend on the nature of the oligoradical created in the first moment of the polymerization. In the case of emulsion copolymerization DOT and BA, results show that DOT is consumed more rapidly than BA resulting in the formation of copolymers with higher DOT content in the beginning. It is thus reasonable to assume that the first oligomers are DOT-rich. In addition, DOT seems to be far less water-soluble than BA which would mean that DOT-richer oligomers would reach short degree of polymerization before precipitation, resulting in the creation of more objects and eventually smaller particles as observed in Table IV IV.3).

In addition, for the control experiments with only BA (A0, A0' and M0) it was not possible to perform any SEC analysis. Neither on the original copolymers (nor after the degradation procedure), as the samples could not be filtered before injection, while no issues were found with any of the samples obtained from syntheses involving DOT. BA, and more generally acrylic monomer polymerization, is prone to irreversible chain transfer to polymer leading to branching, especially at higher temperature. 12 The presence of this shoulder was thus rather attributed to chain transfer reactions that can ultimately lead to crosslinking and the formation of a second population of much higher molecular weight. 13 Anyhow, the increase in DOT contents seems to reduce the phenomenon as the shoulder is not visible anymore for latex M4 (Figure IV.11) for which fDOT = 4.8%. It is possible that DOT exerts some sort of control over branching during BA polymerization as styrene is known to. 14 Considering the fact that DOT is both polymerized at a faster rate and has a retarding effect on the polymerization of BA, it is likely that, at a given time, propagating chains would statistically have a higher chance of carrying DOT as ultimate or penultimate units. If those radicals are less inclined to induce transfer to polymer, the occurrence of branching would be reduced compared to DOT-free polymerization.

To assert fully that we did obtain the expected copolymer and it has indeed crosslinked, further analysis of the microstructure of the copolymers might be required. However, the low amount of incorporated DOT units prevented from getting additional meaningful information from HMQC or basic 13 C NMR experiments.

The degradation of the copolymer chains incorporating ring-opened monomer units is convenient and already well documented. Several routes are possible for acrylic polymers containing in-chain thioester link as shown by the experiments conducted by the groups of Roth 3 and Gutekunst. 4 The most convenient way is to use isopropylamine. It was notably shown to be particularly efficient in the case of BAbased copolymers. It is also possible to use concentrated solutions of KOH. 7 Alternative routes were probed and a very fast and complete degradation was achieved through the use of a strong organo-soluble base such as 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD). 5 In the frame of this work, the chain degradation must take place after an appropriate treatment of the latex itself and as such particles degradation is more challenging as the degradation process will also depend on the ability of the nucleophile to diffuse through the aqueous phase and reach the particle core. It is possible to estimate the molar mass after degradation by assuming a perfect distribution of DOT units along the PBA chain and no consecutive DOT units, leading to a statistical copolymer. The DOT-based copolymers are made of n segments each composed of x vinyl monomer units and separated by one cleavable DOT unit. The degradation would thus lead to n chains carrying chain-end moieties originating from the degraded DOT unit. The theoretical molar mass of the degradation product is then inversely proportional to the fraction of DOT in the copolymer (Scheme IV.1). This assumption is however only valid for copolymers with either high molar masses or exhibiting high DOT content as it requires that n is significantly higher than x. The comparison between the experimental molar mass of the degraded products and the theoretical one (Table IV.4) shows that, even if isopropylamine is convenient and most of the time sufficient to degrade in-chain thioester functions, TBD is more suitable to ensure complete degradation. Control experiments A0 and M0 also underwent the degradation treatment to attest that the observed shift in molar masses was specific of the in-chain thioester linkages.

Neither the original dried latexes (as mentioned above) nor the treated ones were soluble enough to run SEC analyses, indirectly indicating that treatment with TBD or isopropylamine was not efficient. IV .4). Relation between the molar mass of the degraded product and the reactivity ratios of both the vinylic and the monomer bringing the degradable units have already been simulated in the case of copolymerization of 2-methylene-1,3-dioxepane (MDO). 15 It was notably shown that the copolymerization of comonomers with disparate reactivities would result in a drift of composition leading to intermolecular heterogeneity in the case of radical polymerization (or intramolecular heterogeneity with gradient copolymer in the case of RDRP), which would result in degradation products featuring broad molar mass distributions in both cases. As for radical emulsion copolymerization of DOT and BA, increased dispersities for degradation products thus settles the kinetic results, as this phenomenon is symptomatic of an uneven distribution of DOT units in the different polymer chains.

Eventually, straightforward approaches to degrade latex samples were probed. First, dilution of the latex in KOH solutions was evaluated without success. SEC analyses of the resulting chains did not show any sign of decrease of molar mass compared to the starting latex. In addition, the aspect of the latex remained visually unchanged apart when high KOH concentration was used for which the latex ended up precipitating/coagulating probably through a salting out effect. Isopropylamine was also used and led to very partial degradation of the copolymers and larger particles.

Ultimately, by diluting the latex in a concentrated aqueous TBD solution, complete degradation of the copolymers was observed as shown by the SEC analyses (M1, M2 and M4, Figure IV.14). It was expected that TBD could readily degrade polymer chains inside dispersed particles as it is both water-and organo-soluble and may thus be able to diffuse from the aqueous phase to the core of the particles. Interestingly, the aspect of the latex did not change substantially after treatment with TBD although SEC of the resulting product did show that the copolymers were degraded (Figure IV.14).

Nonetheless, DLS analyses performed on the resulting medium attest that it was still composed of particles even though they were larger, and the particle size distribution was much broader. For instance, degradation on latex M2 led to particles almost twice as big as the initial ones (Zave = 75 nm, PDI = 0.21). This feature is indeed very interesting on an applicative point of view, as it allows to employ the target latex and manipulate the degraded chains as stable dispersions.. In conclusion, the degradation studies confirmed that emulsion polymerization process can be used for the copolymerization of DOT with BA to afford, in less than one-hour, degradable PBA-based polymers. This process however showed some limits. First, the low solubility of DOT in BA along with a potential low solubility of DOT in water proved to induce the formation of unwanted coagulum during the synthesis when increasing the feed of DOT. In addition to their different solubility in water, the reactivity of BA and DOT probably led to the formation of copolymers chains with a decreasing DOT content during the reaction leading to heterogeneous degradation products.

Nonetheless, even when coagulum was obtained, all syntheses led to the formation of stable nanoparticles made of PBA based copolymers that can be degraded into chains of lower molar masses depending on the DOT content. The use of sonication-assisted emulsion polymerization allowed improving the syntheses by reducing the amount of coagulum and by affording more reproducible results.

It should be noted that, even though most of our work was dedicated to sonicationassisted emulsion polymerization, emulsion process probably remains more interesting for further development as it does not require the use of hexadecane, which may be unwanted in many applications.

IV.3. Emulsion copolymerization of DOT with styrene

Following the promising results obtained for emulsion copolymerization of DOT and BA, we suspected DOT to be able to copolymerize readily with styrene in emulsion under appropriate conditions. While copolymerization of styrene and DOT in homogeneous media was found to be only accessible at high temperature or in presence of a low amount of DOT, 5 we anticipated that the mechanism of compartmentalization associated with emulsion polymerization may be a trigger to the copolymerization. 16 We thus applied the same emulsion process as the one used for emulsion copolymerization of DOT with BA. Yet, the temperature was raised to 80 °C as copolymerization in homogeneous media suggested that high-energy activation is required to achieve the copolymerization between DOT and styrene, varying the DOT content between 0 and 5 mol% (Table IV.5). 5 Table IV.5. Experimental conditions and results for the emulsion polymerization of DOT with styrene.

Run

fDOT [a] (%) The use of styrene instead of BA barely improved the solubility of DOT in the monomer (2 mol% (3.5 wt%) in BA against 3 mol% (6 wt%) in styrene). Syntheses led to the formation of coagulum at DOT content above 3 mol% although the impact on the stability of the latex seems to be less prominent as shown by the lower coagulum content for S1 (Table IV.5) versus M4 (Table IV. IV.5) which is absent from the spectrum of pure polystyrene. This signal is attributed to the proton b' characteristic of a styrene unit next to the thioester of a DOT unit. The multiplicity of the signal is presumed to be linked with polymer tacticity. 3 The integration of this signal was compared to that of signal a to estimate the molar fraction of DOT units in the copolymer. For every synthesis, the molar fraction of DOT in the obtained copolymer remains very close to the molar fraction of DOT in the initial monomer mixture (Table IV.5). Both styrene conversion and the composition of the copolymer were followed over the course of the synthesis for the experiment using 3 mol% of DOT in the initial monomer feed and compared to the DOT-free synthesis (respectively S3 and S0, Figure IV.18, Table IV.5). Unlike emulsion copolymerization of BA with DOT that resulted in a composition drift, styrene copolymerization did not seem to be impacted by the presence of DOT as both experiments reached quantitative conversion at similar rates within about one hour. The DOT content in the polymer increased slightly over the course of the reaction as the lowest average content of DOT units observed is about 2.5 mol% for 50% styrene conversion and reaches 3 mol% at higher conversion. In homogeneous solution, the incorporation of DOT is halved compared to that of styrene at 80 °C and reached a similar conversion at 150 °C. 5 In emulsion, the compartmentalization seems to even lower the reactivity difference between styrene and DOT and thus it is not necessary to increase the temperature to 150 °C as for solution copolymerization to have a statistical incorporation of thioester moieties into the PS backbone. 5 IV.6). Dispersities even proved to be lower after degradation. For instance, the dispersity of the original copolymers obtained for experiment S2 was 3.0, while the oligomers obtained after degradation possess a dispersity of 2.7 (Table IV.6). In addition, the molar mass of the degraded copolymers decreases with the increase of their DOT content following the trend of the theoretical values (Figure IV. 19). Combining those results with the kinetic data shows that the insertion of DOT units in the case of copolymerization with styrene seems to be much more regular than with BA, thus yielding truly random copolymers. Unlike what was achieved with P(BA-co-DOT), it was however not possible to degrade any of the P(S-co-DOT) copolymers as waterborne particles with TBD using the same protocol as the one used in the case of PBA-based latexes, i.e. 1 wt% of particles in an aqueous solution containing 1 wt% of TBD. The degradation of the copolymers as particles was reassessed on latex S3 (Table IV.5) in an aqueous media with higher concentration of TBD. In the protocol used here, the degradation was ran for a 2 wt% of particles in an aqueous solution containing 5 wt% of TBD. This time, degradation occurred and oligomers displaying a number average molar mass of 5.0 kg mol -1 were recovered. Nonetheless, and compared to the PBA-based particles, the PS-based particles require harsher conditions. As mentioned above, when degradation is undertaken directly on dispersed polymer particles, the degrading agent must diffuse from the aqueous phase to the particle core. Several factors may hinder the TBD diffusion inside the particle core, among which the ability of the degrading agent to swell the entangled polymer chains, which may itself be linked with the Tg of the copolymers. Whereas PBA-based copolymers exhibit Tg way below ambient temperature (-40/-50 °C, Table IV.4), PS-based copolymers present Tg way above (about 100 °C, Figure IV.20). In the case of PS, the "glassiness" of the particles may thus limit the access to the core.

IV.4. Emulsion copolymerization of DOT, n-butyl acrylate and styrene

As DOT proved to copolymerize readily with both styrene and BA, we sought to implement the emulsion terpolymerization of DOT with both BA and styrene in order to obtain degradable copolymer latexes with a wide range of Tg. A series of experiments was thus conducted with 2 mol% of DOT in a mixture of styrene and BA with varying molar ratios. Syntheses all led to stable and coagulum-free latexes ( Table IV.7), with conversion of BA and styrene above 90% in about 60 min. Once again, it was possible to degrade the copolymers under the form of dry extract.

As expected, treatment with IPA proved to be efficient only for the polymers with low amount of styrene ( Table IV.7). Treatment with TBD however seemed to yield full degradation for every synthesis. Indeed, molar mass distributions of the copolymers and their degradation products differ significantly depending on the amount of styrene in the initial monomer mixture.

The shoulder toward high molar masses observed for the styrene-free synthesis disappears as the amount of styrene increases. In addition, molar mass distributions of degradation products show the disappearance of the tailing toward the higher molar masses and overall narrower molar mass distributions for the syntheses using styrene and BA compared to the ones using only BA (Figure IV.21). Once again, this is shown by the decrease of the dispersity but also in lower Mn for degradation products ( Table IV.7). Combining the fact that the shape of the distribution and the dispersity are left almost unchanged after the degradation process, it is reasonable to assume that the incorporation of DOT units is more homogeneous in these systems than in the ones involving BA and DOT. NMR analyses did not allow determining the average fraction of DOT units in the copolymers as the corresponding spectra did not present any isolated-enough signals that can be specifically related to a DOT unit. Nonetheless, incorporation of DOT was confirmed indirectly by degradation experiments. Indeed, while degradation occurred for the copolymers obtained using DOT in the initial feed, no degradation was observed in the case of DOT-free synthesis (AS0, Table IV.7).

Those syntheses proved that emulsion terpolymerization of DOT with styrene and BA allows yielding latexes made of degradable polymers with adjustable thermal properties. Varying the ratio between BA and styrene in the initial feed allows tuning the Tg between -45°C and 100°C while maintaining the possibility to obtain >90% loss of molar mass upon degradation of the copolymers. Those latter experiments provide valuable results as it may bring new opportunities for the implementation of degradable films.

IV.5. Reproducibility

Before concluding on this chapter on the emulsion copolymerization of DOT in aqueous media, it is important to mention briefly that some reproducibility issues were sometimes encountered. Depending on the batch of DOT and more specifically on the method used for the purification of DOT, we obtained slightly different results on the copolymerization of DOT with BA or styrene, even though DOT showed no sign of impurities (by NMR analyses), no matter the batch. Detailed information is given in annexe 1.

Overall, we determined that the batch of DOT had an influence on the size of the particles, amount of coagulum and molar masses. However, it is important to acknowledge that the copolymerization of DOT in emulsion was successful no matter the batch, since the latter seemed to have no or little influence on the integration of the thioester units into the copolymers. This is consistent with the probable presence of very small quantity of impurity from batch to batch, which would impact the physicochemistry of the emulsion process rather than the chemistry of the copolymerization.

It is worth mentioning that all the results presented as a single series of experiments in this chapter (notably the results presented in the same table) were obtained using the same batch of DOT.

IV.6. Conclusion

Emulsion copolymerizations of DOT with BA, styrene or both proved to be very promising systems for the synthesis of degradable latexes. Indeed, the most conventional formulation, i.e. using SDS and KPS, allowed yielding stable latexes made of degradable copolymers. DOT did not show any sign of degradation and was almost quantitatively integrated in the chains every time. However, its low solubility in vinylic monomers makes the synthesis of DOT-rich copolymers very tricky in such emulsion polymerization process. Nonetheless, it was shown that polymers with only 2 mol% of DOT units could suffer a loss of molar mass of more than 90% upon cleavage of the thioester units.

Proving that DOT can be copolymerized readily in such simple processes could mean that this copolymerization system may be more universal than emulsion copolymerization of CKA in emulsion considering DOT is not subjected to hydrolysis and the success of its coplymerization in aqueous dispersed media is thus formulationdependent. It could thus be more easily adapted to various formulation depending on the targeted application.

Eventually, it is worth noting that DOT is only the first available thionolactone to be synthesize and thoroughly investigated in the frame of radical copolymerization with vinylic monomers. The synthesis of other thionolactones may allow overcoming the limits associated with DOT. Changing the substituting groups may notably allow adapting their radical reactivity and subsequently widening the range of compatible vinylic comonomers. In addition, it could provide more monomer-soluble/watersoluble thionolactones enabling the introduction of enhanced fraction of thioesters units in the copolymers obtained by emulsion polymerization.

IV.7. Experimental section IV.7.A. Materials

n-Butyl acrylate (BA, Aldrich, 99%), styrene (S, Aldrich, 99%), potassium persulfate (KPS, Aldrich, 99%), sodium dodecyl sulfate (SDS, Aldrich, 99%), sodium bicarbonate (Aldrich, Bioreagent), hexadecane (HD, Aldrich, 99%), isopropylamine(IPA, Aldrich, 99.5%), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, Aldrich, 98%), potassium hydroxide (KOH, Aldrich, 85%), dichloromethane (ACS reagent, Aldrich) and THF (Biosolve) were used as received. Dibenzo[c,e]oxepane-5-thione (DOT) was synthesized in a two-step method starting from diphenic anhydride as reported in the literature. 3 Water was deionized before use (Purelab Classic UV, Elga LabWater).

IV.7.B. Experimental procedures

Ab initio emulsion polymerization of DOT with either BA, styrene or BA and styrene Ab initio emulsion polymerizations of vinylic monomers and DOT were performed in a two-necked round bottom flask equipped with a condenser under argon. First, DOT was mixed with the vinylic monomer(s) and vigorously stirred. The mixture was then placed in an ultrasonic bath for about 20 min to ensure maximum solubilization. An aqueous solution containing KPS (8 x 10 -3 mol L -1 ), NaHCO3 (1.5 x 10 -2 mol L -1 ), water and SDS (2 x 10 -2 mol L -1 ) was then added to the monomer solution and the medium degassed for 15 min under argon. The flask was then placed in an oil bath at 70 °C for BA, 80 °C for styrene and 80 °C for BA and styrene under stirring at 500 rpm for 1 to 2 h, before being quenched by immersion in an ice bath and exposure to air. Vinylic monomers consumption was followed by gravimetric analysis, and both DOT consumption and the average molar fraction of DOT units in the copolymers (FDOT)

were followed by 1 H NMR spectroscopy performed on dried samples. For some experiments, samples were withdrawn during the polymerization to follow individual monomer consumption and estimate FDOT as a function of time.

Sonication-assisted emulsion polymerization of BA with DOT Sonication-assisted emulsion polymerizations of BA and DOT were performed in a twonecked round bottom flask equipped with a condenser under argon. First, DOT was mixed with BA and hexadecane (6 wt% compared to total monomer weight) in a vial and vigorously stirred. An aqueous solution containing NaHCO3 (1.5 x 10 -2 mol L -1 ), water and SDS (2 x 10 -2 mol L -1 ) was then added to the organic solution. The resulting mixture was ultrasonicated (750W Vibracell 75042, amplitude 20%, pulse 10s/10s) during eight minutes. Eventually, the medium was added to the round bottom flask and degassed for 15 min under argon while KPS was added (up to 8 x 10 -3 mol L -1 ).

The flask was then placed in an oil bath at 70 °C under stirring at 500 rpm for 1 to 2 h, before being quenched by immersion in an ice bath and exposure to air. BA consumption was followed by gravimetric analysis, and both DOT consumption and FDOT were determined by 1 H NMR spectroscopy performed on dried samples.

IV.7.B.b Degradation experiments

Isopropylamine on dried latex: 40 to 50 mg of dry extract were dissolved in 5 mL of DCM, and 2 mL of isopropylamine were added. The mixture was stirred overnight in a vial at room temperature. Solvent and isopropylamine were removed by blowing in argon, and the product was analyzed in SEC-THF.

TBD on dried latex: 40 mg of dry extract were dissolved in 4 mL of THF before 40 mg of TBD were added to the mixture. The mixture was stirred overnight in a vial at room temperature. The mixture was then placed in an oven at 60 °C to remove THF, and remaining TBD was extracted with water. The product was analyzed by SEC-THF.

TBD on latex:

To 0.4 mL of latex were added 3.6 mL of a solution containing 40 mg of TBD to reach a solution containing about 1 wt% of TBD and polymer particles. The mixture was stirred overnight at room temperature and then placed in an oven at 60 °C to remove water.

IV.7.C. Analytical techniques

Nuclear magnetic resonance (NMR).

NMR spectra were recorded on a Bruker Avance III 400 MHz spectrometer ( 1 H: 400 MHz; 13 C: 100 MHz) at 25 °C. The samples were diluted in CDCl3 at concentrations of about 30 mg mL -1 . NMR spectra were recorded with a 5 mm BBFO + probe with a zgradient coil.

Size exclusion chromatography (SEC).

SEC analyses were performed using a Viscotek system (Malvern Instruments) including a four-capillary differential viscometer, a differential refractive index (RI)

detector and a UV detector. THF was used as the mobile phase at a flow rate of 1 mL min -1 at 35 °C. All samples were injected at a concentration of 3 to 5 mg mL -1 after filtration through a 0.45 μm PTFE membrane. The separation was carried out on three Polymer Standard Service columns (SDVB, 5 μm, 300 × 7.5 mm) and a guard column.

The average molar masses (number-average molar mass, Mn, and weight-average molar mass, Mw) and the molar mass dispersity, Đ = Mw/Mn, were calculated from the RI signal with a calibration curve based on either polystyrene standards (Polymer Standards Service) for P(S-co-DOT) and P(S-co-BA-co-DOT), or poly(methyl methacrylate) standards (Polymer Standards Service) for P(BA-co-DOT).

Dynamic light scattering (DLS).

The intensity-weighted mean diameter (or Z-average diameter), Zave, of the latex particles and the dispersity factor (PdI) were measured at 25 °C using a Zetasizer Nano Series (Nano ZS) from Malvern Instruments. Before measurements, the latex was diluted with water. The mean particle diameter was averaged over three consecutive runs. The data were collected at a 173° scattering angle using the fully automatic mode of the Zetasizer system and fitted with the cumulant analysis.

Differential scanning calorimetry (DSC).

DSC analyses were performed on a Mettler Toledo DSC 3. Samples were passed via 40 μL alumina pans. Two heating steps separated by one cooling step were performed at a rate of 10 °C min -1 . The second heating was used to determine the glass transition temperature (Tg) of the polymers.

Cryogenic-transmission electron microscopy (cryo-TEM).

Cryo-TEM images were recorded on a Philips CM120 microscope (Centre Technologique des Microstructures (CTμ), platform of the Université Claude Bernard Lyon 1, Villeurbanne, France). The diluted latex samples were dropped onto 300 mesh holey carbon films (Quantifoil R2/1) and immediately quench-frozen in liquid ethane. The grid was then mounted on a precooled Gatan 626 specimen holder and transferred to the microscope operating at an accelerating voltage of 120 kV.

Part 2. Polymerization-induced self-assembly for the synthesis of waterborne, self-stabilized nanoparticles of degradable vinylic polymers

Obtaining latexes stabilized by conventional charged surfactants such as SDS is relevant in some applications, and notably if emulsion polymerization is only used as a means for producing polymers through this efficient and cheap process. However, when the target materials are polymers under the form of nanoparticles/latex, the presence of such small and charged molecules are often a drawback, especially for coating applications or in biomedicine-related fields. As such, the production of surfactant-free latexes is often required.

This thesis work falls within a project involving three partners and whose final goal is to propose simple and straightforward processes for the synthesis of nanoparticles with ultimate targeted applications in biomedical-related fields. Accordingly, the conventional emulsion copolymerization of CKA or thioester with vinylic monomers can be seen as the first step to give some fundamental insight into the features of the copolymerization in this type of systems.

Next steps would consist in the synthesis of more complex and specific polymer particles that would fit the requirements set by the potential biomedical applications.

In this context, we then looked to take advantage of our work on the conventional emulsion polymerization to adapt it to surfactant-free emulsion polymerization processes. As the ultimate goal of the project would be to propose stealthy and biocompatible particles, we targeted the synthesis of PEG-stabilized nanoparticles.

We predicted that using the principle of polymerization-induced self-assembly (PISA) under aqueous emulsion conditions could allow achieving this goal. The combination of PISA with rROP has already been successfully used for the synthesis of nanoparticles of degradable vinylic polymers. 1,2 Nonetheless, this process was achieved in organic dispersed media and additional steps were required to transfer them to aqueous media. Combining aqueous emulsion PISA with rROP may offer one-step processes for the synthesis of self-stabilized waterborne particles of degradable vinylic polymers.

The success of this approach could mark a major breakthrough in the field of functionalized particles, as it would consist in the first examples of simple, fast, surfactant-free syntheses providing waterborne, self-stabilized particles of degradable vinylic polymer.

If PISA is an efficient method for the formation of surfactant-free latexes, it is also an attractive process for the concomitant synthesis and self-assembly of block copolymers in solution that allows forming nano-objects of peculiar morphologies. And indeed, as our investigation on PISA went on, we ended up being confronted to the more fundamental questions of the mechanism of formation of such morphologies.

Before getting into the details of our investigations, we propose to provide some background on surfactant-free emulsion polymerization and, more specifically, on polymerization-induced self-assembly.

V.1. Introduction to surfactant-free emulsion polymerization

Emulsion polymerization requires the use of surfactant in order to stabilize the in situ formed particles. Surfactants are however most of the time small, charged molecules and may cause issues in some applications. Indeed, molecular surfactants are often charged small molecules that can be corrosive or toxic, which limits applications in biomedical field. In addition, molecular surfactants cause issues when forming films.

As small molecules, they can migrate easily to form aggregates increasing the film sensitivity towards water. 3,4 They can also migrate at the air-film or substrate-film interfaces hindering surface properties and adhesion of the films. 5 Several methods have been developed to replace molecular charged surfactant either by the use of macromolecular stabilizer or by covalently bonding the surfactant to the particles in order to widen the applications of the latexes.

The feasibility of surfactant-free latexes was demonstrated very soon in the history of emulsion polymerization by simply successfully performing the polymerization in absence of surfactant. Those investigations led to the conclusion that initiator at a certain concentration and with a charged group could be sufficient for stabilizing particles. 6,7 Those results encouraged the development of the theory on homogeneous nucleation. Nonetheless, particles obtained through this process are most of the time large and ill-stabilized.

Other techniques were later developed. We could mention for instance inisurfs that are initiator or macroinitiator specifically designed to both efficiently initiate the radical polymerization and provide stability to the particles once anchored on the chain ends of the polymers. 8 Similarly, surfmers are hydrophilic (macro)monomers capable of copolymerizing with the hydrophobic monomers in emulsion polymerization to confer amphiphilic properties to the resulting statistical copolymer and thus generate selfstabilized particles. 9 This method can, for instance, be used for the synthesis of PEGstabilized polystyrene particles through the emulsion copolymerization of styrene with poly(ethylene glycol) methyl ether methacrylate (PEGMA) used as surfmer. 10,11 Eventually, the direct synthesis of amphiphilic block copolymers by the use of reversible-deactivation radical polymerization (RDRP) in dispersed media has attracted a particular attention from academic research. [12][13][14] Since the development of RDRP, those techniques have been used for the synthesis of various complex polymeric architectures and proved particularly efficient for the synthesis of block copolymers in homogeneous media. 15 While the resulting very large range of accessible block copolymers, including amphiphilic copolymers, can be used as macromolecular surfactants in polymerization in dispersed media, 16 this feature has also been exploited in dispersed media for the synthesis of amphiphilic block copolymers to yield selfstabilized latexes through the self-assembly of the in situ formed amphiphilic block copolymers. This technique is known as polymerization-induced self-assembly (PISA). [12][13][14]17 Virtually, any RDRP technique may be applied to PISA. In the frame of this work however, we focused on RAFT-mediated PISA. We thus propose to give some insight on RAFT before getting into the details of PISA and more specifically RAFT-mediated PISA.

V.2. Reversible-deactivation radical polymerization: the example of

RAFT polymerization V.2.A. Introduction

In order to introduce control over the polymerization in radical chemistry, RDRP techniques were developed, more than 30 years ago. The concept of RDRP relies on disfavoring the unavoidable irreversible termination or transfer reactions occurring during a radical polymerization through the introduction of species that can trap the propagating macroradicals creating an equilibrium between propagating and dormant chains. This equilibrium can be achieved by two distinct mechanisms: either by reversible termination (as in nitroxide mediated polymerization (NMP) 18 or atom transfer radical polymerization (ATRP) 19 ) or by reversible degenerative chain transfer (as in reversible addition-fragmentation chain transfer (RAFT)).

RAFT was first developed by Moad and Rizzardo 24 years ago and is based on the use of dithiocarbonyl species as chain transfer agent (CTA), or RAFT agent, to set up a reversible addition-fragmentation reaction. [20][21][22][23] Since then it has become one of the major polymerization technique employed for the synthesis of specific polymeric architectures and functional polymers for broad applications ranging from materials science to biomedicine. 24,25

V.2.B. Mechanism

RAFT comprises four steps: initiation, propagation, transfer and termination. The polymerization starts with the initiation step to generate an oligoradical ((1), Figure For an efficient control, the rate of addition-fragmentation should be higher than that of the propagation step so that the number of monomer units added in each cycle will remain very low (kadd » kp). Statistically, chains will thus grow simultaneously and have the same degree of polymerization (DP).

RAFT requires the use of a radical initiator to generate the first oligoradicals that will be added to the RAFT agent. However, initiator will inevitably decompose to generate radicals throughout the whole reaction resulting in a certain number of polymer chains initiated by the radical resulting from the initiator decomposition instead of those resulting from addition-fragmentation reactions on the RAFT agent. In addition, irreversible termination reactions leading to dead chains inevitably occur ((5), Figure

V.1). The amount of dead chains is thus directly related the concentration of radicals produced and thus the concentration of initiator. Therefore, this concentration is maintained low in comparison to the concentration of RAFT agent in order to lessen those phenomena to a negligible extent. In the case of monofunctional RAFT agent, the mechanism simplistically consists in the insertion of monomer units between the R group and the dithiocarbonyl group.

Accordingly, RAFT leads to a functional polymer with a R end-group and the -Zdithiocarbonyl chain end. This feature is useful for the synthesis of more complex architectures and notably for the synthesis of block copolymers. Indeed, the end product of RAFT polymerization is a living chain that can be re-initiated for the polymerization of another monomer to form a second block (Figure V.2). RAFT is indeed widely used for the synthesis of block copolymers. 26 Figure V.2. Schematic representation of the synthesis of a diblock copolymer by RAFT polymerization.

V.2.C. Choice of the chain transfer agent

Choice of the appropriate RAFT agent is critical to obtain a proper control of the polymerization during the RAFT process. RAFT agents are usually categorized depending on their Z group: dithiocarbonates (or xanthates), dithioesters, trithiocarbonates and dithiocarbamates. It should be noted that there is no universal RAFT-agents and the CTA should be chosen depending on the system. 26 Nonetheless, the diversity in available RAFT agents allows polymerizing nearly all existing vinylic monomers.

For a given polymerization system, the RAFT agent is mainly chosen depending on the monomer that will be polymerized (Figure V.3). Vinylic monomers can be divided into two categories depending on their reactivity. More activated monomers (MAMs) are monomers which possess a conjugation between the vinyl group and either an aromatic, a double bond or a carbonyl, such as styrene derivatives or (meth)acrylates.

Less activated monomers (LAMs) are monomers whose vinyl group is next to a heteroatom such as vinyl acetate or vinyl ethers. RAFT agents' efficiency will then rely upon the nature of the R and Z groups, which influence different steps of the polymerization.

The Z group has an impact on both the activation of the C=S double bond and the stability of the intermediate radical. For MAMs Z should thus be an electroattractive group so that the addition step would be favored. Phenylic dithioesters or trithiocarbonates are thus usually employed for RAFT polymerization of methacrylates, 27,28 acrylics 29,30 and styrenics. 21,28,31 In the case of the more reactives LAMs, less stable intermediate radicals are required. Accordingly, dithiocarbonates (xanthates) or dithiocarbamates are employed for the RAFT of vinyl esters and notably for vinyl acetate. 32,33 The R group should principally be a good leaving group compared to the growing oligoradical and lead to a good reinitiating group. The choice of the R group thus also depends on the monomer to polymerize. The potential of RAFT was probed in dispersed media not long after it has been discovered. 34 RAFT-mediated PISA is a specific case were RAFT is used for the synthesis of amphiphilic block copolymers in dispersed media that was initially investigated as an efficient method for the synthesis of surfactant-free latexes.

Ferguson et al. were the first to report the synthesis of self-stabilized particles made of amphiphilic poly(acrylic acid)-b-poly(n-butyl acrylate) block copolymers and obtained from the chain extension of preformed PAA chains used as macromolecular RAFT agents in emulsion polymerization. 35 In RAFT-mediated PISA, a preformed hydrophilic polymer carrying a chain end moiety that will act as a macromolecular chain transfer agent (macro-CTA) is used for the controlled radical polymerization of a second hydrophobic block in dispersed media. In emulsion polymerization, the starting medium will be composed of hydrophobic monomer droplets dispersed in an aqueous phase comprising the initiator and the macroCTA.

In a first step, the polymerization is initiated in the aqueous phase and the RAFT polymerization of the hydrophobic monomers starts to chain extend the macroCTA. As the polymerization continues, the second hydrophobic block grows until it reaches a DP at which the block copolymer becomes amphiphilic. At this stage, the copolymers will start self-assembling to form micelle-like core-shell structures with the hydrophilic block forming the shell and the hydrophobic block forming the core of the particle.

Once this nucleation step is achieved, the monomer will diffuse from the droplets to the block copolymers aggregates and the polymerization will continue inside the particles where the reactive moieties are located (Figure V.4). PISA is a valuable tool as it allows the formation of self-stabilized polymer particles and is an efficient way to produce amphiphilic block copolymers through emulsion processes in water. However, even though PISA can find its origin in the research of new and efficient routes for the synthesis of surfactant-free latexes, it soon emerged as an advantageous method for the synthesis and self-assembly of block copolymers to afford particles of various morphologies at higher solid contents compared to other self-assembly methods, which moreover require pre-synthesis of the block copolymers. 36 In order to get into the details of the PISA mechanism, it is necessary to depict basic features of the self-assembly of amphiphilic block copolymers in a selective solvent.

V.3. Block copolymer self-assembly in selective solvents

V.3.A. General features of amphiphilic block copolymer self-assembly

General theory on the self-assembly of amphiphilic molecules

Self-assembly is a mechanism of molecular aggregation in which disorganized molecules spontaneously form an organized structure because of specific interactions between them and with the medium. In the case of amphiphilic molecules, the selfassembly will simply be induced by the repulsive and attractive forces that exist between the hydrophilic and hydrophobic part of the molecules. Self-assemblies of small amphiphilic molecules has already been widely studied, notably through the selfassembly of surfactant either in bulk or aqueous solution. 37 Surfactants are known to spontaneously form core-shell structures, known as micelles, when above a certain concentration in water (critical micelle concentration, CMC) with their hydrophobic tail forming the core and their hydrophilic head forming the shell of the aggregate. Micelles take the form of spherical aggregates most of the time; however, they can also form cylinder, vesicles or lamellae depending on the nature of the surfactant or concentration. A simple geometrical model has been developed by Israelachvili to predict the morphologies obtained through the self-assembly of small amphiphilic molecules. 38 It relies on the assumption that morphologies obtained through selfassembly of amphiphilic molecules is mainly governed by the curvature of the interfaces. From a purely geometrical point of the view, the curvature is proportional to the inverse of the radius of the object. Basically, when the radius of curvature is low the curvature is high, meaning the object will be a sphere. However, when the radius tends toward the infinite, the curvature tends toward zero, which means the interface is almost planar. From a physico-chemical point of view, the curvature and radius depend on many factors and notably on the repulsive and attractive interactions that can coexist between each part of the molecules and with the solvent. To of small amphiphilic molecules self-assembly. 37 These parameters allow anticipating the morphologies of the assemblies for a given surfactant as an increasing packing parameter results in a diminishing curvature. When P is below 1/3, spherical particles will be formed. If P is between 1/3 and 1/2, cylindrical or worm-like particles are formed. When P is between 1/2 and 1 the curvature becomes almost planar, and vesicle are formed. Eventually, close to 1 the interface is planar, and lamellae are formed (Figure V.5). It is also possible to go beyond 1 to give inverse micelles which is interesting in the case of inverse-emulsion.

We usually speak of "higher order" for morphologies associated with higher values of P.

morphologies that can be observed through the study of the self-assembly of PAA-b-PS and PEG-b-PS in water. [44][45][46] Through their studies, they identified several parameters influencing the morphologies. Notably they were able to determine that the main parameter was the volume occupied by the hydrophilic block compared to the volume occupied by the hydrophobic block. Basically, it all comes down to the packing parameter P that can be defined, in the case of block copolymers, as a function of degree of polymerization of the hydrophobic block compared to that of the hydrophilic one (Figure V.6). Eisenberg was able to confirm this assumption experimentally through the selfassembly of PAA-b-PS in water to establish a wide range of morphologies from lower order to higher order. As either the DP of the PS block increases or the DP of the PAA block decreases, they observed transitions from spheres (a) to rods (b) then to vesicles (f) and eventually to lamellae (e) or large compound micelles (LCMs, h) which represent the higher order morphology that can be observed (Figure V.7). 46 However, they also observed that the morphology were highly dependent on the process employed as there can be a competitive mechanism between thermodynamic and kinetic equilibria leading to different morphologies for kinetically stable or thermodynamically stable aggregates. 47 

V.3.B. Self-assembly mechanism in the case of PISA

RDRP in dispersed media using macro-CTA, originally designed as a convenient way to produce amphiphilic block copolymers in aqueous dispersed media, 48 has become a promising self-assembly process to produce particles with various morphologies. As a result of 15 years of investigation, PISA and most notably RAFT-mediated PISA now gives access to a wide range of morphologies. 12 PISA can be led under either dispersion or emulsion conditions. 12 The first syntheses of non-spherical particles were simultaneously achieved by the group of Pan, by performing RAFT dispersion polymerization in methanol and, by the group of Charleux by an NMP emulsion polymerization in water. [49][50][51] The group of Armes later successfully depicted the synthesis of worm-like particles and vesicles through RAFT dispersion polymerization, baptizing this method "polymerization-induced self-assembly" (PISA). 52,53 Armes and coworkers particularly aimed at giving insight into the mechanism associated with the formation of such higher order morphologies over the course of the polymerization. 54,55 They were notably able to monitor the evolution of the morphologies over the course of the RAFT dispersion polymerization of 2-Hydroxypropyl methacrylate (HPMA) using a macroCTA of poly(glycerol monomethacrylate) (PGMA), leading to the synthesis of PGMA-b-PHPMA amphiphilic block copolymers. They concluded that the higher order morphologies are formed by fusion of the particles and rearrangement of the polymer chains. 56 In the first step of the polymerization, the particles are spheres but as the degree of polymerization of the hydrophobic block increases, the particles merge through collisions to form wormlike particles. As the hydrophobic block keeps growing, the worms form branched structure to become "octopi-like" structures that reorganize to lead to "jelly-fish" and eventually vesicles (Figure V.8). ). 36,49,52,54,[57][58][START_REF] Zhao | Optimization of the RAFT Polymerization Conditions for the in Situ Formation of Nano-Objects via Dispersion Polymerization in Alcoholic Medium[END_REF] Nonetheless the mechanism of self-assembly in the case of PISA is even trickier as the self-assembly occurs concurrently to the formation of the amphiphilic block copolymer, meaning that the physico-chemical properties of the system are constantly evolving.

Notably, since higher order morphologies are obtained through fusion of the particles and rearrangement of the chains, polymers must pocess a certain chain mobility. Most PISA systems are not at thermodynamic equilibrium as shown by the number of experiments that only led to kinetically trapped spheres. As a result, experimental data showed that access to higher order morphologies strongly depends on the polymerization conditions and process. Whereas various morphologies have been reported by dispersion, emulsion PISA experiments lead, most of the time, to the formation of spherical particles. 35,48,[START_REF] Rieger | Amphiphilic Poly(Ethylene Oxide) Macromolecular RAFT Agent as a Stabilizer and Control Agent in Ab Initio Batch Emulsion Polymerization[END_REF][START_REF] Zhang | One-Pot Synthesis of Poly(Methacrylic Acid-Co-Poly(Ethylene Oxide) Methyl Ether Methacrylate)-b-Polystyrene Amphiphilic Block Copolymers and Their Self-Assemblies in Water via RAFT-Mediated Radical Emulsion Polymerization. A Kinetic Study[END_REF] Temperature can influence the formation of morphologies as it can change the interactions between the polymer chains and the solvent, the rate of polymerization and also affect the physical properties of the polymer, notably when the temperature is above th Tg. Other formulation-related parameters can affect the final morphologies.

For instance, initiator concentration may also have an impact on the formation of higher order morphologies. [START_REF] Khor | Polymerization-Induced Self-Assembly: The Effect of End Group and Initiator Concentration on Morphology of Nanoparticles Prepared via RAFT Aqueous Emulsion Polymerization[END_REF] The nature of the dispersing phase also plays a meaningful part in the self-assembly mechanism. For instance, adding organic solvent in aqueous emulsion polymerization [START_REF] Zhang | Effect of the Solvent Composition on the Morphology of Nano-Objects Synthesized via RAFT Polymerization of Benzyl Methacrylate in Dispersed Systems[END_REF] or varying the pH 57 proved to be vehicles for the formation of higher order morphologies. Eventually, varying the architecture of the copolymer can also help promote the formation of higher order morphologies. For instance, by varying the topology of the macroCTA agent, it is possible to trigger the formation of morphologies. It was shown that under the same emulsion polymerization conditions of styrene, the use of a linear poly(N-acryloylmorpholine) (PNAM) as macroCTA agent only led to spherical particles while macroCTA agents comprising some poly(ethylene glycol) methyl ether acrylate (PEGA) units led to the formation of vesicles. [START_REF] De La Haye | The Effect of Hydrophile Topology in RAFT-Mediated Polymerization-Induced Self-Assembly[END_REF] Furthermore, extensive experimental data showed that, in dispersion PISA, monomer concentration, or solid content plays a determining role in the formation of higher order morphologies. 54,[START_REF] Zhao | Optimization of the RAFT Polymerization Conditions for the in Situ Formation of Nano-Objects via Dispersion Polymerization in Alcoholic Medium[END_REF][START_REF] Byard | Preparation and Cross-Linking of All-Acrylamide Diblock Copolymer Nano-Objects via Polymerization-Induced Self-Assembly in Aqueous Solution[END_REF][START_REF] Sugihara | In Situ Nano-Objects via RAFT Aqueous Dispersion Polymerization of 2-Methoxyethyl Acrylate Using Poly(Ethylene Oxide) Macromolecular Chain Transfer Agent as Steric Stabilizer[END_REF] Monomer concentration plays an important role in the mechanism of particles formation, fusion and rearrangement. Targeting the same degree of polymerization, an increase in monomer concentration induces an increase in the number of particles in the medium (as the macroCTA concentration increases accordingly), thus boosting the odds of collision and fusion leading to rearrangement.

Monomers are also able to plasticize the core-forming block as they swell the particle.

Plasticizing increases the mobility of the chain thus promoting their rearrangement.

Increasing the concentration of monomers usually increases the swelling of the particles and thus the effect of plasticizing.

Overall, varying either the monomer concentration, or polymer concentration, or the length of each block are the two main leverage to trigger the formation of higher order morphologies as attested by the large number of phase diagrams found in the literature and depicting morphologies as a function of these parameters (Figure V.9). 53,54,56,[START_REF] Byard | Preparation and Cross-Linking of All-Acrylamide Diblock Copolymer Nano-Objects via Polymerization-Induced Self-Assembly in Aqueous Solution[END_REF][START_REF] Brotherton | In Situ Small-Angle X-Ray Scattering Studies During Reversible Addition-Fragmentation Chain Transfer Aqueous Emulsion Polymerization[END_REF] Nonetheless, and because of the importance of plasticizing the core in the process of fusion and rearrangement, monomer solubility in the dispersed phase is also a determining factor for the generation of higher order morphologies.

Accordingly, appreciable differences were observed between emulsion polymerization and dispersion polymerization. While dispersion polymerization proved to induce the formation of higher order morphologies for a variety of core-forming monomers and for all kind of stabilizer blocks, the formation of non-spherical morphologies proved to be much trickier in the case of emulsion polymerization. 12 Explanation to this phenomenon may be found in the monomer's ability to swell and thus plasticize the particles depending on the process. In dispersion polymerization, the employed monomer is solvophilic meaning that it is in direct contact with the polymer particles and can easily swell them. In the case of emulsion polymerization, the monomer is segregated in separated monomer droplets and must diffuse through the aqueous phase in order to swell the particles. Diffusion is allowed but also limited by the solubility of the monomer in water, which directly affects the plasticization of the particles. This consideration led to the assumption that hydrophobic monomers exhibiting high water solubility should favor the fusions and rearrangements of the chains, and thus the formation of various morphologies. This was effectively shown when using methyl methacrylate instead of styrene (respective water solubilities at 50 °C: 15 g L -1 68 vs. 0.45 g L -1 69 ) in a RAFT-mediated PISA system using P(MAA-co-PEGMA) as hydrophilic macroCTA agents. Under exactly the same conditions, emulsion polymerization of styrene systematically led to spheres whatever the targeted degree of polymerization of the PS block, [START_REF] Zhang | One-Pot Synthesis of Poly(Methacrylic Acid-Co-Poly(Ethylene Oxide) Methyl Ether Methacrylate)-b-Polystyrene Amphiphilic Block Copolymers and Their Self-Assemblies in Water via RAFT-Mediated Radical Emulsion Polymerization. A Kinetic Study[END_REF] while the use of MMA allowed the formation of spheres, fibers and vesicles for DP of 200, 300 and 500, respectively. 57 This strategy was recently confirmed by Armes and coworkers who also obtained non-spherical morphologies by polymerizing in emulsion 4-hydroxybutyl methacrylate (HBMA, 20 g

L -1 at 70 °C), [START_REF] Cockram | Effect of Monomer Solubility on the Evolution of Copolymer Morphology during Polymerization-Induced Self-Assembly in Aqueous Solution[END_REF] glycidyl methacrylate (GlyMA, 24-25 g L -1 at 80 °C), [START_REF] Hatton | Aqueous One-Pot Synthesis of Epoxy-Functional Diblock Copolymer Worms from a Single Monomer: New Anisotropic Scaffolds for Potential Charge Storage Applications[END_REF] and 2methoxyethyl methacrylate (MOEMA, 19.6 g L -1 at 70 °C). 67

VI.1. Introduction and aim of the work

The aim of this chapter is to design different approaches, mainly based on the use of PISA under emulsion conditions, for the synthesis of self-stabilized latexes composed of particles possessing a degradable core. Ideally, we would propose straightforward methods for the synthesis of PEG-based, self-stabilized particles. Based on our results on the conventional emulsion polymerization of DOT with BA and/or S, we probed RAFT-PISA under emulsion conditions for the synthesis of amphiphilic block copolymers that will possess degradable hydrophobic block of various nature.

Throughout this chapter we thus synthesized various hydrophilic macroCTAs that we RAFT polymerization of more activated monomers such as styrene and (meth)acrylates can be performed efficiently using trithiocarbonates as RAFT agents (see section V.2, 1 Additionally, RAFT copolymerizations of DOT with either BA 2 or PEGA 3 and of BMDO with methacrylic monomers 4,5 have already been performed successfully using trithiocarbonates. Accordingly, we expected that macroCTAs bearing trithiocarbonate moieties would be appropriate for the RAFT-mediated copolymerization of either DOT with BA, or DOT with styrene.

Figure V.3).
As mentioned in the introduction, ideally, we would synthesize PEG-stabilized particles with the aim of obtaining biocompatible particles. If RAFT-PISA starting from a linear that the fairly high affinity of PEG with styrene and PS could be preventing a proper phase separation of the two blocks leading to inefficient nucleation and poor stabilization. 8,9 RAFT-mediated emulsion polymerization of BA using functionalized PEG as macroCTA have already been reported multiple times. 6,7,12 The various sources all reported that the use of PEG-C12 (Scheme VI.1) could allow achieving high conversions of BA and the formation of well-defined PEG-b-PBA block copolymers in relatively short polymerization times (typically 2h). Additionally, stable latexes were obtained even though large and quite polydisperse particles were produced. The particles formed were spherical and containing multiple holes. 7 It was also showed that PEG-TTC with a molar mass of 2000 g mol -1 was the most efficient in obtaining both a good control of the polymerization and stable latexes compared to the macroCTA with molar masses of 1000 or 5000 g mol -1 . Accordingly, we targeted PEG macroCTA of 2000 g mol -1 .

Overall, it should be noted that the use of linear PEG as macroCTA leads to very intricate systems. Notably, the behavior of the macroCTA in such systems is not understood and is very complex to assess since PEG, although described as a hydrophilic polymer, is known to possess a fairly poor solubility in water, behaviour which may also be emphasized by temperature. PEG also seems to possess, to some extent, affinity with some vinylic monomers and polymers. Subsequently, PEG proved to be a rather poor stabilizer and the in situ chain extension does not necessarily lead to proper phase separation of the two blocks. The use of PEG as stabilizer in emulsion polymerization systems consistently yielded particles with large and disperse particles notably in the case of styrene or MMA. 6,8,9 

VI.2.B. Choice and synthesis of the PEG-trithiocarbonates

The choice of the appropriate PEG-trithiocarbonates seems obvious for the emulsion polymerization of BA since it has already been documented proving that PEG-C12 was efficient for this system (Scheme VI.1). 6,7,12 However, in the case of styrene and MMA the different macroCTAs that were probed all seemed to lead to poor stability of the latex and control of the polymerization. We assumed that one of the reasons may be related to the unappropriated choice of the Z group and the R group. Recently, the impact of the choice of the Z group has proved to be of paramount importance in the control and kinetics of the emulsion polymerization of styrene. 13 It was notably reported that a hydrophobic Z group should led to faster and more efficient nucleation. As mentioned earlier, it should be noted that a R group bearing an isobutyronitrile group would be more appropriate to the RAFT polymerization of styrene or MMA than a isobutyl group. 1 We thus assumed that using a trithiocarbonate bearing both a dodecyl group on the one hand and an isobutyronitrile group on the other hand might be favorable both to the control of the polymerization of styrene and to the stability of the latex.

Accordingly, three distinct PEG-trithiocarbonates were synthesized with different R and Z groups (Scheme VI.1).

Syntheses were all made following the same already well-established protocol starting from a PEG-OH with a molar mass of 2000 g mol -1 . The mechanism consists in the Steglich esterification of the RAFT agent bearing a carboxylic acid as illustrated in the case of PEG-CN12 (Scheme VI.2). PEG-C12 was obtained from 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (TTCA), PEG-CN3 from 4cyano-4-thiothiopropylsulfanylpentanoic acid (CTPPA) and PEG-CN12 from 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (TTC-CN12). All syntheses led to yields of 80-90%. NMR spectra can be found in annex 2.

Scheme VI.2. Chemical modification of commercial PEG-OH to yield the PEG-CN12 macroCTA.

VI.2.C. RAFT-mediated emulsion (co)polymerization of DOT with n-butyl acrylate in presence of PEG-TTC

RAFT-mediated emulsion (co)polymerizations of BA with DOT were performed using PEG-C12 as macroCTA. Even though the PEG-TTC-mediated BA homopolymerization has already been reported and thoroughly investigated, 6,7 we first reproduced those results under our own conditions to bring some insight on the features of the polymerization before adding DOT to the system. As such, we performed four syntheses targeting different degrees of polymerization for the PBA block.

Experiments were run at 70 °C, targeting a solids content of 10 wt%. The ratio between the concentration of macroCTA and initiator was maintained to 4-5 in order to ensure that a maximum of chains would be initiated by the macroCTA. 

Run

DPtarget [a] fDOT [b] (%)

τs th [c] (%) T (°C) t (h) τs [c] (%)
Conv. [d] (%)

FDOT [e] (%)

Mn th [f] (kg mol -1 ) [f] Theoretical number-average molar mass of the block copolymer calculated using the conversion, targeted DP and acknowledging a functionalization of 85% for the PEG.

Mn [g] (kg mol -1 ) Ɖ Mn deg [g] (kg mol -1 ) Ɖ Zave [h] (nm) PdI PEG-BA1 39 
[g] Experimental number-average molar mass, Mn, and dispersity, Mw/Mn, of the copolymer or degradation product determined by SEC-THF using a calibration based on PS standards. [h] Intensity-average diameter and polydispersity index of the final particles from DLS.

It was found that overall, our results were consistent with what has been reported already. 6,7 Polymerizations exhibited inhibition periods of 40 min to more than an hour. In terms of kinetics, the rate of polymerization was increased as we decreased the target degree of polymerization (Figure VI.2). It is however expected since, as we decrease the targeted degree of polymerization while maintaining the targeted solid content to 10 wt%, we have to increase the concentration of ACPA. This phenomenon has been observed already in the case of polymerization of either BA or styrene using a PEG-based macroCTA although the origin was not fully addressed. 7,8 It was stated that the trapping of PEG chains inside the particles and formation of water-pools by analogy to similar results already obtained in emulsion polymerization. 14 Morphology wise and unlike previous works on the subject, vesicles Next, we added DOT to the formulation. Once again, less than 2 mol% of DOT was introduced in the mixture of monomers to avoid any solubility problems. VI.1). Consequently, the temperature was raised to 80 °C to increase the rate of polymerization. 85% of conversion were obtained in less than 4 h for a formulation containing 1.6 mol% of DOT in the initial feed of monomers (PEG-BADOT2, Table VI.1).

Once again, experiment PEG-BADOT2 (Table VI.1) showed that DOT was inserted at a faster rate than BA resulting in a composition drift over the course of the polymerization. As already mentioned in the case of PNAM-TTC-mediated emulsion copolymerization, the P(BA-co-DOT) block is thus expected to be a gradient copolymer.

The linear evolution of the molar masses and the nice shift of the molar mass distribution seen during SEC analyses proved that the control of the polymerization was still good. Once again, remains of non-functionalized PEG can be spotted on the Eventually, dried extracts obtained from PEG-BADOT3 and PEG-BADOT2 (Table VI.1)

were treated by 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) to assess their degradability. Molar mass distributions shifted significantly toward the lower molar masses upon addition of TBD in both cases confirming that those copolymers could be degraded (Figure VI.9). For experiment PEG-BADOT3, the initial molar mass of the copolymer was found to be 30.1 kg mol -1 and was reduced to 7.7 kg mol -1 after degradation. Copolymers "only" suffer a molar mass loss of about 75%, which is not necessarily impressive compared to the degradation of copolymers obtained under conventional emulsion conditions. However, the molar mass of the PBA block is here far lower and for a chain comprising about 200 units, only 3 cleavable DOT units could be found on average, meaning the molar mass of the PBA block could be divided by 4 at most upon degradation. It should however be noted that the value of the average molar mass of the degraded product is not necessarily meaningful, as the degradation would only occur in the PBA block. The bimodal aspect of the molar mass distribution The aqueous RAFT-mediated emulsion copolymerization of DOT with BA in the presence of PEG-C12 led to the formation of PEG-stabilized nano-objects. Those objects proved to be made of well-defined PEG-b-P(BA-co-DOT) copolymers. The introduction of DOT units led to the formation of degradable PBA blocks. These syntheses allowed yielding for the first time PEG-stabilized particles made of a degradable core in a one-step synthesis in water.

VI.2.D. RAFT-mediated emulsion copolymerization of DOT with styrene in presence of PEG-TTC

As previously explained, the RAFT-mediated styrene PISA in emulsion and in the presence of linear PEG-based macroCTA proved to be very tricky. The group of Perrier and Zetterlund recently demonstrated that, based on the choice of the R and Z group for the macroCTA, significant variations on the control of the polymerization and kinetics may be observed. 13 We assumed that the use of a macroCTA bearing an isobutyronitrile group in of the trithiocarbonate and a thioalkyl chain comprising 12 carbons as Z group could favour control of the polymerization and induce an efficient nucleation. We thus reinvestigated the RAFT-mediated emulsion polymerization of styrene in the presence of PEG-TTC with the macroCTA "PEG-CN12" (Scheme VI.1).

This macroCTA was compared to two other macroCTAs, i.e. PEG-C12 already studied for BA, and PEG-CN3 (obtained from PEG-OH coupling with CTPPA), in the RAFTmediated emulsion polymerization of styrene. 

Run

MacroCTA DPtarget [a] [mRAFT]/[I] fDOT [b] (%)

τs th [c] (%) T (°C) t (h) τs [c] (%)
Conv. [d] (%)

Mn th [e] (kg mol -1 ) [e] Theoretical numberaverage molar mass of the block copolymer calculated using the conversion and the targeted DP.

Mn [f] (kg mol -1 ) Ɖ Zave [g] (nm) PDI PEGS3 PEG-CN3 199 
[f] Experimental number-average molar mass, Mn, and dispersity, Mw/Mn, of the copolymer determined by SEC-THF using a calibration based on PS standards. [g] Intensity-average diameter and polydispersity index of the final particles from DLS.

Polymerizations proved to be very slow and had to be pursued overnight. For instance, the use of PEG-CN3 led to only 5% conversion after 3 h. The use of PEG-CN12 did not bring any improvement on the rate of polymerization and had to be pursued overnight too. Both PEG macroCTAs led to limited styrene conversions (82% and 74%, respectively) after more than 16 h. The use of PEG-C12 led to higher styrene conversions (96% after 16 h). The final latexes were composed of particles with different sizes, as indicated by the polydispersity indexes obtained in DLS (Table VI.2).

Eventually, in every case, the MMD proved to be asymmetric, implying chain Since PEG-CN12 did not bring any improvement compared to the already studied PEG-CN3 and PEG-C12, the investigation of the RAFT-mediated emulsion polymerization of styrene in the presence of PEG-TTC was not investigated further. Acknowledging the complexity of the system, we rather switched to another macroCTA.

VI.2.E. Conclusion

RAFT-mediated emulsion copolymerization of DOT with BA using PEG-C12 as macroCTA led to almost full conversions of the monomers and stable latexes. We were able to attest of the good control of the copolymerizations. Additionally, the hydrophobic block proved to be degradable. Those experiments prove the feasibility of PEG-stabilized waterborne nanoparticles made of amphiphilic diblock copolymers with a degradable vinylic block.

The use of linear PEG-based macroCTA for RAFT-mediated polymerization of styrene proved to be very challenging in good agreement with previous studies. The adjustment of the nature of the macroCTA did not bring any improvement on the control of the polymerization, conversion, or stability of the latex. It is quite difficult to draw conclusions on the reasons of the poor features of such process. PEG is known to be a rather poor stabilizer as it possesses particular solubility in water. The slow conversion rate may be notably due to the partitioning of the PEG-based macroCTA between the aqueous phase and the monomer phase. The RAFT-mediated styrene PISA in the presence of linear PEG-TTC would require additional and thorough investigations before envisioning copolymerization with either DOT or BMDO.

As this technique did not work for styrene, we then probed another approach, much more conventional, for the synthesis of PEG-stabilized particles made of degradable PS. This approach is depicted in the followings.

VI.3. Surfactant-free emulsion copolymerization of DOT with styrene using PEGMA as surfmer

To achieve the goal of synthesizing PEG-stabilized nanoparticles made of degradable PS, we also considered more conventional strategies. Indeed, the formation of PEGstabilized particles of PS has already been studied in the 80's and 90's in the case of surfactant-free emulsion polymerization of styrene. [15][16][17][18] In these works, self-stabilized particles were obtained by the copolymerization of styrene with PEGMA containing various number of ethylene oxide units (ranging from 3 for PEGMA of 250 g mol -1 to about 45 for PEGMA of 2000 g mol -1 ) under emulsion conditions. In this type of surfactant-free process, the copolymerization of PEGMA with styrene lead to the formation of styrene-acrylic copolymers possessing pendant chains of PEG. Those chains segregates at the interface of the formed particles to bring stability. 19 We tried to reproduce those experiments before adding DOT to the system. By analogy to experiments we ran in PISA, we chose a PEGMA with a molar mass of 2000 g mol - 1 , KPS was used as water-soluble initiator and we targeted a solid content of 10 wt%.

It is worth noting that several experiments were performed before finding the formulation that would provide both high conversions and stability for the homopolymerization of styrene. A couple of synthesis was run to adjust the experimental conditions. The use of 6 wt% of PEGMA for emulsion polymerization at 70 °C lead to the formation of an unstable latex containing mostly coagula (E12S, Table VI.3). Therefore, the fraction of PEGMA was raised up to about 10 wt%, which led to the formation of a stable and coagula-free latex (E13S, Table VI.3). The temperature was then raised to 80 °C to achieve higher conversions in styrene (75% after 18h at 70 °C and 89% after 18h at 80 °C, Table VI.3). The rates of polymerization were very low for those syntheses and several hours required to reach high conversions (ca. 90%). As an example, it was found that only 13% of styrene was converted after 1.5 h in the case of experiment E48DOT (Table VI.3). The very low rate of polymerization is probably due to the fairly poor stability brought by the PEG chains resulting in an ineffective and thus very slow nucleation period.

Table VI.3. Experimental conditions and results for the surfactant-free emulsion copolymerization of styrene with DOT using PEGMA as surfmer.

Run fDOT [a] (%)

wPEGMA [b] (wt%)

τs th [c] (%) T (°C) t (h) τs [c] (%)
Conv. [d] (%)

FDOT [e] (%) DLS analyses indicates that the obtained particles are relatively large and polydisperse with a diameter of 244 and 220 nm for E48DOT and E14S respectively and PDI of more than 0.1 (Table VI.3). Large and polydisperse particles have already been consistently reported for surfactant-free emulsion polymerizations using PEGMA as surfmer. 15,17,20 TEM images illustrate the size dispersity of the particles (Figure VI.11). Size distribution extracted from statistical analyses of TEM images shows that the particles may even be bipopulated and the resulting polydispersity index was high, with about 1.40 for both experiments (Table VI.3). TEM images also show that the obtained particles are spherical particles containing "holes". VI.3).

Mn [f] (kg mol -1 ) Ɖ Mn deg [f] (kg mol -1 ) Ɖ Zave [g] (
Size distributions were calculated on an average of 200 particles.

This kind of results have already been described above and ascribed to the incorporation of PEG chains inside the particles leading to the formation of water-pools inside the particles. 14 The formation of such large and polydisperse particles may again be the results of an inefficient and thus very long nucleation period.

Nonetheless, this formulation yielded stable latexes and high conversions of styrene (almost 90%) for both syntheses with and without DOT (respectively E48DOT and E14S, Table VI.3). 1 H NMR spectrum confirms the integration of DOT units. Indeed, the spectrum of the dried latex E48DOT shows the same signals at 4.1 ppm that we previously attributed to the integrated DOT units when investigating the copolymerization of DOT with styrene under conventional emulsion conditions. Overall, this system allowed synthesizing PEG-stabilized nanoparticles possessing a core of degradable PS. Nonetheless, this process requires several hours to reach high conversions and the obtained nanoparticles are polydisperse.

VI.4. RAFT-mediated aqueous emulsion (co)polymerizations in the presence of PNAM-based macroCTA

Following the mitigated results for emulsion (co)polymerization in the presence of a PEG macroCTA, we looked for alternatives that would allow yielding an efficient PISA process for the synthesis of self-stabilized and degradable particles. We implemented RAFT-PISA starting from a PNAM functionalized with a trithiocarbonate (PNAM-TTC).

Indeed, PNAM already proved to be an efficient stabilizing block in the styrene or VAc PISA. 10,11,21 Additionally, even though PNAM is far less common than PEG in biomedical applications, several reports indicates that PNAM shows similar biocompatibility compared to PEG. 22,23 Additionally, PNAM stabilized aggregates also displayed biocompatibility equivalent to PEG stabilized ones. 24 Performing the RAFT-mediated (co)polymerization of either acrylates or styrene with DOT in the presence of PNAM macroCTA may thus provide nanoparticles that would fit the requirements for biomedical applications.

VI.4.A. Synthesis of the PNAM macroCTA

We synthesized PNAM-TTC according to previous reports i.e., by performing the RAFT polymerization of NAM in water targeting a molar mass of 4000 g mol -1 and using 4cyano-4-thiothiopropyl-sulfanylpentanoic acid (CTPPA) as CTA and 4,4′-azobis(4cyanopentanoic acid) (ACPA) as initiator (Scheme VI.3). 10,11 Scheme VI. TTC. The molar masses calculated from SEC analysis were found to be much lower than expected (2430 g mol -1 against 3940 g mol -1 theoretically, Table VI.4). This feature have already been observed and have been attributed to the use of a standard PS calibration which is not the most appropriate for PNAM. 11 MALDI-ToF analysis was run to give a more precise evaluation of the average molar mass. It allowed confirming that the formed copolymer was the excpected one with an average molar mass of 3910 g mol -1 and a dispersity below 1.1.

Overall, the synthesis proceeded as expected and led to the expected well-defined PNAM-TTC macroCTA. 

VI.4.B. PNAM-mediated emulsion (co)polymerization of DOT with n-butyl acrylate

We then probed the PNAM-TTC mediated aqueous emulsion (co)polymerization of BA (with DOT). The syntheses were performed targeting a solid content of about 10% and using again ACPA as initiator. This initiator is classically employed in such RAFTmediated emulsion systems since its structure resembles the structure of the RAFT agent (CTPPA). The ratio between the concentration of macroCTA and initiator was maintained to 4.5 in order to limit the fraction of new initiated chains.

Scheme VI.4. Emulsion copolymerization of DOT with BA in presence of the PNAM-TTC macroCTA agent.

Table VI.5. Experimental conditions and results for the PNAM-TTC mediated emulsion (co)polymerization of BA with DOT.

Run

DPtarget [a] fDOT [b] (%)

τs th [c] (%) t (min) τs [c] (%)
Conv. [d] (%)

FDOT [e] (%)

Mn th [f] (kg mol -1 ) Mn [g] (kg mol -1 ) Ɖ

Mn deg [g] (kg mol -1 ) Ɖ

Zave [h] (nm) PDI We thus ran two syntheses, one polymerizing BA alone (PNAM-BA, Table VI.5) and a second one adding 1.8 mol% of DOT in BA (PNAM-BA-DOT, Table VI.5) so that the concentration of DOT is set just below its solubility limit to avoid stability issues (see Chapter IV). We targeted a DP of about 200 for the second block as it should allow DLS results showed that in the case of DOT-free synthesis, the latex was composed of particles of about 65 nm. However, when adding DOT to the formulation a second population with a diameter 10 times higher was detected by DLS. Its presence was confirmed by laser granulometry. However, the number-size distribution given by the DLS measurement reveals that an insignificant number of large particles are present compared to the smaller ones (Figure VI.17). The concentration of these large objects should be very low for DLS to still detect particles that possess a diameter 10 times smaller. Next, we were able to attest of the incorporation of the DOT units. 1 H NMR spectrum performed on the dried latex PNAM-BA-DOT presents the exact same signals between Thus, all indicate that both latexes are the product of a proper PISA mechanism. The emulsion (co)polymerization of DOT with BA under emulsion conditions in the presence of PNAM-TTC did result in full chain extension of the macroCTA to yield well-defined amphiphilic block copolymers. Under those conditions, the formation of a stable latex can only be the results of the self-assembly of these amphiphilic block copolymers.

Dn [i] (
Scheme VI.5. Emulsion copolymerization of DOT with styrene in presence of the PNAM-TTC macroCTA agent.

Table VI.6. Experimental conditions and results for the PNAM-TTC mediated emulsion (co)polymerization of styrene with DOT.

Run

DPtarget [a] fDOT [b] (%)

τs th [c] (%) t (min) τs [c] (%)
Conv. [d] (%)

Mn th [e] (kg mol -1 ) 

Mn [f] (kg

VI.5. Conclusion

The RAFT-mediated emulsion (co)polymerization of either DOT with BA or DOT with styrene was probed in the presence of different hydrophilic macroCTAs.

As we targeted biomedical applications, we initially aimed at synthesizing PEGstabilized nanoparticles. Thus, we tried to synthesize PEG-stabilized particles using As detailed in Chapter V, the PISA process enables the formation of nano-objects with various morphologies through the self-assembly of in situ formed amphiphilic block copolymers. By varying the nature and molar mass of the two blocks and/or the solid content, different morphologies such as spheres, worms or vesicles can be obtained.

While these morphologies seem to be easily obtained in aqueous dispersion polymerization by simply varying the molar mass of the hydrophobic block or the targeted solids content, emulsion polymerization reveals to be more challenging to reach higher-order morphologies. Among the various parameters that can be varied to obtain such morphologies, the water solubility of the hydrophobic monomer was found to have an important impact. Experimental results tend to show that the more watersoluble the core-forming monomer is, the easier obtaining higher-order morphologies will be. 1,2 With a solubility in water of 26 g L -1 at 50 °C, 3 vinyl acetate (VAc) is one of the most hydrophilic monomers among the monomers classically employed in aqueous emulsion polymerization. Vinyl acetate is a less activated monomer, and its RAFT polymerization requires the use of specific chain transfer agent based on a dithiocarbamate or a dithiocarbonate (xanthate, X). In the latter case, the polymerization process is also termed macromolecular design via interchange of xanthate (MADIX). Only five papers depict the use of MADIX-mediated PISA for less activated monomers. [4][5][6][7][8] Two of them focus on VAc emulsion polymerization, conducted with dithiocarbonate-end (xanthate) functionalized macroCTAs. In the first case, a xanthate-functionalized dextran (Dext-X) was used. 8 The functionalization rate was rather low (ca. 30%), and when employed to mediate emulsion polymerization of VAc, spherical particles were obtained. Their formation and stabilization were possible by a fraction of in situ formed dextran-b-PVAc block copolymers. In the second study, performed in our group, emulsion polymerization of VAc was carried out in the presence of a PEG quantitatively functionalized with a dithiocarbonate end group (PEG-X). 7 Using a redox initiation at 25 °C, kinetics was slow, but the control of the polymerization was shown by the increase of the molar mass upon VAc conversion and low dispersities that remained around 2, as expected. Here again, however, spherical PVAc particles composed of PEG-b-PVAc were systematically observed.

Building on these results, we anticipated that conducting PEG-X mediated VAc polymerization at higher temperature may not only lead to faster kinetics but also favor the softening of the particles considering both the glass transition temperature (Tg) of PVAc (ca. 30 °C) 9 and the improved plasticization with VAc. In fine, this could favor fusions and rearrangements of the polymer chains to achieve the yet unattained higher-order morphologies.

The first part of this Chapter is dedicated to the VAc PISA in emulsion and the description of the morphological transitions depending on the experimental conditions.

Most of the data presented in this part have been recently published in Polymer Chemistry. 10 To question the mechanism of nucleation and formation of such morphologies in an aqueous emulsion PISA, we implemented in a second part of this Chapter the monitoring of the morphological transitions via in situ small angle X-ray scattering (SAXS) measurements using a synchrotron light source in collaboration with Dr. Fabrice Brunel (CP2M).

VII.2. RAFT/MADIX-mediated aqueous emulsion polymerization of

VAc in the presence of PEG-X.

As mentioned in the introduction, PEG-b-PVAc spherical particles were already successfully obtained through PEG-X mediated VAc emulsion polymerization in water at 25 °C. 7 Building on these preliminary results, we suggested that raising the temperature may allow triggering the formation of non-spherical morphologies.

VII.2.A. Synthesis of the PEG-X macroCTA and preliminary emulsion polymerization for a DP = 51

The synthesis of PEG-X was led according to previous report (Scheme VII.1). 7 It consist in the chemical modification of a commercial linear PEG bearing an alcohol chain end in a two-step process. In the first step, the PEG-OH is modified to yield a PEG bearing a bromide chain end. In the second step, the bromide is substituted by the ethyl xanthate to give the PEG-xanthate as confirmed by the 1 H NMR spectra (Figure VII.1).

The synthesis leads to a yield of about 80%. VAc's inclination to produce head-to-head (HH) units during the polymerization is documented in the literature and has been particularly discussed in the case of RAFT/MADIX. [35][36][37][38] The corresponding chains terminated by -CH(OAc)-CH2-X are much less reactivatable than the expected -CH2-CH(OAc)-X. Indeed, the tailing observed on the low molar mass is thus not ascribed to unreacted PEG-X (see below), although it is worth mentioning that degradation of PEG-X during the reaction or slow reinitiation could contribute to this tailing. Rather, -CH(OAc)-CH2-X terminated block copolymers probably accumulate. This is indeed consistent with the SEC traces recorded using UV at 270 nm (Figure VII.4) that show that the chains forming this tailing are also carrying a xanthate moiety. All in all, either (i) or (ii) assumption gives rise to side populations that are nevertheless amphiphilic block copolymers containing PEG and PVAc segments that will be involved in the self-assembly process. The full assignment of this 1 H NMR spectrum shows no trace of remaining PEG-X indicating that the majority of these chains have been chain extended. VII.1), the obtained medium is a latex made of isometric spherical particles with a diameter of ca. 20 nm. The aspect of the latter is consistent with a dispersion of such small objects as they would only scatter the light of shorter wavelength (blue, violet). It is worth mentioning that the seeds used in section III.3 were synthesized by reproducing the experiment described above. 

VII.2.B. Influence of the targeted DP of PVAc block

DPtarget was then increased to investigate its impact on the PEG-b-PVAc self-assembly.

A set of experiments was thus performed varying DPtarget of the PVAc block between 50 to 200 (PEGVA1 to PEGVA6, Table VII.1). The total solids content was kept at 10 wt%. [h] Main Morphologies based on cryo-TEM images on the final latex: S = spheres, W = worms, V = vesicles, LCV = Large compound vesicles. For the spheres, the number-average diameter and dispersity index determined by statistical analysis of the TEM images are also indicated.

[k] For this experiment, multilamellar and distorted vesicles were also observed.

For all the aforementioned syntheses, and as exemplary shown in However, the molar masses calculated according to the 1 H NMR spectra of the final latexes are in good agreement with the theoretical ones (Table VII.1). Further analyses of the latexes by cryo-TEM show that the in situ formed amphiphilic block copolymers self-assemble into nano-objects of various sizes and morphologies As detailed in Chapter V, morphology prediction in PISA is difficult since the mechanisms involved are complex and depend on many parameters. Nonetheless, a reproducible pattern for the morphological transitions has now been settled through various studies. [12][13][14][15] It is agreed that initial spherical particles merge to form wormlike particles which themselves give rise to branched "octipi-like" structures as a transition state to vesicles. The morphologies observed match with this established pattern, and morphologies of even higher-order than vesicles are observed. However, according to this pattern, the worm/fibre morphology that is not seen here should be formed for DP between 47 (PEGVA1, spheres) and 75 (PEGVA3, spheres + vesicles).

The narrowness of this DP window is consistent with the PISA literature concerning the formation of worm/fibre particles. 16 Accordingly, and to assess the mechanism of the formation such morphology, we investigated the evolution of the morphology over the course of the polymerization.

To do so, experiment PEGVA6 was reproduced (PEGVA7, Table VII.1) and samples were withdrawn periodically to determine the morphologies of the particles at different polymerization times via cryo-TEM (Figure VII.12). First, it is important to mention that all the above-mentioned morphologies (spheres, worms, octopi-like, vesicles, large compound vesicles) are formed at some point over the course of the polymerization. It appears clearly that during the first moment of the polymerization, spherical particles are created (12% conversion). Upon increase of the conversion (30%), vesicles along with small spheres and aggregated worms can be noticed. These aggregated worms highly resemble the "octopi-like" structures previously described as the intermediate state between worms and vesicles. 17 As the length of the PVAc block keeps increasing, intriguing morphologies appear (from 63% to 83%). At 63% conversion, either large multilamellar vesicles (onions) or rather large vesicles containing multiple smaller vesicles (63%Figure VII.12) can be observed. Between The presence of various morphologies depending on the conversion or degree of polymerization during the synthesis tends to confirm that the formation of the higherorder morphologies is obtained through rearrangement of primary particles as already postulated. The transition from spheres to vesicles seems to go through the formation of worms and "octopi-like" structures. Eventually, the formation of LCVs may be due to the rearrangement of large "multiple" vesicles forming vesicles comprising multiple compartments. This latter transition is however very intricate to describe since the obtained morphologies are not necessarily homogeneous and such transitions have never been described yet.

VII.2.C. Influence of the solid content

To investigate further this system and identify conditions for which worms/fibres could be obtained in the final latex, three additional syntheses were performed at higher solid contents, that is 15 wt%, targeting DP value of 51, 76 and 100 for the PVAc block (entries PEGVA8, 9 and 10 in Table VII.2, respectively). [h] Main Morphologies based on cryo-TEM images on the final latex: S = spheres, W = worms, V = vesicles, LCV = Large compound vesicles. For the spheres, the number-average diameter and dispersity index determined by statistical analysis of the TEM images are also indicated.

The same good control (see annex 3) over the chain extension of PEG-X with VAc is observed as attested by the good match between the expected and experimental molar mass values obtained upon VAc conversions, and the rather low dispersities (Table VII.2). In addition, the morphology evolution as the DP increases is similar to the one reported in the previous series of experiments ( The coexistence of the three morphologies in PEGVA9 confirms that the experimental window (i.e. the DP) for which the worm/fibre morphology can be exclusively attained is very narrow. The difficulty in obtaining a pure worm/fibre morphology in this system probably lies on the fact that the underpinning formation mechanisms are intricate.

Indeed, in addition to VAc hydrophilicity, PVAc's low Tg (ca. 30 °C) also plays a significant role. The synthesis temperature is fixed at 70 °C above the Tg of the PVAc, which implies that the hydrophobic block maintains a certain mobility ensuring a labile structure for the self-assemblies. This should provide more opportunities for morphological transitions that was not achieved in the previous works on PEG-X mediated VAc emulsion polymerization, where the polymerizations were performed at 25 °C. 7

VII.2.D. Influence of the temperature

As we suggested that performing the polymerization at 70 °C might favor the rearrangement of the blok copolymers chains formed during PEG-X mediated VAc PISA, we ran another series of polymerizations at 60 °C. [h] Main Morphologies based on cryo-TEM images on the final latex: S = spheres, V = vesicles, LCV = Large compound vesicles.

Reducing the temperature did not have an impact on the control of the polymerization as corroborated by the good match between the expected and experimental molar mass values obtained, and the rather low dispersities (Table VII. VII.3).
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VII.2.E. Conclusion

The aqueous MADIX-mediated emulsion polymerization of vinyl acetate using a poly(ethylene glycol) bearing a xanthate chain-end as a hydrophilic macroCTA led to relatively well-controlled polymerizations with a good blocking efficiency, and the formation of stable latexes. At 10 wt% solid content, increasing the DP of the PVAc block allowed to trigger the morphological transitions of the self-assembled PEG-b-PVAc nano-objects, from spherical particles for a DP of 47 to a mixture of spheres and vesicles for the DP comprised between 62 and 100, and eventually to higher-order morphologies including large compound vesicles for a DP of 187. By increasing the solid content from 10 to 15 wt%, the worm morphology was obtained for a DPexp of 73, however coexisting with spheres and vesicles.

The access to non-spherical morphologies depicted here for the first time for VAc emulsion polymerization was interpreted as the result of the high-water solubility of VAc compared to other hydrophobic monomers classically employed in emulsion polymerization. Nonetheless, several other parameters may be involved in the formation of higher-order morphologies for this system. We showed that the temperature plays a part as it has an influence on the mobility of the core polymer chains. The nature of the hydrophilic block should also be taken into account as it has already been reported in our group to play an important role in the self-assembly and rearrangement mechanism. 18,19 More specifically, the relatively low repulsion between the PEG corona compared to other hydrophilic macroCTAs, especially charged ones, would enhance the effective collision of the assemblies and thus promote their rearrangement. 19 Eventually, it has notably been shown 20 that large dispersity for the hydrophilic block can promote the formation of vesicles in the case of self-assembly in water. The diblocks with the longer hydrophilic block were segregated at the inner interface of the membrane and the shorter ones at the outer interface as a result of the larger curvature of the inner interface compared to the outer. It thus could be debated whether the relatively large dispersities of our PEG-b-PVAc (dispersities sometimes up to 2) along with the possible formation of triblocks have an impact on the morphological transitions.

VII.3. In situ SAXS investigation of the morphological transition in

the VAc PISA under emulsion conditions

VII.3.A. Introduction and aim of the work

The mechanism associated with the formation of higher-order morphologies in PISA is still not fully addressed, especially in the case of emulsion PISA. It is however commonly accepted that the formation of worms or vesicles goes through the aggregation of primary particles or diblock copolymers micelles followed by fusion and rearrangement of the chains. Our group recently gave further insight on the physicochemical mechanism involved in such aggregation and rearrangement using molecular dynamics simulations. 19 It was notably concluded that, depending on the copolymer architecture, the attractive interaction between the copolymer micelles is followed, in some case, by a repulsive barrier that controls the aggregation kinetics: a high repulsive barrier leads to slower aggregation rate and thus larger and denser clusters (i.e. reaction limited cluster aggregation). These clusters then coalesce into large vesicles due to the presence of interstitial water molecules in the cluster. Inversely, a low repulsive barrier causes a rapid aggregation which gives loose and ramified clusters (i.e. diffusion limited cluster aggregation) that coalesce after swelling with hydrophobic monomer, leading to fibers and small vesicles. This new mechanism approach can explain the formation of non-spherical morphology depending on the polymer architecture by revealing the crucial role of the aggregation state of the primary particles.

Acknowledging that our system easily induces the formation of higher-order morphologies, it may be an appropriate model to study the mechanism of morphological transitions and nucleation in the case of emulsion PISA. Under the cosupervision of Dr. Fabrice Brunel (CP2M) who is an experienced user of SAXS and has also handled the above-mentioned simulation work, we implemented in situ VAc PISA Synchrotron-SAXS measurements and confronted the results to the mechanism highlighted from the simulations. 19 In situ SAXS has already been applied to monitor morphological transitions in the case of aqueous PISA. Brotherton et al. notably monitored the morphologies during the RAFT-mediated emulsion polymerization of 2-methoxyethyl methacrylate (MOEMA) using a poly(glycerol monomethacrylate) (PGMA) as macroCTA. 21 This study allowed confirming that spheres, worms and vesicles were formed successively over the course of the polymerization. However, the authors only provided a qualitative description of the morphologies by measuring the slope at small q-range but they were not able to fit the whole q-range using a form and a structure factor. therefore they did not explain the transitions from spheres to worms and from worms to vesicles. As such, we used in situ SAXS measurements to give a more precise description of the mechanism at stake during the transitions.

Thanks to this project, we were granted beam time at the European Synchrotron Radiation Facilities (ESRF, Grenoble, France) where the in situ SAXS measurements were led subsequently.

VII.3.B. Design of the experimental setup

In the above mentioned context, one of the main challenges was to adapt the process to fit the requirements of in situ SAXS measurements at the synchrotron. In the study described in section VII.1, polymerizations were performed in a 25 mL round bottom flask that was immersed in an oil bath set at 70 °C. Simply letting the X-ray beam pass through the flask is not enough to provide one with reliable data. Indeed, the thick glass wall and the large amount of water would absorb most of the scattered Xrays.

The design of a "in situ reactor" that would allow reproducing consistently the experiments performed in the conventional round bottom flask as depicted above and in section VII.2 was thus required. This was done in collaboration with Dr. Edgar Espinosa (CP2M). This "in situ reactor" should also allow a part of the polymerization medium to flow in a parallel thin wall capillary tube placed under the X-ray beam. The polymerizations were thus performed in a round bottom flask connected to the capillary in such a way that there would be a a constant flux of the reaction medium in the capillary before going back to the round bottom flask. To do so, a tube was immersed in the three-neck round bottom flask through a septum and connected to the capillary via a peristaltic pump. The capillary was then connected back to the flask

(Figure VII.15).
In a fist step, we thus performed several experiments trying to reproduce the results we obtained in VII.2 but using the above-mentioned setup. Once the setup with the heating cable was validated, we looked to reproduce in this setup the experiment PEGVA4 from section VII.2.B (DPtarget = 100, s = 10 wt%, total volume of 50 mL, oil bath set at 70 °C) and more specifically to obtain the same kinetic profile. The pump was started straight from the beginning. This experiment however led to only 40% VAc conversion after 100 min while for PEGVA4, more than 90% was reached in 40 min (Figure VII.17). We reckoned that this was due to the constant flux toward the capillary. Indeed, as the dispersion flows in the tubes with a relatively low diameter (1 mm), the stirring is impacted and high shear forces probably also induced, impacting the nucleation.

We thus assumed that two key parameters should be influencing the kinetics: the total volume of solution and the moment the pump was started. On the first hand, we supposed that delaying the start of the pump long enough to let the nucleation proceed would reduce the impact of the flow on this critical stage.

Looking at the kinetic profile of the PEGVA4 reference experiment (Figure VII.7), at 25 min the nucleation step should be nearly over. We thus ran two additional syntheses for a total volume of 50 mL, one starting the pump after 20 min and the second after 30 min. However, for the first experiment, the evolution of the VAc conversion failed to reach values consistent with PEGVA4 with only 60% after 100 min (Figure VII.17).

It still allowed reaching higher conversion than previously. The synthesis performed while starting the pump after 30 min exhibit a kinetic profile similar to the reference synthesis, however it only reached a maximum conversion of 80%. Additionally, it should be noted that, as we aim to monitor the transition of morphologies and the nucleation step, starting the pump when more than 50% of the monomer has been consumed is not desirable. Increasing the total volume of the reaction medium could allow decreasing the impact of the flow through the tube by decreasing the proportion of the medium transiting through it. By raising the volume to 100 mL and starting the pump after 5 min, we were able to reach a VAc conversion of 90%. However, the nucleation seemed to be longer and the polymerization rate slightly lower, compared to those of the reference (Figure VII.17). Eventually, a total volume of 100 mL while starting the pump after 10 min (PEGVA13, Table VII.4) led to a kinetic profile that was very similar to that of the reference PEGVA4 (Figure VII.17). Furthermore, the comparison between the results of both experiments targeting the same DP and solid content but using either a conventional or an in situ setup yielded approximately the same results in terms of molar mass distribution (Table VII.4).

However, cryo-TEM images showed notable differences. If both syntheses resulted in the formation of vesicles, in the in situ setup, the obtained vesicles were much larger (Figure VII.18). Additionally, the final latex formed in the in situ setup also featured "jelly-fish" which is supposed to be one of the morphologies obtained between the worms and the vesicles. The in situ setup will thus inevitably have an influence on the morphologies. The setup and the protocol validated, the in situ reactor was brought at the ESRF to perform in situ SAXS measurements. However, once we had to try out this setup in the conditions dictated by the beamline at the ESRF, some additional adjustments had to be made. Notably, the length of the tube had to be increased so that the capillary could be placed under the X-ray beam. To outweigh the increased volume of liquid in the resulting longer tube, we notably increased the total volume to 200 mL. Several experiments were run at the ESRF but eventually, only one ran for a total volume of 200 mL and targeting a DP of 200 provided exploitable data.

Run

VII.3.C. Discussion of the results and main outcome

Following the experiments ran at the ESRF, the treatment of the data, mathematical model and most of the interpretation were done by Dr. F. Brunel. A full description of the work can be found in annex 3 under the form of an article draft. In this section, we will only present a condensed version of the results and conclusions to illustrate the outcomes of this project.

First of all, notable differences were spotted between the conventional and the in situ experiments. As we anticipated and was attested by the preliminary experiments ran in the in situ reactor, some differences in the morphologies of the produced objects were observed. SAXS data showed that the characteristic dimensions of the objects formed during conventional and in situ syntheses differed significantly. Nonetheless, it should be noted that cryo-TEM images showed the LCVs were formed as expected (Figure VII.19). More interestingly, for the same conversions, comparison of data between the SAXS in situ experiment and the conventional setup showed that the transitions appeared more gradual for the polymerization run in the conventional setup compared to the in situ one. It is worth mentioning that for the measurements performed with a conventional setup, samples were cooled down before being analyzed which may slightly affect the aspect of the latex. Accordingly, it is quite clear that running SAXS measurement on the sampled latex did not provide a realistic view of the morphological transitions during the reaction process . Nonetheless, the SAXS data bring evidences that the mechanism leading to the formation of the higher-order morphologies operates according to three steps: (i) the nucleation of primary particles (i.e. copolymer micelles), (ii) a rapid morphological transition where the primary particles aggregate into clusters that rearrange into higher-order morphology, and (iii) a final curing step where the nano-objects slowly grow to reach their final dimension. It was allready suggested that the presence of attracto-repulsive interactions between primary particles can impact their further aggregation into larger clusters that can later reorganize into more complex architectures depending on the packing density of such cluster. Here, a direct observation of this mechanism is presented. The aggregation is indeed the first step that triggers the morphological transition through the structural reorganization within these clusters. Moreover, this mechanism explains very well why non-spherical morphologies are obtained in a very narrow window of conditions. Indeed, according to this mechanism, obtaining a non-spherical morphology requires an intermediate degree of stability (i.e. an attracto-repulsive interaction that is neither purely attractive nor purely repulsive) causing rapid aggregation and thus the formation of large and poorly organized clusters, which then merge into a non-spherical morphology.

Therefore, a very fine tuning of the inter-particle interaction is required to obtain nonspherical morphologies which can only be achieved in a narrow window of experimental parameters. Furthermore, this rapid aggregation occurring during the transition step presents a chaotic aspect; a small perturbation during this step may lead to significantly different subsequent behaviors, and thus ends up in a mixture of morphologies. Those results may suggest that the interpretation of the formation of higher-order morphologies should go beyond the concept of the packing parameter translated into the ratio of the molar mass between each block in the case of PISA and that only accounts for geometric/steric constraints. The aggregation kinetics dictated by the physico-chemical interactions between copolymer aggregates should thus be considered further when predicting the morphologies in PISA. Eventually, it should be noted that due to the specification of the beamline we used (low q-range), only the smallest objects (i.e. small spheres/vesicles) are visible.

Therefore, we were not able to comment on the formation of LCVs. However preliminary data suggested that the formation of vesicles occured at large scales (i.e.

> 100 nm).

VII.4. Conclusion

In this chapter, we studied the RAFT/MADIX-mediated emulsion polymerization of VAc in the presence of PEG-xanthate. This protocol was initially investigated for the synthesis of seeds for the subsequent copolymerization of VAc with MDO. If we were able to obtain the expected seeds and to prove the efficiency of the strategy for the homopolymerization of VAc, the copolymerization with MDO was impossible as seeds did not bring the required stability (see section III.3).

The Building on those results, we tried to give further insight on the mechanism leading to non-spherical morphologies in emulsion PISA. Accordingly, we conducted in situ small angle X-ray scattering measurements at the ESRF in order to monitor the morphological transitions occurring over the course of the polymerization. To do that we had to design a reactor that would enable the medium to flow through an in-line cell connected to the X-ray beam. After checking that the set up gave reproducible results in terms of kinetics and final morphologies compared to experiments performed in conventional glasswares, the set-up was implemented at the ESRF. The results extracted from the SAXS measurements brought further evidence of the mechanism of aggregation and rearrangement of primary particles associated with the formation of the higher-order morphologies. It also brought elements to discuss the role of the attracto-repulsive forces driving such mechanism and raised questions about the 

VII.5.C. Analytical techniques

Nuclear magnetic resonance (NMR) 1 H and 13 C spectra were recorded on a Bruker Avance III 400 MHz spectrometer ( 1 H: 400 MHz; 13 C: 100 MHz) at 25 °C. The samples were diluted in CDCl3 at concentrations of about 30 mg mL -1 for 1 H and 90 mg mL -1 for 13 C. NMR spectra were recorded with a 5 mm BBFO + probe with a z-gradient coil.

Size exclusion chromatography (SEC)

SEC analyses were performed using a Viscotek system (Malvern Instruments) including a four-capillary differential viscometer, a differential refractive index (RI)

detector and a UV detector. THF was used as the mobile phase at a flow rate of 1 mL min -1 at 35 °C. All samples were injected at a concentration of 3 to 5 mg mL -1 after filtration through a 0.45 μm PTFE membrane. The separation was carried out on three Polymer Standard Service columns (SDVB, 5 μm, 300 × 7.5 mm) and a guard column.

The average molar masses (number-average molar mass, Mn, and weight-average molar mass, Mw) and the molar mass dispersity, Đ = Mw/Mn, were calculated from the RI signal with a calibration curve based on polystyrene standards (Polymer Standards Service).

This PhD thesis was conducted within the frame of a larger project regrouping three research institutes, and whose ultimate goal was to propose methods for the synthesis of degradable vinylic polymer particles to be used as nanovectors for drug delivery or for medical imaging applications. Our work focused on the investigation of aqueous emulsion (co)polymerization systems for the implementation of efficient and straightforward processes for the synthesis of such particles. To achieve that, we took The strategy was to start by probing the copolymerization of those monomers with common vinylic monomers under very conventional emulsion conditions before looking for more advanced systems and notably systems that would fit the requirements of biomedical applications. Acknowledging the references about their copolymerizations in organic homogeneous media, we foresaw that MDO should copolymerize with vinyl acetate (VAc), BMDO with methyl methacrylate (MMA) and DOT with either styrene (S) or n-butyl acrylate (BA).

As CKAs are known to be sensitive to water, the hydrolyses of BMDO and MDO in aqueous dispersed media were first studied. Those studies allowed determining conditions that should minimize the rate of hydrolysis of the CKA. Nevertheless, the emulsion copolymerization of MDO with VAc was not achievable, since MDO proved to be fully and very rapidly hydrolyzed even under the milder conditions. The majority of our experiments led to the formation of homo-PVAc and no integration of ester units along the chains. Conditions were eventually identified for which stable PVAc latex could be obtained and incorporation of MDO units shown. Nevertheless, our multiple unsuccessful attempts would indicate that a successful copolymerization would be highly dependent on the formulation and would anyway not consist in robust emulsion polymerization systems. This was indeed confirmed by an article that came out during our investigations and reporting the successful copolymerization of MDO with VAc under aqueous emulsion conditions, however employing a very specific combination of initiators, charged comonomer and feed set ups.

The copolymerization of BMDO with MMA under conventional emulsion conditions was then investigated, using sodium dodecyl sulfate (SDS) as surfactant and potassium persulfate (KPS) as radical initiator at 70 °C. This process led to stable latexes and near full conversion of MMA in less than two hours. Additionally, a significant fraction of ester functions was integrated into the backbone of the copolymers when the syntheses were run in a slightly basic aqueous phase. Nonetheless, the hydrolysis of BMDO was unavoidable and a substantial part of it was degraded before being able to copolymerize. Those copolymers proved to be degraded in the presence of a strong base (potassium hydroxide) with a loss of molar mass of more than 90%. Overall, the copolymerization of BMDO with MMA under conventional aqueous emulsion copolymerization brought a first example of a simple and straightforward process for the synthesis of nanoparticles made of degradable PMMA-based copolymers.

To complete the study on conventional emulsion procedures, the copolymerization of DOT was probed with either S, BA or both of them. Once again, these syntheses were Building on these promising results and with the aim of targeting biomedical applications, we then investigated the extension of these systems to surfactant-free the PEG-X-mediated emulsion polymerization of VAc was successful, and varying the molar mass of the PVAc block led to the formation of different morphologies including spheres, vesicles, and large compound vesicles, the latter of which had been only very rarely observed in this type of system before. Building on those results, we tried to give further insight on the mechanism leading to these non-spherical morphologies in emulsion PISA. Accordingly, we conducted in situ small angle X-ray scattering measurements on the reaction medium to monitor the morphological transitions over the course of the polymerization. Those experiments further evidenced the mechanism of fusion and rearrangement of the primary (spherical) particles to lead to higherorder morphologies. Through modeling, it also brought elements to discuss the role of the attractive/repulsive interactions in the fusion and rearrangement of the primary particles.

The results obtained throughout this PhD thesis work may found valuable applications in several fields. As defined in the project, the main goal was to target biomedical applications, and the latest part of the thesis may open new opportunities for straightforward and efficient process for the synthesis of biocompatible and degradable particles. However, it should be noted that the vinylic monomers used here may not be the most appropriate for such applications and merely served as models for being the most commonly used ones in emulsion polymerization. The design of relevant degradable particles for applications in drug delivery or medical imaging would require further development. This could certainly be achieved by reassessing the process in the presence of other, more appropriate, vinylic comonomers depending on the applications. This research is currently under investigation at the Institut Galien Paris-Saclay in Châtenay-Malabry, where experts in the development of polymer nanoparticles for biomedical applications are working.

Nonetheless, the aqueous emulsion polymerization for the synthesis of degradable vinylic polymers may found much wider ranges of applications. We may suggest cautiously that it could be applied to any field of applications of emulsion polymerization that would benefit from the addition of degradability properties to their products. One of the main assets of emulsion polymerization is that it is actually a very profitable and efficient means of producing vinylic polymers. As such, the copolymerization of vinylic monomers with a small fraction of CKA, or rather thionolactone, under emulsion conditions may only be a profitable and efficient process for the synthesis of degradable vinylic polymers. Eventually, one of the most prominent use of latexes can be found in coatings (paints, varnishes …). The development of PISA applied to the synthesis of degradable vinylic polymer particles may led to the development of performing film-forming materials and could potentially lead to degradable coatings. Those investigations are currently under progress in our laboratory. Looking beyond, the value of such systems may also be found in the (i) chemical nature of the link introduced in the vinylic backbone and (ii) the nature of the degradation product. (i) The original introduction of esters or thioesters in the backbone of the chains forming these particles could indeed be a first step towards the involvement of these functions in dynamic chemistry that could be induced in the film forming step. This may lead to coating with unique properties (ii) Indeed, as the copolymers are hydrolyzed, compound bearing both a (thio)carboxylic acid and either an alcohol or a thiol are formed. With such functional groups, one may envision to repolymerize those products using polycondensation for instance or simply use the corresponding reactive building blocks in material science.

Reproducibility for the emulsion copolymerization of DOT with BA or styrene

The batches of DOT that was provided to us by our partners Noémie Gil, Cathy Lefay and Yohann Guillaneuf in Marseille (Institut de Chimie Radicalaire Marseille) were always pure, no trace of impurities could be noticed on the corresponding NMR spectra.

Yet, it was observed that, depending on the method of purification, either recrystallization or column chromatography, the color of the product was different (Figure 1). Emulsion copolymerization of BA with DOT resulted in latexes the aspects of which looked different depending on the batch of DOT employed (Figure 2). Results indicate that the nature of the batch can have a strong impact on the size of the particles (Table 1). As an example, for synthesis employing 1 mol% of DOT, we obtained particles with an average diameter of 42 nm using the yellowish batch A purified by column chromatography (E1DOT-A, Table 1) while the use of the bright yellow batch C, also obtained by column chromatography in the exact same conditions, yielded particles with an average diameter of 59 nm (E1DOT-C, Table 1). The same kind of results was obtained for the molar masses. For instance, syntheses using the batch C yielded polymers that were too insoluble to be analyzed by SEC-THF while no issue were observed with A or the orange B that was purified by recrystallization (Table 1).

Nevertheless, while A led to the formation of copolymers with a number-average molar mass of 220 kg mol -1 for 0.9 mol% of DOT in the initial feed, B led to the formation of copolymers with a number-average molar mass of 440 kg mol -1 . Eventually, batch also had an impact on the formation of coagulum as synthesis using batch C led to almost no or very little amount of coagulum, while the use of A and B led to coagula (results not showed). It is possible that impurities and more specifically of phosphor-containing derivative of the Lawesson reagent used for the synthesis of DOT may be surfaceactive enough to have a significant effect on the physical-chemistry of the media, even at undetectable levels. Nonetheless and more importantly, if the batch of DOT has an impact on the physicochemical properties, it seemed to have very little impact on the chemistry of the system as a good reproducibility on the amount of integrated DOT units in the final copolymers was observed (Table 1). Retention volume (mL) Retention Volume (mL) Retention Volume (mL) , which is given by the equation:

PEG-C12

PEG-CN12

Where and are the volume and the length of the hydrophobic block respectively, and is the effective interfacial area of the block junction. This concept, originally introduced by Israelachvili and co-workers 2 to explain surfactant self-assembly, was later extended to diblock copolymer self-assembly by Antonietti and Förster. 3 It is generally accepted that spherical micelles are favoured when , cylindrical micelles are produced when , and vesicles are formed when .

Therefore the particle morphology is impacted by the various parameters which influence the packing parameter, such as the molar mass [4][5][6][7][8] , the chemical nature [9][10][11][12][13][14][15] and the architecture of the block copolymer [16][17][18] , the solvent quality 6,[19][20][21][22] and, in aqueous media, the pH 6,23 and/or ionic strength 24,25 . However this concept holds only for morphologies at thermodynamic equilibrium but higher-order morphologies are not necessarily at equilibrium and kinetic aspects also influence morphology. Indeed stirring 26 , temperature 12 , initiating system and monomer concentration and conversion 23,27,28 also play also a role by modifying the polymerization kinetics or the shear flow. Moreover, the non-spherical morphology is generally obtained in a narrow experimental window for typical PISA formulation, resulting in heterogeneous morphologies. 1 Therefore morphology prediction in PISA remains difficult and the detailed mechanism of the non-spherical morphology formation is still under debate.

It is generally accepted that the PISA process begin with the nucleation of primary particles (i.e. spherical micelles), followed by their the aggregation and their fusion to into larger morphology. Recent investigations of PISA in emulsion were conducted using MD simulations. 29 Using umbrella sampling algorithm, the interaction free energy between different self-assembled copolymer micelles were calculated. Depending on the copolymer architecture, the attractive interaction between the copolymer micelles is followed, in some case, by a repulsive barrier which controls the aggregation kinetics: a strong repulsive barrier leads to slower aggregation rate and thus larger and denser clusters (i.e. reaction limited cluster aggregation). Theses clusters then coalesce into large vesicles due to the presence of interstitial water molecules in the cluster. Inversely, a weak repulsive barrier causes a rapid aggregation which gives loose and ramified clusters (i.e. diffusion limited cluster aggregation) that coalesce after swelling with hydrophobic monomer, leading to filbers and small vesicles. This new mechanism approach can explain the formation of non-spherical morphology depending on the polymer architecture by revealing the crucial role of the aggregation state of the primary particles.

In situ SAXS also provided important insights into the formation mechanism of the different morphology. 28 Czajka and Armes used in-situ SAXS to monitor the evolution in copolymer morphology during PISA in dispersion. 30 They recorded a three steps process : (1) the nucleation of spherical micelle (from 0 to 30 min), followed by ( 2 Where the power law constant is just the scale factor. For a perfectly sharp interface, a q slope is observed. The slope can vary between -4 and -3 for rough interfaces.

Quantitative analysis of particle size and shape starts with the Guinier approximations.

For three-dimensional objects the Guinier approximation is given by : exp

The following simple functional form reproduces the broad peak feature :

Here the peak position is related to the d-spacing as . The d-spacing corresponding to the broad peak is a characteristic distance between the scattering inhomogeneities (such as in lamellar, cylindrical, or spherical morphologies or for bicontinuous structures). And , the correlation length, a measurement of the peak width.

This implementation of a spherical shell is parametrised with an inner radius and outer radius . The scattering contrast relative to the matrix of the core is and the one of the shell .

with :

measurement are performed at constant reaction temperature (70 C). This difference may also suggests that the sampled latexes are not thermodynamically stable and continue to evolve after sampling (i.e. the cooling did not completely freeze the morphology). Anyhow, it is quite clear that the sampling method did not provide a realistic view of the morphological transition during the reaction process. The nucleation (first 20 min). At first, one can observed a q slope in the lower q-range (i.e. a Porod law :

) and a Guinier plateau at higher q-range (see Figure 14a). The Porod region (q 0.2 nm ) and the Guinier region (q 0.2 nm ) correspond to large monomers droplets and small copolymer micelles, respectively. The evolution of the Porod constant ( ) as well as the Guinier constant ( ) and radius of gyration ( ) are plotted in Figure 15. The size of the micelles (corresponding to the Guinier plateau) decreases at the very beginning (see Figure 15b), which could be an artifact due to the very low scattering intensity hence this early trend might not be significant. The q slope increases in intensity during the first few minutes (see Figure Figure 15a), which could correspond to a decrease of the droplet size making them more visible in our working q-range (i.e. shifting to lower q). The scattering intensities in the Porod region reaches a maximum around 14 min then start to decrease. At the same time, the intensity of the Guinier plateau increases (increase number of micelles) while their size remain constant. These observation are consistent with a nucleation step, the diffusion of the monomers from larger droplets into the bulk, where they can polymerized, forming amphiphilic copolymer which can easily self-assemble into small micelles (i.e. nucleation). No evidence of the monomer swelling the micellar core are visible (i.e.

the micelles radius remains constant), which could be the results of the slight solubility of vinyl acetate in water which prevent its segregation into the micelles hydrophobic core. At the end of this first step (Figure 14b), the Porod slope is gradually transform into a Guinier plateau. Therefore, the last two minutes of the nucleation step were fitted with two Guniner models and the fitting parameters were reported in Table S2. The radius of the monomer droplets decreases from 25 to 10 nm, while the intensity of the corresponding Guinier plateau ( ) decrease, which correspond to a decrease in the number of droplets. On the other hand, the radius of the copolymer micelle remains constant ( 5 nm) while the number of micelles increases slightly. Once again the diffusion of the monomer did not results in the swelling of the micelles but more likely leads to the nucleation of more micelles. At the end of the nucleation step, the monomer droplets and copolymer micelles reach a similar size, they will be called small and large particles hereafter.

of the disappearance of the small particles because of their coagulation. The two rising peak probably correspond to structural reorganization within the cluster of aggregated particles. First, the sharp peak at q 0.25 nm which will remains until the end of the polymerization, probably correspond to a Bragg peak from vesicles lamellae. On the other hand, the very broad peak 0.1 nm can not be interpreted at this point.

However, this bump rapidly increases in intensity and, at t = 25 min, turns out to be the form factor of core-shell sphere. Therefore, this rising peak probably correspond to the reorganization of the aggregated copolymer particles into a vesicular assembly as observed in Cryo-TEM. The coalescence of the copolymer particles within these clusters lead to the formation of vesicles because of the interstitial water trapped within these cluster which reorganized themselves to from the core of the vesicles (see Figure 6). This time-resolved synchrotron-SAXS measurements tend to confirm this mechanism which has already been envision using MD simulation.

The end (curing/ripening).

Finally, from 25 min to the end of the polymerization, the scattering intensity did not changed substantially. Only a slight increase in intensity between 25 and 30 min is visible (cf. Figure 4). The Form factor of a core-shell sphere plus an additional Bragg peak ( 0.2 nm ) were used to fit all spectra, the main fitting parameters are plotted in Figure 5. All characteristic dimensions (inner and radius of the vesicles and interlamella spacing) display the same evolution : a slight increase between 25 and 30 min then they remain constant. The vesicular core was previously formed through the coalescence of small water clusters trapped within the aggregates during this step the slow growth of the water core is probably causes by the diffusion of interstitial water.

The progress of the polymerization increases the hydrophobicity of the organic phase which leads to a strongest segregation of the residual water in the aqueous core. 

Conclusion

Using time-resolved synchrotron-SAXS we were able to gain insight into the morphological transition occurring during PISA of VAc in emulsion. In accordance with the work of Brotherton we confirm that the PISA process occurs in three distinct steps:

(i) the nucleation of primary particle (i.e. copolymer micelle), (ii) a rapid morphological transition where the primary particle aggregated into cluster which rearranged themselves into high-order morphology and (iii) a final curing step where the nanoobjects slowly grow to reach its final dimension. We already suggest that the presence of an attracto-repusive interaction between micelle can impact their aggregation into larger clusters which can later reorganized themselves into more complex architecture depending on the packing density of such cluster. Here a direct observation of this mechanism is presented. The aggregation of the micelles is indeed the first step which trigger the morphological transition through the structural reorganisation within these clusters. Moreover, this mechanism explains very well why non-spherical morphologies are obtained in a very narrow window of conditions. Indeed, according to this mechanism, obtaining a non-spherical morphology requires an intermediate degree of micelle stability (i.e. an attracto-repulsive interaction which neither purely attractive nor purely repulsive) causing rapid aggregation and thus the formation of a large and poorly organized cluster which then merges into a non-spherical morphology. 
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Figure a .

 a Figure a. Organisation du projet ANR CKAPART qui implique l'ICR à Marseille, notre laboratoire CP2M à Lyon, et l'IGPS à Châtenay-Malabry.

Figure b .

 b Figure b. Latex obtenu par la copolymérisation en émulsion du styrène avec 1 mol% de DOT dans l'eau. De gauche à droite : Photo du latex obtenu en fin de réaction, image TEM représentative des particules et chromatogrammes SEC du copolymère composant les particules (ligne pleine) et des copolymères après traitement par une base forte (ligne en pointillés).

Figure c .

 c Figure c. Schéma de principe de la PISA appliquée à la synthèse de particules auto-stabilisées contenant un coeur de polymère dégradable par la copolymérisation d'un monomère clivable (DOT) avec un monomère vinylique (V) en émulsion dans l'eau et à partir d'un macroCTA hydrophile (PH-CTA).

Figure d .

 d Figure d. Copolymérisation du styrène avec 1.8 wt% de DOT en émulsion en présence d'un macroCTA de PNAM. De gauche à droite : image TEM représentative du latex, chromatogrammes SEC en fonction de la conversion en styrène et chromatogrammes SEC des copolymères avant (ligne pleine) et après traitement par une base forte (ligne en pointillés).

Figure

  Figure e. PISA de l'acétate de vinyle en émulsion en présence d'un macroCTA de PEG. Évolution des morphologies en fonction du degré de polymérisation du VAc représentée par des images cryo-TEM.
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Figure I. 1 .

 1 Figure I.1. Examples of degradable polymers.

Figure I. 3 .

 3 Figure I.3. Preparation of polymer nanoparticles by the nanoprecipitation method. Reprinted from reference.14 

  radical for further propagation(Figure I.4). In this case, the polymerization leads to a polymer with cleavable ester groups in the backbone of the polymer. However, in some cases, -scission does not occur and straight propagation from the tertiary radical ensues leading to ring-retention and non-degradable units (Figure I.4).

Figure I. 4 .

 4 Figure I.4. rROP of CKAs.

  More importantly, CKAs are able to copolymerize with usual vinylic monomers to generate vinylic polymers possessing intra-chain ester functions. When using relatively low amount of CKA in the initial feed, this feature becomes particularly interesting as the resulting polymer would essentially keep the properties of the homo-vinylic polymer but gain degradability due to the cleavable ester functions scattered along the chain (Figure I.5).

Figure I. 5 .

 5 Figure I.5. Schematic representation of the copolymerization of a CKA with a vinyl monomer leading to the insertion of hydrolyzable functions along the polymer chain.

Figure I. 6 .

 6 Figure I.6. Hydrolytic degradation of a P(MMA-co-BMDO).

  Yet, among alternatives to CKAs, thionoesters have arisen very recently as a major contender. Thioester radical reactivity is well known since the mechanism of radical addition on the thiocarbonyl and subsequent beta-scission and fragmentation notably led to the development of RAFT polymerization. Investigating RAFT polymerization of styrene in presence of a cyclic trithiocarbonate controlling agent, Hong et al. managed to synthesize block-structured polystyrene.42 Indeed, they found out that this type of trithiocarbonate was practically unable to undergo -scission once added to the chain thus remaining attached to propagating chains and leading to polystyrene containing more than one trithiocarbonate per chain. Next, they were able to cleave those functions using ethylenediamine. The molecular weight of the cleaved chains was found to be linked with the number of trithiocarbonate functions per chains. They thus established the first synthesis of a degradable polymer by introduction of thiocarbonyls into the backbone of a vinylic polymer chain. However, the trithiocarbonate function remains active toward radical attacks once inserted and the potential of using this chemistry to synthesize degradable polymers was not recognized by the time.Inspired by those works, the groups of Roth43 and Gutekunst44 proposed to use the biphenylic cyclic thionolactone: dibenzo[c,e]oxepane-5-thione (DOT, Figure I.7) capable of sustaining a ring-opening mechanism to afford in-chain thioester functions (Figure I.8). One of the most important features of this type of mechanism compared to the radical ring opening of CKAs is that it cannot lead to any type of ring retentionmeaning that all the polymerized cyclic monomers will be converted to in-chain thioester functions. Furthermore, the authors reckon that, unlike CKAs, DOT could present favorable reactivity with styrene or (meth)acrylates.

Figure I. 7 .

 7 Figure I.7. Structure of dibenzo[c,e]oxepane-5-thione (DOT), ε-thionocaprolactone (TCL) and εthionodecalactone (ThDL).

Figure I. 9 .

 9 Figure I.9. Synthesis of block copolymers containing both N,N-dimethylacrylamide and vinyl acetate using both DOT and TCL to insert thioester units either in the PDMAA block, the PVAc block or both.

Jackson

  et al. developed a more sophisticated and specific method based on the pHtriggered self-assembly (Figure I.10).54 They synthesized block copolymers using a PEG-based macroCTA that they chain extended with a pH-responsive block made of P(diethylaminoethyl methacrylate-co-MDO). Those block copolymers could be solubilized in water at pH 5 and self-assembled into nanoparticles upon elevation of the pH.

Figure I. 10 .

 10 Figure I.10. Synthesis and pH induced self-assembly of PEG-b-P(DAEMA-co-MDO). Reprinted from

  copolymerization of BMDO with acrylamide (AAm) using a poly[oligo(ethylene glycol) methyl ether methacrylate] (POEGMA) as macroCTA(Figure I.11). POEGMA-b-P(AAm-co-BMDO) block copolymers were able to self-assemble in water to form stable nanoparticles when the temperature was set either below the UCST of the P(AAm-co-BMDO) block or above the LCST of the POEGMA block. Interestingly, the obtained polymers showed very good biocompatibility and faster hydrolytic degradation than classical polyesters.55 

Figure I. 11 .

 11 Figure I.11. Synthesis of amphiphilic P(AAm-co-BMDO)-b-POEGMA diblock copolymers via RAFT polymerization using POEGMA or P(AAm-co-BMDO) as macro-CTA and schematic representation of the doubly thermoresponsive P(AAm-co-BMDO)-b-POEGMA diblock copolymer nanoparticles formation depending on the temperature. Reprinted from reference.55 

Figure I. 12 .

 12 Figure I.12. Synthesis of: (a) core-; (b) surface-and (c) surface plus core-degradable diblock copolymer nanoparticles by RAFT-mediated radical ringopening copolymerization-induced selfassembly (rROPISA) from cyclic ketene acetals (CKA). LMA = lauryl methacrylate. Reprinted from reference with permission from publisher.39 

Figure II. 1 .

 1 Figure II.1. Typical steps of an emulsion polymerization. (1): Nucleation, (2): Particle growth, (3): End of the polymerization.

Figure II. 2 .

 2 Figure II.2. Scheme of the nucleation mechanisms in emulsion polymerization
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 11 Figure III.1. 1 H NMR spectra of MDO (red) and its degradation product 4-hydroxybutyl acetate (blue) (64 scans, CDCl3).

Figure III. 2 .

 2 Figure III.2. Stability of MDO in dispersed aqueous media depending on, right: the temperature (10 wt% of MDO, pH = 7.1) and left: the pH (10 wt% of MDO, room temperature).

Figure III. 2 ,

 2 Figure III.2, left shows the evolution of remaining MDO as function of time depending on the temperature at neutral pH. It clearly appears that increasing the temperature is detrimental to the stability of MDO as at 65 °C quantitative degradation is observed in less than 10 minutes while 2 hours (or maybe even less) are required at 24 °C or 4 °C. Figure III.2, right presents the stability of MDO depending on the pH. In acidic media (pH 2.0 or 3.5), MDO hydrolyses at a substantial rate as it is fully degraded in less than 20 minutes. Increasing the pH has a beneficial effect on MDO's stability as

  already probed the hydrolysis of MDO in presence of sodium dodecyl sulfate (SDS) and a range of non-ionic surfactant containing poly(ethylene glycol) segments (Tween series). Those results are represented in Figure III.3 and have been completed with degradation of MDO in presence of a PEG-OH of 2000 g mol -1

Figure III. 3 .

 3 Figure III.3. Stability of MDO in dispersed aqueous media containing 10 wt% of MDO with different stabilizers at room temperature. Tween 20 corresponds to polyethylene glycol sorbitan monolaurate and Tween 60 to polyethylene glycol sorbitan monostearate. Reproduced and completed from reference 4 .

  2-3). Expectedly, MDO was degraded completely in less than 10 min when put in the raw seeds (Figure III.4). Adding NaHCO3 to the raw seeds allows raising the pH to about 7. Nonetheless, in such medium, MDO hydrolysis was still faster than in pure water and quantitative in about 60 min (Figure III.4). Accordingly, seeds were dialyzed against water to neutralize the pH of the dispersion. A solution containing dialyzed seeds with NaHCO3 proved to be beneficial to the stability of MDO as it showed slightly lower rate of hydrolysis than in pure water at room temperature (Figure III.4).

Figure III. 4 .

 4 Figure III.4. Stability of MDO in different aqueous dispersions containing PEG-b-PVAc seeds at room temperature. s = 10%.

Figure III. 5 .

 5 Figure III.5. Suggested route for hydrolysis of BMDO and 1 H NMR spectra (CDCl3, 64 scans) of pure BMDO (red) and oily part recovered from BMDO (blue).

1 H

 1 NMR spectrum alone does not allow certifying the formation of D1 and D2.13 C NMR analyses and DEPT 135 analysis were thus performed on partially degraded BMDO (Figure III.6). The obtained spectra were in agreement with the presence of the two degradation products D1 and D2. Notably, the presence of negative signals at 172 ppm and 117 ppm on the DEPT 135 spectrum showed the presence of the quaternary carbons 14 and 10 attributed to the ester of D2 and the orthoester of D1, respectively.This gave further evidence of the presence of both D1 and D2.

Figure III. 6 .

 6 Figure III.6. 13 C NMR spectra of pure BMDO (red) and partially degraded BMDO (blue) and DEPT 135 analysis of the partially degraded BMDO (green) (CDCl3, 2048 scans).

  Figure III.7 shows the 1 H NMR spectra of the samples collected at different times. After 2 h, BMDO was completely degraded as shown by the disappearance of the characteristic signals of the presence of the double bond at 5.05 ppm and 3.8 ppm, and by the appearance of the characteristic signals of both D1 (singlet at 1.7 ppm, doublets at 4.7 and 5.1 ppm) and D2 (aromatics above 7.3 ppm, singlet at 2.1 ppm). After 24 h, the signals attributed to D1 started vanishing and completely disappeared after 72 h. This feature could be the results of the mechanism stated in Figure III.5 as D1 would only be the intermediate state toward D2 and would thus continue to degrade even once all the BMDO is consumed.

Figure III. 7 .

 7 Figure III.7. Evolution of the 1 H NMR spectra for a sample of BMDO heated at 60 °C as a function of time (CDCl3, 64 scans).

Figure III. 8 .

 8 Figure III.8. Evolution of the mass loss during degradation of BMDO at 60 °C.

Figure III. 9 . 1 H

 91 Figure III.9. 1 H NMR spectrum for P(VAc-co-MDO) copolymer obtained in bulk (512 scans, CDCl3).

  .1). AIBA was the initiator since it was used for the synthesis of the seeds. The polymerization reached full conversion in 20 min yielding a stable latex (Figure III.10). This experiment confirmed that the PEG-b-PVAc particles could be used for an efficient seeded emulsion polymerization.

Figure III. 10 .Figure III. 11 .

 1011 Figure III.10. Evolution of the conversion of VAc as a function of time for experiment E1VA (TableIII.1).

  Molar fraction of MDO in the feed of monomers. [b] Seed to monomer ratio expressed as a weight percentage of the total monomer content. [c] Theoretical ( s th ) and experimental ( s) solid contents calculated by gravimetric analysis. [d] VAc conversion calculated from gravimetric analysis. [e] Intensity-average diameter and polydispersity index of the final particles from DLS. [f] Initial (pH0) and final (pHf) pH of the latex.

  the chains in any of the experiments we ran and MDO was systematically fully hydrolyzed. As an example, Figure III.12 shows the 1 H NMR spectrum of the dry extract of latex E1MDO in which we can notice signals attributed to homo-PVAc, the product of hydrolysis of MDO and no signals attributed to MDO units. This type of spectra was obtained for all the above-mentioned experiments.

Figure III. 12 . 1 H

 121 Figure III.12. 1 H NMR spectra of dried latex E1MDO compared to that of P(VAc-co-MDO) obtained in bulk and to that of the product of hydrolysis of MDO (256 scans, CDCl3).

  Experimental conditions: [KPS] = 15 mmol L -1 , [SDS] = 20 mmol L -1 , [NaHCO3] = 25 mmol L -1 , T = 70 °C. [a] Molar fraction of MDO in the feed of monomers. [b] Experimental solid contents calculated by gravimetric analysis. [c] Feed rate of monomer injected continuously in the medium, expressed in grams of monomer per liter of water and per minute. [d] VAc conversion calculated from gravimetric analysis. [e] Intensity-average diameter and polydispersity index of the final particles from DLS. [f] Initial (pH0) and final (pHf) pH of the latex.

Figure III. 13 .

 13 Figure III.13. Evolution of the conversion in VAc for the experiment EF1VA.

  particles(Figure III.14, b) indicating that limited coalescence between particles occurs as the polymerization goes on. It is likely that, as the seeds swell due to the relatively low instantaneous conversion, the stability brought by the PEG chains is not sufficient resulting in the observed coalescence driven by the need of reducing the total surface area of the particles.

Figure III. 14 .

 14 Figure III.14. Right: evolution of VAc instantaneous and total conversion as a function of time for experiment EFVA6 (TableIII.4). Left: evolution of the intensity-average diameter obtained by DLS and number of particles calculated from Zave as a function of the total conversion of VAc for experiment EFVA6 (TableIII.4).

Figure III. 15 . 1 H

 151 Figure III.15. 1 H NMR spectrum of the dried latex EFMDO2 (Table III.5) (CDCl3, 256 scans).

  2 by adding Trizma HCl in the aqueous solution (ERVA1, Table III.6). Kinetic follow-up attests the high efficiency of this initiator as it allowed reaching up to 70% conversion in 6 min and almost complete conversion in 10 min (Figure III.16).

  ). Those experiments were led at 30 °C and pH = 8 by adding NaHCO3.

Figure III. 17 .

 17 Figure III.17. Evolution of the VAc conversion as a function of time for the seeded and redox initiated emulsion polymerization of VAc depending on the seed to total solid content ratio and the targeted solid content (ERVA2-5, Table III.6).

  Experimental conditions: [tBHP] = 1.5 mmol L -1 , [tBHP]/[FF6M] = 1. [a] Seed to monomer ratio expressed as a weight percentage of the total monomer content. [b] Theoretical ( s th ) and experimental ( s) solid contents calculated by gravimetric analysis. [c] VAc conversion calculated from gravimetric analysis. [d] Intensity-average diameter and polydispersity index of the final particles from DLS. [e] Initial (pH0) and final (pHf) pH of the latex.[f] Initial (Np,0) and final (Np,f) number of particles calculated using Zave from DLS according to the equation : Np = 6. s/ρ. .Zave 3 , ρ being the density of PVAc (1.19 g mL-1 ).

Figure III. 18 .

 18 Figure III.18. Evolution of VAc conversion as a function of time for the seeded and redox initiated emulsion polymerization of VAc depending on the initial pH and the temperature (ERVA3, ERVA6-10, Table III.7).

  Experimental conditions: [tBHP] = 1.5 mmol L -1 , [tBHP]/[FF6M] = 1. [a] Molar fraction of MDO in the feed of monomers. [b] Seed to monomer ratio expressed as a weight percentage of the total monomer content. [c] Theoretical ( s th ) and experimental ( s) solid contents calculated by gravimetric analysis. [d] VAc conversion calculated from gravimetric analysis. [e] Fraction of MDO units in the final (co)polymer as determined by NMR. [f] Intensity-average diameter and polydispersity index of the final particles from DLS. [g] Initial and final pH of the latex. *This experiment was run in semi-batch conditions, [tBHP] = 3.6 mmol L -1 .
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 191 Figure III.19. 1 H NMR spectrum of E7MDO compared to that of P(VAc-co-MDO) obtained in bulk and to that of the product of hydrolysis of MDO (256 scans, CDCl3).

Figure III. 20 . 1 H

 201 Figure III.20. 1 H NMR spectrum of the dried latex obtained from EF3MDO (Table III.8) (128 scans, CDCl3).

Figure

  Figure III.22. 1 H NMR spectra of the dried extract of a latex obtained from E1BMDO (red, TableIII.9)

Figure III. 23 .

 23 Figure III.23. Left: UV spectra measured from the SEC for the dried extract of experiments EMMA1

Figure III. 24 .

 24 Figure III.24. Photos of the latexes obtained at the end of the reaction depending on the molar fraction of BMDO in the feed of monomer. From left to right: experiments E1MMA, E4BMDO, E1BMDO, E5BMDO (Table III.11).

Figure III. 25

 25 Figure III.25. SEC-THF results. Left: Molar mass distributions of dry extracts for latexes E4BMDO (red), E5BMDO (blue), E1BMDO (green) and EMMA1 (black) (TableIII.11). Right: UV chromatograms from SEC-THF analysis at 217 nm (blue) and 260 nm (red) for the dried latex E5BMDO (TableIII.11).

Figure III. 26 .

 26 Figure III.26. Thermograms of DSC analyses performed on the dried extract of latexes E1BMDO (fBMDO = 5%), E4BMDO (fBMDO = 2%), E5BMDO (fBMDO = 10%) and E1MMA (Table III.11).

Figure III. 27 .

 27 Figure III.27. Evolution of experimental and theoretical Tg with the mass fraction of BMDO.

  [a] Average molar fraction of BMDO in the copolymer. [b] Experimental number-average molar mass determined by SEC-THF using a calibration based on PMMA standards. [c] Theorical number-average molar mass calculated according to Equation III.1. Equation III.1 Equation for the calculation of the theoretical molar mass of the degradation product of a copolymer obtained through copolymerization of DOT with MMA.

Figure III. 29 .

 29 Figure III.29. Molar mass distribution of dry extracts (plain lines) and degradation products (dashed lines) obtained through degradation of dry extracts using KOH in THF/MeOH for latexes synthesized with varying fraction of BMDO in the feed of monomers (blue: E5BMDO; green: E1BMDO; red: E4BMDO; black: E1MMA, TableIII.12).

  255 mg of MDO (2.2 mmol, 10 mol%), 1.73 g of VAc (20 mmol, 90 mol%) and 37 mg of AIBN (2.2 mmol, 1 mol%) were introduced in a sealed 10 ml. The mixture was put in an ice bath and degassed under argon flow for about 20 minutes. The vial was then sealed and put in an oil bath set at 60 °C for 2 h. The polymerization was stopped by immersion of the medium in an ice bath and exposure to the air. The composition of the copolymer was determined by 1 H NMR analysis.III.6.D. Synthesis of the PEG-b-PVAc seeds Detailed results and analysis of the emulsion polymerization of VAc in presence of PEGxanthate are given in Chapter VII. III.6.D.a Preparation of PEG-xanthate (PEG-X) Synthesis of 2-bromopropionic acid [poly(ethylene glycol) methyl ether] (PEG-Br):Poly(ethylene glycol) methyl ether (40.1 g, 2.0 × 10 -2 mol) was placed in a three-neck round bottom flask and stirred with triethylamine (8 mL, 5.9 × 10 -2 mol) in dichloromethane (100 mL). The mixture was immersed in an ice bath and the 2bromopropionyl bromide (5 mL, 4.8 × 10 -2 mol) was added dropwise. The mixture was stirred at room temperature overnight. The white precipitate was filtered off. The resulting solution was washed with saturated ammonium chloride (2 × 50 mL), saturated sodium hydrogen carbonate (2 × 50 mL), water (2 × 50 mL), saturated sodium chloride (2 × 50 mL) and eventually dried over anhydrous magnesium sulfate.The solvent was evaporated under vacuum. The polymer was recovered by precipitation in diethyl ether, yielding a white powder.Synthesis of PEG-X:PEG-Br (30 g, 1.4 × 10 -2 mol) was dissolved in dichloromethane (100 mL) in a 250 mL round bottom flask placed in an oil bath. O-ethyl xanthic acid potassium salt (4.85 g, 3.0 × 10 -2 mol) was added portion-wise. The mixture was stirred at room temperature overnight. The precipitate was filtered off. The resulting solution was washed with saturated ammonium chloride (2 × 50 mL), saturated sodium hydrogen carbonate (2 × 50 mL), water (2 × 50 mL), saturated sodium chloride (2 × 50 mL) and eventually dried over anhydrous magnesium sulfate. The solvent was evaporated under vacuum.

  All experiments were performed at 70 °C with [PEG-X]/[AIBA] = 3. The final pH was around 3 for each latex. [a] DPtarget is defined by the experimental ratio: [PEG-X]/[VAc]. [b] Theoretical ( s th ) and experimental ( s) solid contents calculated by gravimetric analysis. [c] Conversion calculated from the solid content. [d] Theoretical number-average molar mass of the block copolymer calculated using the conversion and the targeted DP. [e] Experimental number-average molar mass and dispersity, Mw/Mn, of the block copolymer determined by SEC-THF using a calibration based on polystyrene standards. [f] Intensity-average diameter and polydispersity index of the final particles from DLS. III.6.E. General procedures for the emulsion copolymerization of VAc with MDO III.6.E.a Seeded emulsion polymerization of VAc with MDO in batch conditions Seeded emulsion polymerizations of VAc with MDO were conducted in a one-necked round bottom flask. First, MDO was mixed with VAc in the flask. In a separate vessel, PEG-b-PVAc seeds were diluted in water with KPS or AIBA and the specified base. Both media were degassed under argon for about 15 min. The aqueous medium was then added to the monomer mixture and further degassed for 5 min in an ice bath. The flask was then placed in an oil bath at the specified temperature under stirring at 500 rpm. For the experiments using the redox couple tBHP/FF6M, FF6M was mixed in the initial aqueous medium and tBHP solution was added after the flask was immersed in the oil bath marking the start the polymerization. The polymerization was quenched by immersion in an ice bath and exposure to air. VAc consumption was followed by gravimetric analysis. III.6.E.b Seeded emulsion polymerization of VAc with MDO in semi-batch conditions The fed emulsion polymerization of VAc with MDO using the PEG-b-PVAc seeds were conducted in a three-necked round bottom flask equipped with a condenser under argon. The initial batch was prepared by appropriate dilution of the seeds in the flask and adding AIBA or KPD, the specified base and a fraction of VAc depending on the experiment. This mixture was then degassed for about 20 min under argon. The monomer mixture was prepared in a sealed vial by mixing VAc with MDO under argon.Zeolites were added to avoid hydrolysis of MDO, and a constant argon flow was maintained. The flask containing the aqueous initial batch was placed in an oil bath at the specified temperature and the mixture of monomer was consistently fed using a peristaltic pump. For the experiments using the redox couple tBHP/FF6M, FF6M was mixed in the initial aqueous medium and tBHP solution was added after the flask was immersed in the oil bath marking the start the polymerization. VAc consumption was followed by gravimetric analysis.III.6.F. General procedure for the emulsion copolymerization of MMA with BMDOEmulsion copolymerizations of MMA and BMDO were performed in a two-necked round bottom flask equipped with a condenser under nitrogen. First, BMDO was dissolved in MMA and put in the flask. In a separate vessel, the aqueous phase was prepared by the appropriate dilution of KPS, NaHCO3 or K2CO3 and SDS in water Both solutions were placed in an ice bath and degassed for 30 min under nitrogen. The aqueous medium was then added to the monomer mixture and the flask was placed in an oil bath at 70 °C under stirring at 500 rpm. After 90 min, the flask was quenched by immersion in an ice bath and exposure to air. MMA consumption was followed by gravimetric analysis in the case of experiments E1MMA and by 1 H NMR for the others.The copolymers were also analyzed by SEC and DSC and the particle size was determined by DLS analysis. III.6.G. Degradation of the P(MMA-co-BMDO) copolymers 40 mg of dry extract were dissolved in 3 mL of THF, and 5 mL of a solution of MeOH containing 5 wt% of KOH were added. The mixture was stirred at 60 °C for 2h and for 1 night at room temperature. Solvents were removed by blowing in argon. The residue was then dissolved in dichloromethane and remains of KOH were filtered off. CDCl3 was evaporated to recover the degradation product. The product was analyzed by SEC-THF.

IV. 1 .IV. 2 .IV. 3 .IV. 6 .IV. 7 .
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  Nonetheless and as shown by the DLS analyses (A1, Table IV.1), the synthesis led to a stable latex after filtration with monodisperse particles of about 110 nm. Interestingly, the cryo-TEM images showed a predominance of particles of about 100 nm along with a very small number of larger particles (about 140 nm) (Figure IV.1).

Figure IV. 1 .

 1 Figure IV.1. Left: Photo of the final latex A1 (Table IV.1). Right: Representative cryo-TEM of the crude latex with corresponding size distribution. Size distribution was made on a sample of about 200 particles and excluding the second population. Dn = 103 nm, Dn/DW = 1.04.

Figure IV. 2 . 1 H

 21 Figure IV.2. 1 H NMR spectrum (CDCl3, 256 scans) of the dried extract from latex A1 (red, Table IV.1)

Figure IV. 3 .

 3 Figure IV.3. Molar mass distribution for latex A1 (plain line) and its degradation product after treatment of the dry extract with isopropylamine (dash) or KOH (dot).

Figure IV. 4 .

 4 Figure IV.4. Digital pictures of crude latexes A2 (left) and A5 (right) at the end of the reaction (Table IV.1).

  H NMR spectra obtained from the dry extracts of the filtrated latexes all showed a good incorporation of DOT in the copolymer. DSC analysis performed on the dried filtrated latexes showed a single glass transition temperature that increases with the average molar fraction of DOT in the copolymers (Figure IV.5, left). Those results prove that the final nanoparticles are made of random copolymers. Finally, degradation experiments using IPA on the dried latexes confirmed that the obtained materials could be degraded into oligomers, which molar masses depend on the average molar fraction of DOT units in the copolymer (Figure IV.5, right).

Figure IV. 5 .

 5 Figure IV.5. Left: DSC curves for latexes A0 (orange), A2 (green), A4 (blue), A5 (red) (Table IV.1).Right: Molar mass distributions of dry extracts (plain lines) and degradation products (dashed lines) obtained through treatment of dry extracts using isopropylamine for latexes A5 (red), A4 (blue) and A2 (green) (TableIV.1).

  2). As attested by the DLS results, the initial stable monomer miniemulsion featured a single population of droplets, which polymerization turned into a single population of particles with approximately the same diameter (Figure IV.6, left). The use of the same formulation adding only 1 mol% of DOT (M1*, Table IV.2) yielded a starting dispersion that was visually stable. However, multiple DLS measurements on this dispersion gave unreliable results pointing out toward a multipopulated medium (Figure IV.6, right). The subsequent polymerization of this medium led to the formation of a latex comprising a single population of particles with narrow size distribution (Figure IV.6, right). The use of such protocols in the case of DOT-containing formulation would rather induce a mechanism of emulsion polymerization. It is likely that the introduction of a small amount of DOT can drastically change the physico-chemical properties of the dispersion (miscibility of the monomer phase with the aqueous phase, surface tension at the monomer/water interface …). An appropriate formulation for the miniemulsion polymerization of BA alone is not necessarily appropriate for the copolymerization of BA with DOT.

Figure IV. 6 .

 6 Figure IV.6. Size Distribution by intensity extracted from DLS results for latexes M0* and M1* (TableIV.2). Dashed red lines represent the medium before the polymerization and plain black lines the latex at the end of the polymerization.

[ a ]

 a Molar fraction of DOT in the initial monomer mixture. [b] Theoretical solids content ( th) and experimental final solid content ( s) measured by gravimetric analysis. [c] Conversion of BA calculated by gravimetric analysis. [d] Intensity-average diameter and polydispersity of the final particles from DLS. Both experiments were performed at 70 °C. Multiple attempts to adjust the formulation and sonication method to obtain a stable and monodisperse starting miniemulsion produced the same results: DLS indicating the presence of droplets with various sizes. Yet the dispersions remained visually rather stable for several days (Figure IV.7, left)

  3). The temperature was set at 70 °C to afford slower reaction and enable kinetic monitoring aiming for 10 wt% solids content. Those kinetic studies (Figure IV.8a) give an insight into the reactivity of both monomers. In every case, starting from a turbid yellowish medium, the synthesis led to a translucent dispersion in about one hour (Figure IV.7).

Figure IV. 7 .

 7 Figure IV.7. Digital pictures of the starting dispersion of BA with 1 mol% of DOT (left) and of resulting latex (right) at the end of the reaction. Experiment M1 (TableIV.3).

Figure IV. 8 .

 8 Figure IV.8. Left: Evolution of BA conversion versus time for experiments M0 (orange circles), M1 (blue squares) and M2 (red triangles). Right: Evolution of BA conversion (squares), DOT conversion (dash) and average molar fraction of DOT in the copolymers (hollow circles) versus time for experiment M1.

Figure IV. 9 .

 9 Figure IV.9. Left: Digital picture of the final latex M2 (Table IV.3). Right: representative cryo-TEM of the crude latex with corresponding size distribution (Dn = 43 nm, Dw/Dn = 1.03). Size distribution was made on a sample of about 200 particles.

. 3 .

 3 Moreover, the DSC analyses performed on dried latexes all showed a single glass transition that increases with the average molar fraction of DOT in the copolymers(Figure IV.10, a). Those results prove that the resulting material is made of random copolymers and tends to discredit the hypothesis of homo-PBA chains formed in the later stage of the reaction as it should have led to two distinct glass transition temperatures. However, given the low DOT content, the Tg of the different copolymers remains rather close to each other and a second glass transition would be difficult to identify in a such a narrow range. Knowing that DOT homopolymerization is challenging and is yet to be fully investigated, the Tg value for PDOT homopolymer based on Fox equation can be estimated at around 110 °C4,8 and considered for comparison sake. In addition, in the case of homogeneous copolymerization of styrene and DOT, a similar Tg than the reference polystyrene, suggesting that the Tg value of the PDOT is close to 100 °C.4,5 It is thus expected that the Tg of P(BA-co-DOT) would absorbance of aromatic cycles) superimposed with the RI chromatogram indicating that DOT units should be presents in all the chains (Figure IV.12).

Figure IV. 11 .

 11 Figure IV.11. Molar mass distribution of dry extracts (plain lines) and degradation products (dashed lines) obtained through treatment of dry extracts with TBD (left) or IPA (right) for latexes M1 (red), M2 (blue), M3 (green) and M4 (black) (TableIV.4).

[ a ]

 a Average molar fraction of inserted DOT in the resulting copolymers estimated by 1 H NMR. [b] Experimental number-average molar mass, Mn, and dispersity, Mw/Mn, of the copolymer or degradation product determined by SEC-THF using a calibration based on PMMA standards. [c] Calculation of the theoretical Mn for degradation products according to the equation . [d] Intensity-average diameter and polydispersity of the particles from DLS, after treatment with TBD. IPA stands for isopropylamine and TBD for 1,5,7-triazabicyclo[4.4.0]dec-5-ene.

Figure IV. 12 .

 12 Figure IV.12. SEC-THF chromatograms from refractive index (red) and UV absorbance at 240 nm (blue) performed on the dried latex M2 (TableIV.3).

Scheme IV. 1 .

 1 Scheme IV.1. Degradation of P(BA-co-DOT) with isopropylamine and TBD. The polymer chains are shown as having acyl-TBD chain-ends. Please note that these could readily hydrolyze into carboxylic acids in water.

Figure IV. 13 .

 13 Figure IV.13. Evolution of experimental and theoretical number-average molar masses of the degradation products obtained through treatment by TBD as a function of the average molar fraction of inserted DOT units in the copolymers (from M1, M2, M3 and M4, TableIV.4).

For

  every experiment, degradation products also present a broadened molar mass distribution as shown by the dispersity values for the degradation products (Figure IV.11, Table

Figure IV. 14 .

 14 Figure IV.14. Molar mass distribution of dry extracts (plain lines) and degradation products (dashed lines) obtained through treatment with TBD of latexes M1 (red), M2 (blue), M3 (green) and M4 (black) (TableIV.4).

  Molar fraction of DOT in the initial monomer mixture. [b] Theoretical solid content ( th) and experimental final solid content ( s) measured by gravimetric analysis. [c] Weight fraction of coagulum in the final medium compared to the initial monomer mass. [d] Yield of polymers under the form of particles calculated from the solid content after filtration. Equivalent to conversion when no coagulum was formed. [e] Average molar fraction in the resulting copolymers estimated by 1 H NMR. [f] Intensity-average diameter and polydispersity of the final latex from DLS.

  3). Nonetheless, from 1 to 5 mol% of DOT in the initial monomer feed, syntheses led to high conversion for styrene (more than 90 %) and stable latexes made of monodisperse particles as illustrated for latex S1 in Figure IV.15 and DLS results in Table IV.5.

Figure IV. 15 .

 15 Figure IV.15. Left: Digital picture of the final latex S1 (Table IV.5). Right: representative cryo-TEM of the crude latex with corresponding size distribution (Dn = 32, Dw/Dn = 1.07). Size distribution was made on a sample of about 200 particles.

Figure IV. 16 . 1 H

 161 Figure IV.16. 1 H NMR spectrum (CDCl3, 256 scans) of the dried extract from latex S3 (Table IV.5) with the corresponding assignments.

Figure IV. 17 .

 17 Figure IV.17. FTIR spectra of dried extract from latex S0 (black), S1 (blue), S2 (red), S3 (orange) and S4 (green). All the curves were normalized based on the absorbance band at 1440 cm -1 that correspond to methylene group present in both styrene and DOT unit (C-H bending).

Figure IV. 18 .

 18 Figure IV.18. Evolution of styrene conversion versus time for experiments S0 (squares) and S3 (plain circles) and the molar fraction of DOT units in the copolymer for S3 (open circles).

[ a ]

 a Figure IV.19. Left: Molar mass distribution of dry extracts (plain lines) and degradation products (dashed lines) obtained through treatment of latex using TBD for latexes S1 (blue), S2 (red), S3 (orange) and S4 (green) (Table IV.6). Right: Evolution of experimental and theoretical numberaverage molar masses of the degradation products as a function of the average molar fraction of inserted DOT units in the copolymers (from S1, S2, S3 and S4, Table IV.6).

  DSC results show a single glass transition temperature that increases with the amount of styrene, suggesting the formation of a statistical copolymer (Figure IV.20). As expected, it was possible to vary the Tg of the copolymers in a range between -45 °C and 100 °C simply by adjusting the molar ratio BA/styrene in the initial monomer mixture (Figure IV.20).

Figure IV. 20 .

 20 Figure IV.20. Left: DSC curves for latexes A3 (black), AS1 (red), AS2 (blue), AS3 (orange), S2 (green) (

Figure IV. 21 .

 21 Figure IV.21. Molar mass distribution of dry extracts (plain lines) and degradation products (dashed lines) obtained through degradation of dry extracts using TBD for latexes synthesized with varying BA/S molar ratio (blue: A3; purple: AS1; red: AS2; yellow: AS3; green: S2,

V. 1 )

 1 that will then add on the RAFT agent ((2), Figure V.1). The intermediate radical formed will fragment to form a new radical with the R group of the RAFT agent. This new radical is then able to reinitiate to spawn new chains ((3), Figure V.1) that will also be able to add to the RAFT agents to reform an intermediate radical. The subsequent addition and fragmentation of the different polymer chains present in the medium establishes an equilibrium between dormant and active species ((4), Figure V.1) which defines RAFT.

Figure V. 1 .

 1 Figure V.1. General mechanism for the reversible addition-fragmentation chain transfer (RAFT) polymerization.

Figure V. 3 .

 3 Figure V.3.Table for the choice of the appropriate Z and R groups for the RAFT polymerization of the main monomers.

Figure V. 4 .

 4 Figure V.4. Schematic representation of the mechanism of nucleation in the case of RAFT-mediated PISA in emulsion.

  rationalize this principle and translate the notion of curvature to the reality of the physical chemistry of self-assembled particles, the packing parameter (P) was introduced. This variable takes into account three parameters: the interfacial area a0 occupied by a single amphiphilic molecule, the volume V occupied by the solvophobic part and the critical length of the solvophobic segment lc (Figure V.5).

Figure V. 5 .

 5 Figure V.5. Representation of the impact of the packing parameter on the packing shape of the molecules and subsequent expected morphologies according to the theory of Israelachvili in the case

Figure V. 6 .

 6 Figure V.6. Schematic representation of morphologies and corresponding representation of the interface depending on the ratio of molar masses of the two blocks in the case of amphiphilic block copolymer self-assembly in solution.

Figure V. 7 .

 7 Figure V.7. Different types of accessible morphologies in the self-assembly of amphiphilic PS-b-PAAdiblock copolymers in water. Reprinted from reference with permission from publisher.39 

Figure V. 8 .

 8 Figure V.8. Suggested mechanism for the formation of vesicles from worms over the course of the dispersion polymerization of HPMA mediated by PGMA macroCTA. Reprinted from reference with permission from publisher. 55 The prediction of morphologies is once again mainly based on the packing parameter P depending on the volume occupied by the core hydrophobic block compared to the volume occupied by the outer hydrophilic block. Varying the molar mass of each block is thus one of the first studied parameter to tune the final morphologies of the aggregates. Literature provides several examples of systems in which the increases of the degree of polymerization of the hydrophobic block led to transitions from spheres to worms and to vesicles (Figure V.6).36,49,52,54,[57][58][START_REF] Zhao | Optimization of the RAFT Polymerization Conditions for the in Situ Formation of Nano-Objects via Dispersion Polymerization in Alcoholic Medium[END_REF] 

Figure V. 9 .

 9 Figure V.9. Phase diagram for the PISA of PGMA-b-PHPMA in RAFT aqueous dispersion polymerization. S = spheres, W = worms and V = vesicles. Reprinted from reference with permission from the publisher.54 

  tried to chain extend performing the emulsion copolymerization of either DOT with BA or DOT with styrene (Figure VI.1).

Figure VI. 1 .

 1 Figure VI.1. Concept of the RAFT-mediated emulsion copolymerization of a vinylic monomer (V) with a DOT in the presence of a hydrophilic macroCTA (PH-CTA). The synthesis would result in the formation of particles made of self-assembled amphiphilic block copolymers possessing a degradable hydrophobic block (PH-b-P(V-co-DOT)).

Figure VI. 2 .

 2 Figure VI.2. Left: evolution of BA conversion as a function of time for different targeted degrees of polymerization in the RAFT-mediated emulsion polymerization of BA in the presence of PEG-C12 (PEG-BA2-4, Table VI.1). Right: evolution of the number of particles as a function of BA conversion for different targeted degrees of polymerization. The polymerization all showed good control as attested by the linear increases of the molar masses with the conversion and the shift of the MMD toward higher molar masses (Figure VI.3). Chromatograms also displayed residual signal in the region of the PEG-C12. This probably accounts for non-functionalized PEG-OH as 1 H NMR analysis of PEG-C12 indicates that the PEG-OH has been functionalized up to 85% (see Annex 2). The number average molar masses were consistently close to those expected taking into account a functionalization of 85% (Table VI.1).

Figure VI. 3 .

 3 Figure VI.3. PEG-C12 mediated BA emulsion polymerization for DPtarget = 207 (PEG-BA3, Table VI.1). Left: Molar mass distribution for samples withdrawn during the polymerization. Right: Corresponding evolution of the number-average molar masses Mn (plain squares) and dispersity (Ɖ = Mw/Mn, hollow

  were obtained while targeting lower DPs (PEG-BA2, DPtarget = 66 and PEG-BA1, DPtarget = 39, Figure VI.4). The formation of vesicles in such system and for lower DPs is not trivial and should be taken into account while trying to describe the "holes-containing" particles. The objects formed for DPtarget = 207 may rather be an organized morphology resulting from the assembly of insufficiently stabilized block copolymers particles.

Figure VI. 4 .

 4 Figure VI.4. Representative cryo-TEM images of the crude latexes. From left to right: PEG-BA1, PEG-BA2 and PEG-BA3 (Table VI.1).

Figure VI. 5 .

 5 Figure VI.5. Left: Evolution of BA conversion as a function of time for different contents of DOT in the initial monomer mixture and different temperature. Right: Evolution of BA conversion (diamonds), DOT conversion (dashes) and average molar fraction of DOT in the copolymers (hollow circles) versus time for experiment PEG-BADOT2 (Table VI.1). The kinetic results share similar features with those of the emulsion copolymerization under conventional conditions. DOT appears to have a considerable retarding effect on the polymerization of BA. While BA homopolymerization performed at 70 °C reached 95% of conversion in about 3 h, adding 1 mol% of DOT reduced it down to 20% for the same polymerization time (PEG-BADOT1, Table VI.1, Figure VI.5). To reach full conversion at 70 °C, the reaction had to be pursued for 20 h (PEG-BADOT3, Table

  chromatograms (Figure VI.6).

Figure VI. 6 .

 6 Figure VI.6. PEG-C12 mediated emulsion copolymerization of DOT with BA for DPtarget = 187 and fDOT = 1.6% (PEG-BADOT2, Table VI.1). Left: Molar mass distribution for samples withdrawn during the polymerization. Right: Corresponding evolution of the number-average molar masses Mn (plain squares) and dispersity (Ɖ = Mw/Mn, hollow squares) with BA conversion (the dashed line corresponds to the theoretical Mn values for a 85% functionalized PEG macroCTA).

Figure VI. 7 . 1 H

 71 Figure VI.7. 1 H NMR spectrum of the dried latex PEG-BADOT2 (Table VI.1) (CDCl3, 256 scans). Cryo-TEM images show that the particles formed in the case of experiment PEG-BADOT2 were spherical particles containing holes (Figure VI.8) just like what was obtained for experiment PEG-BA3, targeting approximatively the same DP but performed without DOT.

Figure VI. 8 .

 8 Figure VI.8. Representative cryo-TEM image of the crude latex PEG-BADOT3 (Table VI.1).

  for the degraded product (Figure VI.9) may be the result of this feature. Indeed, we expect the degradation product to be composed of two distinct populations: PEG possessing a few BA units along with the oligomers resulting from the degradation of the PBA block. Eventually, the dried extracts obtained from PEG-BA3 and PEG-BA2 were also subjected to the treatment with TBD, as it could lead to cleavage of the ester functions between the PEG and the PBA blocks (see Scheme VI.1 in VI.3.C). However, no significant loss of molar mass was observed (Figure VI.9, Table VI.1).

Figure VI. 9 .

 9 Figure VI.9. Molar mass distribution of PEG-C12, dry extracts (plain lines) and degradation products (dashed lines) obtained through treatment of dry extracts with TBD for latexes PEG-BADOT3 (blue) and PEG-BADOT2 (black), PEG-BA3 (purple) and PEG-BA2 (green) (Table VI.1).

For

  all the experiments ACPA was used as initiator, [NaHCO3]/[ACPA] = 3.5. [a] The targeted degree of polymerization is defined by the experimental ratio: [PEG-TTC]/[S]. [b] Molar fraction of DOT in the initial monomer mixture. [c] Theoretical solid content ( th) and experimental final solid content ( s) measured by gravimetric analysis. [d] Conversion of styrene calculated by gravimetric analysis.

  heterogeneity characterizing poor control over the polymerization and the blocking efficiency (Figure VI.10).

Figure VI. 10 .

 10 Figure VI.10. PEG-mediated emulsion polymerization of styrene depending on the PEG-based macroCTA. Molar mass distribution for experiments PEGS3, PEGS5 and PEGS8 (Table VI.2).

For

  all experiments: [KPS] = 5 mmol L -1 , [NaHCO3]/[KPS] = 1.5. [a] Molar fraction of DOT in the initial monomer mixture. [b] Mass fraction of PEGMA with respect to styrene and DOT when used. [c] Theoretical solid content ( th) and experimental final solid content ( s) measured by gravimetric analysis. [d] Conversion of styrene calculated by gravimetric analysis. [e] Average molar fraction of inserted DOT in the resulting copolymers estimated by 1 H NMR.[f] Experimental number-average molar mass, Mn, and dispersity, Mw/Mn, of the copolymer or degradation product determined by SEC-THF using a calibration based on PS standards. [g] Intensity-average diameter and polydispersity index of the final particles from DLS. [h] Number-average diameter and dispersity index determined by statistical analysis of the cryo-TEM images.

Figure VI. 11 .

 11 Figure VI.11. Representative TEM images of latex E14S (FDOT = 0%, Dn = 167 nm, Dw/Dn = 1.41) and E48DOT (FDOT = 2%, Dn = 180 nm, Dw/Dn = 1.40) with respective size distribution (Table VI.3).

Figure VI. 13 .

 13 Figure VI.13. Molar mass distribution from SEC-THF analysis of dried latex (plain) and dried latex after treatment with TBD (dash) for experiment E48DOT (Table VI.3).

3 .

 3 Scheme VI.3. Synthesis of PNAM-TTC macroCTA by RAFT polymerization of NAM in water.Table VI.4. Experimental conditions and results for the RAFT polymerization of NAM in water and in the presence of CTPPA.RunDPtarget[a] [CTPPA]/[ACPA] Conv.[b] (%)

Figure VI. 14 .

 14 Figure VI.14. Evolution of the conversion of NAM versus time for the RAFT polymerization of NAM in water and in the presence of CTPPA.

  Experimental conditions: 80 °C, [PNAM-TTC]/[ACPA] = 4.5, [NaHCO3]/[ACPA] = 3.5. [a] The targeted degree of polymerization is defined by the experimental ratio: [PNAM-TTC]/([BA]+[DOT]). [b] Molar fraction of DOT in the initial monomer mixture. [c] Theoretical solid content ( th) and experimental final solid content ( s) measured by gravimetric analysis. [d] Conversion of BA calculated by gravimetric analysis. [e] Average molar fraction of inserted DOT in the resulting copolymers estimated by 1 H NMR. [f] Theoretical number-average molar mass of the block copolymer calculated using the conversion and the targeted DP. [g] Experimental number-average molar mass, Mn, and dispersity, Mw/Mn, of the copolymer or degradation product determined by SEC-THF using a calibration based on PS standards. [h] Intensity-average diameter and polydispersity index of the final particles from DLS. [i] Number-average diameter and dispersity index determined by statistical analysis of the cryo-TEM images.

  introducing enough DOT units to have a significant degradability (3 to 4 DOT units on average for fDOT = 1.8 mol% and DP = 200). It is worth mentioning that the RAFTmediated emulsion polymerization of BA in presence of a PNAM macroCTA has never been reported, yet the synthesis led to full conversion of BA and a stable latex at the first try. In both cases, stable latexes (Figure VI.16) and full conversion of BA was achieved in less than 2 hours.

Figure VI. 16 .

 16 Figure VI.16. Photos of final latexes PNAM-BA (left) and PNAM-BA-DOT (right).

Figure VI. 17 .

 17 Figure VI.17. Number-size (blue) and Intensity-size distributions (red) for latex PNAM-BA-DOT (Table VI.5) according to DLS measurement. Additionally, no large particles were detected in any of the cryo-TEM images obtained from latex PNAM-BA-DOT. As a result, the size measured from the cryo-TEM was found to be almost identical for both latexes with diameters of 45 and 47 nm for PNAM-BA and PNAM-BA-DOT, respectively, with narrow size-distributions in both cases (Figure VI.18). The number of large particles is thus presumed to be very low even though their presence is enough to change the macroscopic aspect of the latex (Figure VI.16).

Figure VI. 18 .

 18 Figure VI.18. Representatives Cryo-TEM images of crude latexes PNAM-BA (left, Dn = 45 nm, Dw/Dn = 1.08) and PNAM-BA-DOT (right, Dn = 47 nm, Dw/Dn = 1.07) with corresponding size distribution. Size distributions were calculated on an average of 200 particles.

7 and 8

 8 ppm (protons a, b, c and d in Figure VI.19) that were previously attributed to the aromatic protons of DOT units in the copolymers obtained by conventional emulsion polymerization (see Figure IV.2 in chapter IV) The average molar fraction of DOT in the copolymers was deducted from the integration of protons a and d compared to that of protons g and j (Figure VI.19). It is also worth mentioning that the spectrum does not display any residual DOT monomer (signals at 5.2 and 8.2 ppm notably), which indicates that DOT has been entirely consumed.

Figure VI. 19 . 1 H

 191 Figure VI.19. 1 H NMR spectrum of dried latex obtained from PNAM-BA-DOT (Table VI.5) with corresponding assignment (256 scans, CDCl3).Interestingly, the kinetic profiles of the two syntheses share similar features with those of the conventional emulsion (co)polymerization experiments. Once again, DOT proved

Figure VI. 21 .

 21 Figure VI.21. Molar mass distribution from SEC-THF analysis for increasing BA conversion of samples withdrawn during experiments PNAM-BA (left) and PNAM-BA-DOT (right, Table VI.5).

Figure VI. 22 .

 22 Figure VI.22. Evolution of the number-average molar masses Mn (plain circles or squares) and dispersity (Ɖ = Mw/Mn, hollow circles or squares) with BA conversion (the dashed line corresponds to the theoretical Mn values) for experiments PNAM-BA (left) and PNAM-BA-DOT (right).

  Experimental conditions: 80 °C, [PNAM-TTC]/[ACPA] = 4.5, [NaHCO3]/[ACPA] = 3.5. [a] The targeted degree of polymerization is defined by the experimental ratio: [PNAM-TTC]/([S]+[DOT]). [b] Molar fraction of DOT in the initial monomer mixture. [c] Theoretical solid content ( th) and experimental final solid content ( s) measured by gravimetric analysis. [d] Conversion of styrene calculated by gravimetric analysis. [e] Theoretical numberaverage molar mass of the block copolymer calculated using the conversion and the targeted DP. [f] Experimental number-average molar mass, Mn, and dispersity, Mw/Mn, of the copolymer or degradation product after treatment of the dry extract by TBD determined by SEC-THF using a calibration based on PS standards. [g] Intensityaverage diameter and polydispersity index of the final particles from DLS. [h] Number-average diameter and dispersity index determined by statistical analysis of the cryo-TEM images.Accordingly, two syntheses were run, one homopolymerizing styrene (PNAM-S, TableVI.6) and a second one adding 2.0 mol% of DOT in styrene (PNAM-S-DOT, TableVI.6) so that the concentration of DOT is set just below its solubility limit in styrene (see chapter IV). Once again, we targeted a DP of about 200 for the second block as it should allow introducing enough DOT units to induce a noticeable degradation. In both cases, stable latexes were obtained at the end of the reaction (Figure VI.24).

Figure VI. 24 . 11 Figure VI. 25 .

 241125 Figure VI.24. Digital pictures of final latexes PNAM-S (left) and PNAM-S-DOT (right).

Figure VI. 26 . 1 H

 261 Figure VI.26. 1 H NMR spectrum of the dried latex obtained from PNAM-S-DOT (Table VI.1) (CDCl3, 256 scans). The formed latexes presented the same features as those obtained for the PNAMmediated emulsion (co)polymerization of BA with DOT. If the PNAM-mediated homopolymerization of styrene led to a single population of particles with a diameter of about 48 nm (PNAM-S,Table VI.6), the copolymerization with DOT (PNAM-S-DOT, Table VI.6) led to the formation of a second population with a 10 times larger diameter (410 nm). Nonetheless and once again, the number of large particles is presumably negligible compared to the small ones. Indeed, number-size distribution shows no traces of large particles according to DLS measurements (Figure VI.27). Nonetheless, event an insignificant number of large particles is enough to change the macroscopic aspect of the latex (Figure VI.24).

Figure VI. 27 .

 27 Figure VI.27. Size distribution by number (blue) and size distribution by intensity (red) for latex PNAM-S-DOT (Table VI.6) according to DLS measurement. Additionally, no large particles could be seen on any of TEM images, and size distributions proved to be quite narrow for both experiments (Figure VI.28). The size of the particles remained approximately equal no matter whether DOT is present in the initial batch or not (Dn = 40 nm for PNAM-S, Dn = 41 nm for PNAM-S-DOT, Table VI.6).

Figure VI. 28 .

 28 Figure VI.28. Representatives cryo-TEM images of crude latexes PNAMS1 (left, Dn = 40 nm, Dw/Dn = 1.03) and PNAM-S-DOT (right, Dn = 41 nm, Dw/Dn = 1.04) with corresponding size distribution. Size distributions were calculated on an average of 150 particles.Eventually, SEC analyses provided evidence of the good control of the polymerization for both experiments. Molar mass distributions were shifted toward the higher molar masses with the increase in conversion attesting for the good reinitiation of the PNAM-

Figure VI. 29 .

 29 Figure VI.29. Molar mass distribution from SEC-THF analysis for samples withdrawn depending on styrene conversion for experiments PNAM-S (left) and PNAM-S-DOT (right, Table VI.6).Molar masses increased linearly with the styrene conversion (Figure VI.30) and dispersity values were low for every sample (< 1.3). Once again, the experimental number-average molar masses were found to be lower than the expected ones. This is probably due to the use of the PS calibration, which proved to be inadequate with PNAM and is thus likely to be inadequate to PNAM-based block copolymers. Overall, SEC analysis allowed attesting of the good control and blocking efficiency of the (co)polymerizations. Once again, the dispersity was found to be lower for the experiment ran in the presence of DOT (Ð = 1.2 and 1.3 for PNAM-S-DOT and PNAM-S respectively, TableVI.6).

Figure VI. 30 .

 30 Figure VI.30. Evolution of the number-average molar masses Mn (plain circles or squares) and dispersity (Ð = Mw/Mn, hollow circles or squares) with styrene conversion (the dashed line corresponds to the theoretical Mn values) for experiments PNAM-S (left) and PNAM-S-DOT (right). The degradability of the PS block was then assessed. The dry extract obtained from experiment PNAM-S-DOT was treated with either TBD or KOH. In both cases, the treatment induced a shift of the MMD toward the lower molar masses confirming the degradation of the copolymers (Figure VI.31). Treatment with TBD yielded oligomerswith a number-average molar mass of 5.9 kg mol -1 while the use of KOH yielded oligomers of 3.4 g mol -1 . Once again, the value of the number average molar mass is not meaningful as the PNAM block is not supposed to be degraded. The bimodal aspect of the MMD for the degradation product (Figure VI.31) may thus also be the result of the formation of PNAM oligomers possessing a few styrene units along with PS oligomers resulting from the degradation of the PS block. Nonetheless, treatment of the dry extract of experiment PNAMS1 did not induce any significant reduction in the molar mass, confirming that degradation was due to the introduction of DOT units in the PS block.

Figure VI. 31 .

 31 Figure VI.31. Molar mass distribution from SEC-THF analysis for latex PNAM-S-DOT (plain line) and its degradation product after treatment of the dry extract with either KOH (dotted line) or TBD (dashed line).To conclude, the RAFT-mediated emulsion copolymerization of DOT with either styrene or BA was achieved using PNAM-TTC as macroCTA. While the use of PEG-TTC did not allow reaching high conversion and good control when used in the RAFT-mediated emulsion polymerization of styrene, PNAM-TTC led to almost full conversions of the monomers and stable latexes for both styrene and BA. (Co)polymerization showed good control in every case with narrow molar mass distributions. Eventually, copolymerization of DOT with either BA or S led to the incorporation of thioester units into the hydrophobic block and thus to the formation of amphiphilic diblock copolymers possessing a degradable hydrophobic block. Those experiments prove the feasibility of self-stabilized waterborne nanoparticles possessing a core made of degradable vinylic polymers by a simple and efficient emulsion polymerization in water. In parallel, Maëlle Lages, the PhD student working at the Institut Galien Paris-Saclay (IGPS), one of our ANR partners, successfully performed during her PhD the NMP-mediated PISA of isoprene and DOT using a poly(acrylic acid) macroalkoxyamine in water. These results along with ours consist in the first examples of ROPISA fully performed in water.

4 ,VII. 1 .

 41 linear PEG-TTC in the RAFT-mediated emulsion polymerization of BA or styrene. The copolymerization of BA with DOT in the presence of PEG-C12 allowed yielding nanoparticles produced by the self-assembly of the in situ formed PEG-b-P(BA-co-DOT) amphiphilic block copolymers. Those copolymers proved to be degradable.Nonetheless, the RAFT-mediated styrene PISA in the presence of linear PEG-based macroCTA remains delicate. The use of PEG-CN12 did not bring improvement compared to the previously reported synthesis in the presence of PEG-CN3 or PEG-C12. In-depth works on the PEG-mediated polymerization of styrene under emulsion conditions is still required before envisioning copolymerizations with DOT. To circumvent those issues, we performed surfactant-free emulsion (co)polymerization of DOT with styrene using PEGMA as surfmer. It allowed yielding PEG-stabilized nanoparticles made of degradable PS. Acknowledging the issues associated to the use of PEG as macroCTA in RAFT-mediated emulsion polymerization, we envision replacing PEG by PNAM, another hydrophilic and biocompatible polymer. The use of PNAM-TTC in the emulsion copolymerization of DOT with styrene or BA allowed producing stable nanoparticles made of well-defined PNAMb-P(BA-co-DOT) and PNAM-b-P(S-co-DOT) amphiphilic block copolymers. The hydrophobic block proved to be degradable. These experiments establish the feasibility of self-stabilized waterborne particles made of a degradable core in simple and efficient RAFT-mediated emulsion copolymerizations. This process may open opportunities in the synthesis of nanoparticles for biomedical applications. If the vinylic monomers employed here are not necessarily common monomers for biomedical applications, and notably BA, they should be regarded as models. Further development of this method for biomedicine purposes would imply estimating the biocompatibility of those particles and potentially replacing those vinylic monomers with monomers inducing the formation of biocompatible vinylic polymers. This research will be led by our collaborators in the IGPS in Châtenay-Malabry. 4′-Azobis(4-cyanopentanoic acid) (ACPA, Aldrich, 98%), potassium persulfate (KPS, Aldrich, 99%), poly(ethylene glycol) methyl ether (PEG-OH, Mn = 2000 g mol -1 , Aldrich), 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (TTCA, Aldrich, 98%), 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (TTC-CN12, pyridine (DMAP, Aldrich, 98%), trioxane (Aldrich, 99%) sodium bicarbonate (NaHCO3, Aldrich, Bioreagent), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, Aldrich, 98%), dichloromethane (DCM, ACS reagent, Aldrich), THF (Biosolve), methanol (VWR), N-acryloylmorpholine (NAM, Aldrich, 97%), n-butyl acrylate (BA, Aldrich, 99%), styrene (S, Aldrich, stabilized) and poly(ethylene glycol) methyl ether methacrylate solution (Mn = 2000 g mol -1 , Aldrich, 50 wt% in H2O) were used as received. 4-Cyano-4-thiothiopropylsulfanylpentanoic acid (CTPPA) was obtained by reaction of ACPA with bis(propylsulfanylthiocarbonyl) disulfide as described in the literature. Dibenzo[c,e]oxepane-5-thione (DOT) and 5,6-benzo-2-mehtylene-1,3dioxepane (BMDO) were synthesized and provided by the Institut de Chimie Radicalaire (ICR) of Marseille. Water was deionized before use (Purelab Classic UV, Elga LabWater).VI.6.B. Experimental proceduresSynthesis of the macroCTAs Synthesis of the PEG-TTC macroCTAsFor the synthesis of PEG-CN3, 5 g of PEG-OH (1 eq, 2.5 mmol) were introduced in a 500 mL round bottom flask under argon flow. PEG-OH was melted at 60 °C under vacuum for about 4h in order to remove traces of water. 1.39 g of CTPPA (2 eq, 5 mmol) and 55 mg of ? (0.18 eq, 0.5 mmol) were then introduced in the flask and the mixture was dissolved in 36 mL of dried DCM. A solution of 1.032 g of DCC (2 eq, 5 mmol) in 18 ml of DCM was prepared in a separate Schlenck under argon. This solution was added dropwise to the flask containing the solution of PEG-OH placed in an ice bath. The resulting mixture was stirred at room temperature for about 40 h. The precipitate was filtered off and the resulting solution was concentrated using a rotary evaporator. The polymer was then precipitated in diethyl ether and washed by3 cycles Introduction and aim of the workThe RAFT-mediated VAc PISA in the presence of a linear PEG macromolecular chain transfer agent (macroCTA) was investigated with the original aim of producing seeds for the emulsion copolymerization of VAc with MDO (see chapter III). Even though the seeded strategy did not allow the copolymerization of MDO with VAc, the VAc PISA in emulsion brought very interesting results from a theoretical point of view. More specifically, it enabled the formation of very specific morphologies that, to the best of our knowledge, have been only very rarely observed in an aqueous emulsion PISA until now. It led us to investigate the mechanism of formation of such morphologies.

Scheme VII. 1 .

 1 Scheme VII.1. Two-step synthesis of PEG-X by chemical modification of PEG-OH.

Figure VII. 1 . 1 H

 11 Figure VII.1. 1 H NMR spectra of PEG-X and its precursor PEG-Br and commercial PEG-OH (CDCl3, 256 scans). A first emulsion experiment with the PEG-X macroCTA was conducted targeting a DP of 51 (PEGVA1, Table VII.1). As expected, and in strong contrast with previous works for which 80% conversion was reached in 50 h, conversions higher than 90% were obtained in less than an hour (Figure VII.2). Molar mass distributions (MMD) of

Figure VII. 2 .

 2 Figure VII.2. Evolution of conversion as a function of time for the PEG-X mediated VAc emulsion polymerization for DPtarget = 51 (PEGVA1, Table VII.1).

Figure VII. 3 .

 3 Figure VII.3. PEG-X mediated VAc emulsion polymerization for DPtarget = 51 (PEGVA1, Table VII.1). Left: Molar mass distributions (MMD) from SEC-THF analysis for samples withdrawn during the polymerization. Right: Corresponding evolution of the number-average molar masses Mn (plain squares) and dispersity (Ɖ = Mw/Mn, hollow squares) with VAc conversion (the dashed line corresponds to the theoretical Mn values).Two phenomena could explain these high dispersities. (i) A shoulder on the high molar mass side of the molar mass distribution is visible. It is shifted, together with the whole distribution, towards high molar masses upon VAc conversion. It is worth mentioning here that PEG-X molar mass distribution features such a shoulder too, yet of very small intensity (Figure VII.4). Indeed, this shoulder probably corresponds to dihydroxy

Figure VII. 4 .

 4 Figure VII.4. Normalized SEC traces according to the RI detector (red straight line) and the UV detector set at 270 nm (blue dashed line). Left: SEC trace of PEG-X. Right: SEC traces for latex PEGVA1 (DPtarget = 51, TableVII.1) at 93% conversion.

  The 1 H NMR assignments further allow to calculate the final molar mass of the formed chains by the relative integration of the signal attributed to the protons f at 4.90 ppm compared to the signal attributed to the protons of the methoxy group at 3.37 ppm. It shows an almost perfect fit with the expected theoretical values (TableVII.1, PEGVA1). Those data are also consistent with the molar mass data collected from SEC that show a linear increase of the number-average molar masses upon VAc conversion (FigureVII.3). A good match between expected and experimental values is obtained, althoughthe experimental values, obtained using polystyrene calibration, might be slightly flawed. Nevertheless, the consistency between the molar mass values obtained from 1 H NMR, SEC and theory is a good indication that the degradation of PEG-X suspected above is low (if any), and that the majority of the chains have been chain extended during VAc polymerization. Those results allow confirming that the expected amphiphilic block copolymers have been formed.

Figure VII. 5 . 1 H

 51 Figure VII.5. 1 H NMR spectrum of the dried latex obtained from experiment PEGVA1, Table VII.1, after 93% conversion (CDCl3, 256 scans).

Figure VII. 6 .

 6 Figure VII.6. Representative cryo-TEM image of the latex obtained from entry PEGVA1 (Table VII.1) with corresponding size distribution (Dn = 15.9 nm, Dw/Dn = 1.04). Size distributions were calculated on an average of 200 particles.

  Figure VII.7, the polymerization went to almost completion (> 92%) in less than an hour. The kinetics of the different experiments remain however difficult to compare to each other in detail since the initiator, monomer and PEG-X concentrations were modified simultaneously to maintain the solids content constant. Nevertheless, the very similar profiles obtained are consistent with a rapid compartmentalization of the reaction within particles.

Figure VII. 7 .

 7 Figure VII.7. Evolution of conversion versus time for different targeted DP (experiments PEGVA1, PEGVA3, PEGVA4 and PEGVA6, Table VII.1).Overall, all the experiments showed a good blocking efficiency and control as evidenced by the linear increases of number-average molar masses with the conversion (Figure VII.8). Once again, the molar masses obtained using SEC are not fully matching the expected ones probably due to the use of polystyrene standards, which are not well suited for the particular nature of the PEG-b-PVAc block copolymers.

Figure VII. 8 .

 8 Figure VII.8. Evolution of number-average molar masses Mn (plain squares) and dispersity (Ɖ = Mw/Mn, hollow squares) with VAc conversion (the dashed lines correspond to the theoretical Mn values). See Table VII.1 for details.The MMD obtained for all these experiments are similar to those of latex PEGVA1 as exemplary shown for experiments PEGVA4 and PEGVA6 (Figure VII.9. and also see annex 3). However, the dispersity tends to increase with both the conversion and the targeted degree of polymerization of the PVAc block. This might be related to the above-mentioned side formation of PVAC-b-PEG-b-PVAC triblock copolymers and to the formation of non-reactivatable head-to-head units, the impact of which on the dispersity is probably exacerbated when the DP of the PVAc segment increases.

Figure VII. 9 .

 9 Figure VII.9. Molar mass distributions from SEC-THF analysis for samples withdrawn over the course of VAc emulsion polymerization mediated by PEG-X. Left: experiment PEGVA4 (DPtarget = 100Table VII.1). Right: experiment PEGVA6 (DPtarget = 199). See Table VII.1 for details. The obtained latexes showed different aspects depending on the DPexp of the PVAc segment. As mentioned above, the synthesis with the lowest DP (PEGVA1, DPexp = 47) led to a completely transparent dispersion. However, as the DP increases, the latex becomes slightly translucent (PEGVA2, DPexp = 59) before showing the aspect of a classical milky dispersion (PEGVA3, DPexp = 71 to PEGVA6, DPexp = 187) (Figure VII.10). DLS analyses of those dispersions are quite consistent with these observations, with a particle diameter that increases with the final DP (Table VII.1).However, as shown by the polydispersity index, the DLS results show that the objects are either very dispersed in size or that not only spherical particles are present.

Figure VII. 10 .

 10 Figure VII.10. Digital pictures of the crude latexes PEGVA1, PEGVA2, PEGVA3 and PEGVA6 (Table

(

  Figure VII.11). As the DP of the hydrophobic PVAc block increases, the morphology of the particles shifts from isometric spherical particles (PEGVA1, DPexp = 47) to vesicles (PEGVA4, DPexp = 92) and then to higher-order morphologies (PEGVA5, DPexp = 144 and PEGVA6, DPexp = 187). Indeed, for a DPexp between 59 and 92 (PEGVA2, PEGVA3 and PEGVA4), the latexes are composed of vesicles and spherical particles, with the size and proportion of vesicles increasing with the DPexp. Further increase of the PVAc block molar mass gives access to higher-order morphologies such as distorted or multilamellar vesicles for DPexp = 144 (PEGVA5). These particles are however difficult to describe since they show high diversity in size and shape. These morphologies seem to represent the state where vesicles rearrange to form the highest-order morphology obtained for DPexp = 187. For the corresponding latex (PEGVA6, DPexp = 187), the particles are spherical aggregates comprising multiples compartments and look very similar to the "large compound vesicles" (LCVs) described by Eisenberg by self-assembling PAA-b-PS amphiphilic block copolymers in water.11 

Figure VII. 11 .

 11 Figure VII.11. Representative cryo-TEM images of the crude latexes PEGVA1-PEGVA6 (Table VII.1).

  76% and 83% conversion, it looks like the inner-vesicles fuse to form progressively multiple compartments inside the outer-vesicle. At the end of this rearrangement, LCVs are formed (90%, Figure VII.12).

Figure VII. 12 .

 12 Figure VII.12. Representative cryo-TEM images depending on the conversion for experiment PEGVA7 (Table VII.1).

  10 wt% solid content), with a transition from spherical particles (PEGVA8, DPexp = 48) to vesicles (PEGVA10, DPexp = 97) as shown by the cryo-TEM images (Figure VII.13). However, the increase in the solid content allowed here triggering the formation of short worms yet along with the spheres and vesicles in PEGVA9 (DPexp = 73).

  2). Once again, spheres were obtained for a targeted degree of polymerization of 50 and vesicles for DPtarget = 101 (PEGVA11 and PEGVA12, Figure VII.14). Nonetheless, at DPtarget = 200, small vesicles were also obtained along with spherical particles and a few vesicles with 3 or 4 compartments. If those latter morphologies present structural similarity with the morphologies defined as LCVs for the experiment run at 70 °C (PEGVA6, TableVII.1), they are a minority. It is reasonable to assume that synthesis temperature, and its distance to the Tg of the core-forming block, may be a trigger in the formation of the LCVs, at least for this specific system.

Figure VII. 14 .

 14 Figure VII.14. Representative cryo-TEM images of the crude latexes PEGVA11-PEGVA12 (Table

Figure VII. 15 .

 15 Figure VII.15. Photograph of the "in situ reactor" for in situ SAXS analyses.The main challenge with such setup is to maintain the temperature constant to the desired value. First, we tried to precisely determine the evolution of the temperature in the conventional conditions in order to define a target for the future experiments using the in situ reactor. Accordingly, we reran experiment PEGVA4 with a thermocouple immersed into the round bottom flask to measure the temperature inside the reaction medium over the course of the polymerization. We defined t0 as the moment the flask was immersed in the oil bath set at 70 °C. Beforehand, the starting dispersion was degassed for 20 min in an ice bath. The starting temperature was thus 5 °C. Temperature then rises rather rapidly to reach 58 °C in 10 minutes(Figure VII.16). An equilibrium temperature of 62 °C is reached after 15 minutes.

Figure VII. 17 .

 17 Figure VII.17. Evolution of conversion versus time for PEG-X-mediated emulsion polymerization of VAc using the setup from Figure VII.15. All the experiments were conducted setting the oil bath and heating cable at 70 °C, for DPtarget = 100, s = 10 wt%. "20 mL, no pump" is the reference set by experiment PEGVA4 and performed in a conventional reactor (Table VII.1).

Figure VII. 19 .

 19 Figure VII.19. Representative cryo-TEM image of the crude latex obtained in the in situ experiment performed at the ESRF for DPtarget = 200, total volume of 200 mL and solid content of about 10%.

Figure VII. 20 .

 20 Figure VII.20. Illustration of the morphological transition. From top to bottom: the nucleation, the aggregation, and the morphological reorganization.

  PEG-X mediated emulsion polymerization of VAc brought interesting results on the formation of morphologies in the case of emulsion PISA. The study focused mainly on synthesis performed at 70 °C with a targeted solid content of 10 wt%, which led to relatively well controlled polymerizations, with a good blocking efficiency, and the formation of stable latexes. Increasing the DP of the PVAc block allowed triggering of morphological transitions of the self-assembled PEG-b-PVAc nano-objects, from spherical particles for a DP of 47 to a mixture of spheres and vesicles for the DP comprised between 62 and 100, and eventually to higher-order morphologies, notably large compound vesicles for a DP of 187. On increasing the solid content to 15 wt%, the worm morphology was obtained for a DPexp of 73, however coexisting with spheres and vesicles. The access to non-spherical morphologies depicted here for the first time for VAc emulsion polymerization was mainly interpreted as the result of the high water solubility of VAc compared to other hydrophobic monomers classically employed in emulsion polymerization.

Figure VII. 21 .

 21 Figure VII.21. Photograph of the "in situ reactor" installed in line with the BM02 beamline at the ESRF.

  advantage of radical ring-opening polymerization (rROP). Cyclic ketene acetals (CKA) and thionolactones have been copolymerized with vinylic monomers in organic homogeneous media to generate vinylic polymers containing cleavable esters and thioesters along their backbone, respectively. Nevertheless, only two references report the use of CKA in aqueous dispersed media. As such, we tried translating those copolymerizations to aqueous emulsion processes. More precisely, we studied the behavior in such media of two CKAs: 2-methylene-1,3-dioxepane (MDO) and 5,6benzo-2-methylene-1,3-dioxepane (BMDO); and a thionolactone: dibenzo[c,e]oxepane-5-thione (DOT).

  run using SDS as surfactant and KPS as radical initiator at 70 or 80 °C. Stable latexes were formed with almost full conversion of the vinylic monomers in less than two hours. Unlike BMDO, DOT did not show any sign of hydrolysis. Therefore, DOT units were integrated quantitatively along the backbone of the vinylic polymers constituting the particles. Both PBA-based and PS-based copolymers could be degraded through the use of a strong amphiphilic base (1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)). This process nevertheless showed some limitations due to the rather low solubility of DOT in styrene and BA, which led to the formation of coagula when more than 2 mol% of DOT was used in the monomer feed. Nonetheless, it was shown that with only 2% of thioester units inserted into the copolymer, degradation led to more than 90% molar mass loss. Eventually, the terpolymerization of BA and S with 2 mol% of DOT led, once more, to the formation of stable latexes and almost full conversion of the vinylic monomers in less than two hours. Varying the BA/S ratio provided degradable copolymers particles, which Tg could be varied from -45 °C to 100 °C. Conventional emulsion copolymerizations of either DOT or BMDO thus established the first-time processes for the formation of waterborne degradable styrenic/acrylic particles.

Figure 1 .

 1 Figure 1. Digital pictures of the different batch of DOT. A and C have been purified by column chromatography and B has been purified by recrystallization.

Figure 2 .

 2 Figure 2. Digital pictures of the final latexes after filtration obtained from emulsion copolymerization of BA with 5 mol% of DOT and depending on the batch of DOT. From left to right: E6DOT-A-c, E6DOT-B and E6DOT-B (Table1).

Figure 4 . 1 H

 41 Figure 4. 1 H (256 scans, CDCl3) and 13 C (4096 scans, CDCl3) spectra of PEG-C12 with full attributions of protons and carbons.

Figure 5 . 1 H

 51 Figure 5. 1 H (256 scans, CDCl3) and 13 C (4096 scans, CDCl3) spectra of PEG-CN12 with full attributions of protons and carbons.

Figure 6 .

 6 Figure 6. PEG-X mediated VAc emulsion polymerization -entry PEGVA2 (DPtarget = 62). Left: SEC traces for samples withdrawn during the polymerization. Right: Normalized SEC traces at 95% conversion according to the RI detector (red line) and the UV detector set at 270 nm (blue line).

Figure 7 .

 7 Figure 7. SEC traces for samples withdrawn during PEG-X mediated VAc emulsion polymerizationentry PEGVA3 (DPtarget = 75).

Figure 8 .

 8 Figure 8. SEC traces for samples withdrawn during PEG-X mediated VAc emulsion polymerizationentry PEGVA4 (DPtarget = 100).

Figure 9 .

 9 Figure 9. PEG-X mediated VAc emulsion polymerization -entry PEGVA5 (DPtarget = 152). Left: SEC traces for samples withdrawn during PEG-X mediated VAc emulsion polymerization. Right: Normalized SEC traces at 98% conversion according to the RI detector (red line) and the UV detector set at 270 nm (blue line).

Figure 10 .Experiments for a solids content of 15 wt% at 70 Figure 11 .

 107011 Figure 10. PEG-X mediated VAc emulsion polymerization -entry PEGVA6 (DPtarget = 199,). Left: SEC traces for samples withdrawn during PEG-X mediated VAc emulsion polymerization. Right:Normalized SEC traces at 93% conversion according to the RI detector (red line) and the UV detector set at 270 nm (blue line).

  Mn (plain squares) and dispersity (Ɖ = Mw/Mn, hollow squares) upon VAc conversion.

Figure 12 .

 12 Figure 12. Left: SEC traces for samples withdrawn during PEG-X mediated VAc emulsion polymerization -entry PEGVA9 (DPtarget = 76). Right: Corresponding evolution of the numberaverage molar masses Mn (plain squares) and dispersity (Ɖ = Mw/Mn, hollow squares) upon VAc conversion.

Figure 13 .

 13 Figure 13. Left: SEC traces for samples withdrawn during PEG-X mediated VAc emulsion polymerization -entry PEGVA10 (DPtarget = 100). Right: Corresponding evolution of the number-

  ) a transition step (from 30 to 50 min) where fiber-like object are observed, and (3) a final step, where vesicle gradually grow into their final size through an "inward growth mechanism". Brotherton et al. performed similar analysis with PISA in emulsion and confirmed such three steps process but with a much shorter transition step which lasts only 5 min. They observed a nucleation step (from 0 to 25 min) where the primary particle are formed followed by a transition step between 25 and 30 min where the morphology rapidly change, and finally a monotonic evolution of the scattering intensity. However, they only provide qualitative SAXS data analysis (based solely on the slope of the scattering intensities between 0.005 and 0.015 Å ) which does not allow to conclude on the precise mechanism at play during the transition step. Here in situ synchrotron-SAXS was used to monitor the morphological transitions that occur during the RAFT emulsion polymerization though a precise model-depend analysis (i.e. by applying a Form and Strucutre factor at every step of the PISA process). Thanks to the new high brilliance source of the ESRF we were able to monitored the nucleation analyzed using SASfit 0.94.11 software. The form and structure-factor equations used to fit the curves are given below for the different situation.

  in situ SAXS experiments in situ synchrotron-SAXS is an ideal characterization tool to explore the morphological transition during VAc PISA in emulsion. Over the course of the reaction few hundreds of SAXS spectra were collected. The PISA process can be divided into three main steps : (1) the nucleation (first 20 min), (2) the transition step where the critical morphological transition occur between 20-25 min and (3) the final step, which could be called curing or ripening step, where the nano-objects slowly grow to reach their final dimensions (from 25 min to the end). Similar kinetic were observed by Brotherton et al. : nucleation of spherical micelles from 0 to 25 min, a morphological transition between 25 and 30 min followed by a monotonic evolution of the scattering intensity.

Figure 14 .

 14 Figure 14.SAXS-scattering intensities from t = 10 to 20 min. Black dots and red curves are experimental points and fitting curves, respectively.

Figure 15 .

 15 Figure 15. SAXS fitting parameters from t = 10 to 20 min. (a) and (b) are Porod and Guinier model, respectively.

Figure 17 .

 17 Figure 17. SAXS-scattering intensities from t = 25 to 50 min. Black dots and red curves are experimental points and fitting curves, respectively.

Figure 18 .

 18 Figure 18. SAXS fitting parameters from t = 25 to 60 min. (a) and (b) are Porod and Guinier model, respectively.

Figure 19 .

 19 Figure 19. Illustration of the morphological transition. From top to bottom: the nucleation, the aggregation and the morphological reorganization.

Furthermore, this rapid

  aggregation occurring during the transition step present a chaotic aspect; a small perturbation during this step may lead to significantly different future behavior, and thus the formation of a mixture of morphology. For all this reason, polymérisation radicalaire par transfert de chaine réversible par additionfragmentation (RAFT) à partir d'un agent de transfert macromoléculaire (macroCTA) de poly(N-acryloylmorpholine) (PNAM) a conduit à des nanoparticules auto-stabilisées composées d'un coeur de polymères dégradables. La même étude a été conduite avec un macroCTA à base de poly(éthylène glycol) (PEG) linéaire. Si la polymérisation du S et du MMA s'est avérée délicate, la copolymérisation du DOT et du BA a permis de former des nanoparticules stabilisées par du PEG et possédant un coeur dégradable. Enfin, la PISA du VAc a été étudiée afin d'obtenir des semences pour la copolymérisation en émulsion du VAc avec le MDO. Cette dernière a échoué en raison de l'hydrolyse du MDO, mais la PISA du VAc a été un succès. Des nano-objets de différentes morphologies ont pu être obtenus en faisant varier la masse molaire du bloc PVAc. Des sphères, des vésicules et des vésicules multi-compartimentées, jamais observées dans le cas de procédé PISA en émulsion, ont été mises en évidence. Le mécanisme de nucléation et de formation de ces morphologies a été approfondi en suivant notamment la polymérisation in situ par des mesures de diffusion des rayons X.
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Table I .

 I 1. Reactivity ratio of 2-methylene-1,3-dioxepane (MDO) and 5,6-benzo-2-methylene-1,3dioxepane (BMDO) with common vinylic monomers.

	CKA	Vinylic monomer	rCKA	rvinyl	Conditions	References
		Styrene	0.02	22.6	DTBP 120 °C	30
		Methyl Methacrylate (MMA)	0.05	34.12	PLP, 40 °C, bulk	31
		Methyl Acrylate (MA)	0.02	26.53	AIBN, benzene, 50 °C	32
	MDO	N-vinylpyrolidone (NVP)	0.08	9.25	AIBN, 70 °C, sCO2 300 bar	33
		Vinyl Acetate (VAc)	0.47	1.53	AIBN, 70 °C, bulk	26
		Styrene	1.08	8.53	ATRP, 120 °C, bulk	34
		Methyl Methacrylate (MMA)	0.53	1.96	ATRP, 120 °C, bulk	35
		n-Butyl Acrylate (nBA)	0.08	3.70	ATRP, 110 °C, bulk	36
	BMDO	N-Isopropylacrylamide (NIPAAm)	0.11	7.31	DTBP, 120 °C, anisole	

37

DTBP stands for di-tert-butyl peroxide, PLP for pulsed laser polymerization, AIBN for 2,2′-azobisisobutyronitrile and ATRP for atom transfer radical polymerization.
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  ). In Chapter VI, different systems aiming at synthesizing surfactantfree and degradable nanoparticles via the copolymerization of DOT with either BA or

	styrene will be depicted and commented. Different macromolecular chain transfer
	agents	(macroCTAs)	are	assessed	for	their	RAFT-mediated	emulsion

copolymerizations. In Chapter VII, the VAc PISA was originally targeted to prepare seeds from PEG macroCTA in order to further copolymerize MDO in a seeded emulsion process. However, trapping MDO in these seeds before it hydrolyzes was not successful. Nevertheless, the preparation of these seeds, sometimes providing us with very original morphologies, drove us to investigate the unique formation of PVAc nanoobjects of various morphologies by PISA.
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	As mentioned in Chapter I, cyclic ketene acetals are the historical and, still, the most
	widely used comonomers for the synthesis of degradable vinylic (co)polymers. 1
	Accordingly, our first investigations were dedicated to the copolymerization of CKAs
	with vinylic monomers under conventional aqueous emulsion conditions.
	Well-established results on the radical copolymerization of CKAs with vinylic monomers
	in homogeneous media allow anticipating that random vinylic copolymers comprising
	cleavable units could be obtained via radical emulsion copolymerization of CKAs. As
	mentioned in Chapter I, 2-methylene-1,3-dioxepane (MDO) has favorable reactivity
	ratio with VAc (rMDO = 0.47 and rVAc = 1.53) 2 while 5,6-benzo-2-mehtylene-1,3-
	dioxepane (BMDO) presents favorable reactivity ratio with MMA (rBMDO = 0.53 and rMMA
	= 1.96). 3 Accordingly, we chose to probe aqueous emulsion copolymerizations of MDO
	with VAc and of BMDO with MMA.

  .1. While the homopolymerization of VAc led to full conversion in less than 30 min (E1VA, Table III.1), formulations containing MDO led, at most, to 45% conversion of VAc in 140 min (E1MDO, Table III.1). No MDO was integrated in

Table III

 III 

	Run	Initiator	fMDO [a] (%)	Seeds [b] (wt%)	s (wt%) th [c]	t (min)	s (wt%) [c]	Conv. [d] (%)
	M1MDO	AIBA	26	17	22.8	90	17.7	60
	M2MDO	KPS	26	14	12.4	90	3.6	26
	M3MDO	AIBN	19	15	12.0	120	4.1	29

.2. Experimental conditions and results for the miniemulsion-like polymerization of VAc with MDO using the PEG-b-PVAc seeds.

  All experiments were conducted at 70 °C. [a] Weight fraction of the total VAc inserted in the initial batch. [b] Seed to monomer ratio expressed as a weight percentage of the total monomer content. [c] Theoretical ( s th ) and experimental ( s) solid contents calculated by gravimetric analysis. [d] Feed rate of monomer injected continuously in the medium, expressed in grams of monomer per liter of water and per minute. [e] VAc conversion calculated from gravimetric analysis. [f] Intensity-average diameter and polydispersity index of the final particles from DLS. [g] Initial (pH0) and final (pHf) pH of the latex.

	EFVA3	KPS 2.1	7.9	17	7.8	10.6 50	3.6	8.6	81.8	302 0.18	n.d. 5.7
	EFVA4	KPS 4.7	10	0	6.1	13.6 60	2.5	13.6	90.9	223 0.02	8	6
	EFVA5	KPS 5.4	10	0	7.0	12.4 60	2.4	11.5	91.9	189 0.01	8	6
	EFVA6	KPS 4.3	10	0	9.9	10.2 80	1.4	9.7	94.3	152 0.02	8	6.2
	EFVA7	KPS 16	20	0	10.1 10.7 80	1.4	9.7	88.8	148 0.03	8.1 6.2
					5.5	15.8 60	2.6	15.8	91.8	221 0.03	n.d. n.d.
	EFVA2	AIBA 2.1	7.2	17	2.5	12.7 22	6.4	4.9	25.8	Coagulated -	-

Table III .

 III 6. Experimental conditions and results for the emulsion polymerization of VAc in the presence of PEG-b-PVAc seeds and using tBHP/FF6M as redox initiator.

	Run	Base (mmol L -1 ) Concentration	(wt%) Seeds [a]	s	th [b]

Table III .

 III 7. Experimental conditions and results for the emulsion polymerization of VAc in the presence of PEG-b-PVAc seeds and using tBHP/FF6M as redox initiator. Impact of the temperature and initial pH.

	Run	Base (mmol L -1 ) Concentration	(wt%) Seeds [a]	s	th [b]

  .7 and Figure III.18). Experiments run at pH ≤ 8.2 showed that decreasing the pH and increasing the temperature to 40 °C could lead to increased rates of polymerization (ER8VA and ERVA10, TableIII.7. The impact of the pH was expected as the provider of the bruggolite FF6M indicates that the ideal pH for an efficient decomposition of the reducing agent was between 4 and 8. When the pH is too high, the decomposition of the FF6M is probably less favored leading to decreased initiation efficiency. Nevertheless, by adjusting the synthesis parameters, it was possible to obtain acceptable rates of polymerization with almost quantitative conversion of VAc, while being under conditions that prevent somehow the hydrolysis

of MDO. We thus tried to reproduce those syntheses adding MDO in the initial batch (Table

III

.8). It is worth mentioning that, for every experiments described above (ERVA2-10, Table III.6 and Table III.

7), the number of particles decreased between the start and the end of the reaction. Similarly to what was observed in section III.3.B.b in the thermally initiated seeded emulsion (co)polymerization under semibatch conditions, this may be due to limited coalescence occurring between particles as the polymerization goes on.

Table III

 III 

	Run	Base (mmol L -1 ) Concentration	(%) fMDO [a]	(wt%) Seeds [b]	(wt%) s th [c]	(°C) T	(min) t	s	[c]

.8. Experimental conditions and results for on the emulsion copolymerization of VAc with MDO in the presence of PEG-b-PVAc seeds and using tBHP/FF6M as redox initiator.

Table III .

 III 9. Experimental conditions and results for the preliminary emulsion (co)polymerization of BMDO with MMA.

	Run	(%) fBMDO [a]	(wt%) s th	(min) t	s	[a]

  products, the signals of which overlay with the NMR signals characteristic of incorporated BMDO units. Nonetheless, it is still possible to evaluate the composition of the copolymer by integrating the signal 2 corresponding to two protons of a BMDO unit at 5.0 ppm and signal a corresponding to three protons of a MMA unit(Figure III.22). According to the integration, 3.8 mol% of BMDO was incorporated into the PMMA chains. The rather low fraction of BMDO in the copolymer leads to poorly defined signals and does not allow for an accurate signal integration. The proportion of BMDO in the copolymer (FBMDO) determined by NMR may therefore be slightly flawed. Nevertheless, the molar fraction of BMDO in the copolymer is lower than the initial molar fraction of BMDO. If hydrolysis of BMDO seemed to be lessened compared to MDO, at least a small part of

	The evolution of the BMDO conversion over the course of the polymerization would
	have given valuable information on the features of this synthesis. As mentioned in part
	III.2.B, BMDO hydrolyzes to produce two distinct degradation products, at least one

of which being volatile. Accordingly, we were not able to evaluate the conversion of BMDO by gravimetric analysis. Additionally, NMR monitoring is not possible due to the presence of degradation BMDO should degrade thus preventing full integration of the BMDO into the copolymer chains. In addition, copolymerization of CKAs with vinylic monomers generally leads to compositional drift (rBMDO = 0.53 and rMMA = 1.96)

Table III

 III 

	Run	fBMDO [a] (%)	Buffer	pH0	pHf	t (min)

.10. Experimental conditions and results for the emulsion (co)polymerization of BMDO with MMA (fBMDO = 5%) carried out using different bases (NaHCO3 and K2CO3).

  Experiments

								mol -1 )
	E1MMA	0	60	94	0	67 0.03	118	660 2.6
	E4BMDO	2	90	98	2.0	45 0.07	99	98.2 5.9
	E1BMDO	5	90	99	3.8	45 0.08	86	61.5 5.8
	E5BMDO	10	90	98	6.4	47 0.06	53	28.5 1.9

were conducted at 70 °C targeting a solid content of 10%, with [SDS] = 14 mmol L -1 , [NaHCO3] = 8 mmol L -1 , [KPS] = 4 mmol L -1 . [a] Average molar fraction of BMDO in the initial feed of monomer. [b] Conversion of MMA determined by 1 H NMR. [c] Molar fraction of BMDO in the copolymer. [d] Intensity-average diameter and polydispersity index of the final particles from DLS. [e] Glass transition temperature estimated from DSC analysis.

[f] Experimental number-average molar mass and dispersity, Mn/Mw, of the copolymer determined by SEC-THF using a calibration based on PMMA standards.

Table III

 III 

	.11) showed broad and possibly bipopulated molar mass distributions, the
	copolymer containing 6.4 mol% BMDO (E5BMDO, fBMDO = 10%, Table III.11) showed
	a much narrower trace when analyzed by SEC (Figure III.25). Consistently, the
	dispersity of E5BMDO is 1.9 while the dispersities of E1BMDO and E4BMDO are 5.8
	and 5.9, respectively (Table III.11). Furthermore, the UV chromatograms at 217 nm
	and 260 nm are perfectly superimposed for this copolymer, suggesting that all the
	chains contain an even fraction of BMDO contrary to what was shown for the copolymer
	formed with 5 mol% of BMDO (Figure III.25).

Table III .

 III Dry extracts were thus dissolved in THF and degraded by adding a solution of potassium hydroxide in methanol (Figure III.28). 12. Results of the treatment of the dry extracts by KOH in THF/MeOH.

		130								
		120								
		110								
	100 Figure III.28. Degradation on dry extract of P(MMA-co-BMDO).				
	T g (°C)	80 90								
	70 Run	FBMDO [a] (%)	Mn [b] (kg mol -1 )	Đ	Mn, deg th [c] (kg mol -1 )	Mn, deg exp [b] (kg mol -1 )	Đ	% Mn loss
	60 E1MMA	0	660	2.6	660		632		2.9	4
	50 E4BMDO	1.9	98.2	5.3	5.1		8.6		3.1	91
	40 E1BMDO	3.8	61.5	5.8	2.7		5.9		2.5	90
	0 E5BMDO	0.03 6.4	0.06 28.5	0.09 1.8	0.12 1.6	0.15	5.2	0.18	1.9	82
					W BMDO					
	122									

6. Experimental section III.6.A. Materials

  

	Vinyl acetate (VAc, 99%, Aldrich), methyl methacrylate (MMA, Aldrich, 99%), 2,2'-
	2,2'-azobis(isobutyramidine) dihydrochloride (AIBA, 97%, Aldrich), potassium
	persulfate (KPS, Aldrich, 99%), 2,2′-azobisisobutyronitrile (AIBN, Aldrich, 98%), tert-
	butyl hydroperoxide (tBHP, solution 70 wt% in water, Aldrich), Bruggolite FF6M
	(Brüggemann), poly(ethylene glycol) methyl ether (PEG-OH, Mn = 2000 g mol -1 ,
	Aldrich), O-ethyl xanthic acid potassium salt (98%, Alfa Aesar), triethylamine (99%,
	Aldrich), 2-bromopropionyl bromide (97%, Aldrich), dichloromethane (ACS reagent,
	Aldrich), tetrahydrofuran (THF, Biosolve,), methanol (VWR), ammonium chloride

(99.5%, ACS reagent, Aldrich), sodium chloride (99%, ACS reagent, Aldrich), anhydrous magnesium sulfate (99.5%, Alfa Aesar) sodium dodecyl sulfate (SDS, Aldrich, 99%), sodium hydrogen carbonate (Aldrich, Bioreagent), hexadecane (HD, Aldrich, 99%), Trizma hydrochloride (Aldrich, >99%), Trizma base (Aldrich, >99%), potassium carbonate (Aldrich, 99%), potassium hydroxide (Aldrich, 85%), triazabicyclo[4.4.0]dec-5-ene (TBD, Aldrich, 98%) were used as received. Water was deionized before use (PURELAB Classic UV, Elga LabWater). 2-methylene-1,3dioxepane (MDO) and 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) were synthesized and provided by the Institut de Chimie Radicalaire (ICR) of Marseille.

Table III .

 III 13. Experimental conditions and results for the aqueous emulsion polymerization of VAc in presence of PEG-X macroCTA.

	Run	DPtarget [a]	τs th [b] (wt%)	t (min)	τ [b] (wt%)	Conv. [c] (%)	DPexp	Mn th [d] (g mol -1 )	Mn [e] (g mol -1 )	Ɖ [e]	Z Za ave (nm) P PdI [f]
	PEGV50	51	10.3	80	9.7	94	47	6400	6780	1.7	26 0.04
	PEGV50-b	51	10.4	80	9.8	93	47	6400	5460	1.5	22 0.05
	SEM1	51	10.0	70	9.5	92	47	6600	6450	1.5	27 0.12
	SEM6	48	10.1	70	9.3	87	42	5900			23 0.08
	SEM7	51	10.3	60	9.6	89	45	6200	6300	1.4	24 0.10

Table IV

 IV 

.1. Experimental conditions and results for the aqueous batch emulsion copolymerization of DOT and BA.

Run fDOT [a] (%) th [b] (wt%) T (°C) t (min) s [b] (wt%) c [c] (wt%) Yield BA [d] (%) F DOT [e] (%) Tg [f] (°C) Mn [g] (kg mol -1 ) Zave [h] PDI (nm)

  

	A0	0.0	17.5	80	65	17.7	0.0	99	0.0	-49	insoluble	61 0.04
	A1	4.8	17.5	80	120	12.5	18.0	66	3.1	n.d.	161 4.0	110 0.01
	A0'	0.0	11.0	70	60	10.9	0.0	99	0.0	-50	insoluble	64 0.02
	A2	5.3	10.0	80	90	8.3	12	73	4.2	-39	200 2.8	31 0.06
	A3	1.9	10.0	80	70	9.8	4	91	1.5	-45	314 3.8	36 0.04
	A4	2.0	10.0	70	60	8.9	11	83	1.8	-45	308 3.1	37 0.05
	A5	1.0	9.9	70	75	9.8	0.0	98	0.9	-47	416 3.1	42 0.06

[a] Molar fraction of DOT in the initial monomer mixture. [b] Theoretical solid content ( th) and experimental final solid content ( s) measured by gravimetric analysis. [c] Weight fraction of coagulum in the final medium compared to the initial monomer mass. [d] Yield of polymers under the form of particles calculated from the solids content after filtration. Equivalent to conversion when no coagulum is formed. [e] Average molar fraction of inserted DOT in the resulting copolymers estimated by 1 H NMR. [f] Glass transition temperature estimated from DSC analysis.

Table IV .

 IV 

	Run	fDOT [a] (%)	[KPS] (mmol L -1 )	HD (%wt/monomer)	[SDS] (mol L -1 )	τs th [b] (wt%)	t (mn)	τs [b] (wt%)	Conversion BA [c] (%)	Zave [d] (nm) PDI
	M0*	-	2.7	1.8	8.0E-03	14.5	90	14.0	96	135 0.02
	M1*	1.0	3.7	2.1	8.1E-03	13.5	95	12.8	93	70 0.02

2. Experimental conditions and results for preliminary miniemulsion (co)polymerizations of BA (with DOT).

Zave [g] (nm) PDI Mn [h] (kg mol -1 ) Ɖ

  All experiments were conducted at 70°C. [a] Molar fraction of DOT in the initial monomer mixture. [b] Theoretical solid content ( th) and experimental final solids content ( s) measured by gravimetric analysis. [c] Weight fraction of coagulum in the final medium compared to the initial monomer mass. [d] Yield of polymers under the form of particles calculated from the solids content after filtration. Equivalent to conversion when no coagulum is formed.[e] Average molar fraction of inserted DOT in the resulting copolymers estimated by 1 H NMR. almost complete conversion was reached in less than 20 min for a DOT-free formulation (M0 in TableIV.3), 40 and 60 min were required for DOT feeds of 1% and 2% (M1 and M2, respectively, in TableIV.3). This is nevertheless in striking contrast

	M0	0.0	9.9	20	9.7	0.0	96	-	-49	71 0.04	insoluble
	M1	1.0	10.7	60	10.5	0.0	98	0.8	-47	60 0.02	360 3.0
	M2	2.0	10.0	70	9.7	0.0	97	1.8	-45	52 0.02	330 3.0
	M3	3.0	9.8	90	9.3	4.5	93	2.2	-45	45 0.03	307 3.1
	M4	4.8	8.9	140	7.7	13	84	3.9	-43	44 0.04	143 3.5

[f] Glass transition temperature estimated from DSC analysis. [g] Intensity-average diameter and polydispersity of the final particles from DLS. [h] Experimental number-average molar mass, Mn, and dispersity, Mw/Mn, of the copolymer determined by SEC-THF using a calibration based on PMMA standards. While

(kg mol -1 ) Ɖ

  

								Zave [d]
								(nm)
								PDI
	M1	0.8	360 3.0	15.5	15.7 6.9	30.1 7.7	18.8 8.2	108 0.29
	M2	1.8	330 3.0	7.3	8.8 6.4	10.1 7.5	8.9 7.8	75 0.21
	M3	2.2	307 3.1	5.9	7.0 3.8	12.4 3.5	6.6 2.8	n.d.
	M4	3.9	143 3.5	3.4	4.2 4.0	16.8 2.6	4.6 4.1	n.d.
	M0	0.0	insoluble	n.d.	insoluble	insoluble	n.d.	n.d.

Table IV .

 IV 6 Molar mass characteristics of the copolymers and their degradation products for emulsion copolymerization of DOT with styrene.

	Run	[a] (%) DOT F	Before degradation Mn [b] (kg mol -1 ) Ɖ [b]	Degradation on dry extract treated with TBD Mn [b] (kg mol -1 ) Mn, deg th [c] Ɖ [b] (kg mol -1 )
	S0	-	108.7	3.8	-	-	-
	S1	1.1	101.7	3.6	7.4	2.9	9.7
	S2	1.9	76.5	3.0	4.2	2.7	5.6
	S3	3.0	60.7	4.7	2.7	2.7	3.6
	S4	4.7	47.5	3.9	1.9	3.1	2.3

Table IV .

 IV 7. Experimental conditions, results and molar mass characteristics of the copolymers and their degradation products for the emulsion terpolymerization of DOT, BA and styrene.

											Degradation on dry
	Run	BA/S molar ratio (%)	fDOT [a] (%)	th (wt%) [b]	t (min)	s (wt%) [b]	Conv. [c] (%)	Tg [d] (°C)	Zave [e] (nm) PDI	Mn [f] (kg mol -1 ) Ɖ	extract using IPA using TBD Mn [f] Mn [f] (kg mol -1 ) (kg mol -1 )
											Ɖ	Ɖ
	A3	100	1.9	9.8	70	9.7	91	-45	36 0.04	300 3.9	18.9 2.7	7.4 5.5
	AS1	90	1.9	10.0	60	9.5	95	-41	39 0.16	215 3.6	20.1 3.2	6.6 3.8
	AS0	51	0.0	11.0	60	10.6	96	10	40 0.04	170 3.6	170 3.5	n.d.
	AS2	50	2.1	10.8	65	9.9	91	14	47 0.20	150 3.5	32.0 2.0	5.7 2.4
	AS3	34	2.0	11.3	80	10.9	96	39	43 0.10	128 2.9	61.7 2.4	4.3 2.9
	S2	0	2.0	10.4	120	10.7	95	100	45 0.03	77 3.0	n.d.	4.2 2.7

[a] Molar fraction of DOT in the initial monomer mixture. [b] Theoretical solids content ( th) and experimental final solid content ( s) measured by gravimetric analysis. [c] Total conversion of BA and styrene determined by gravimetric analysis. [d] Glass transition temperature estimated from DSC analysis. [e] Intensity-average diameter and polydispersity of the final latexes from DLS. [f] Experimental number-average molar mass and dispersity, Mw/Mn, of the copolymer or degradation product determined by SEC-THF using a calibration based on PS standards.

Table VI .

 VI 1. Experimental conditions and results for RAFT-mediated emulsion (co)polymerization of DOT with BA in the presence of PEG-C12.

  Experimental conditions: [PEG-C12]/[ACPA] = 4, [NaHCO3]/[ACPA] = 3.5. [a] The targeted degree of polymerization is defined by the experimental ratio: [PEG-C12]/[BA]. [b] Molar fraction of DOT in the initial monomer mixture. [c] Theoretical solid content ( th) and experimental final solid content ( s) measured by gravimetric analysis. [d] Conversion of BA calculated by gravimetric analysis. [e] Average molar fraction of inserted DOT in the resulting copolymers estimated by 1 H NMR.

			0.0	10.5 70 2.3	10.4	99	-	8.3	7.7 1.3	n.d.	58 0.03
	PEG-BA2	66	0.0	10.1 70 3.3	10.0	99	-	12.8	14.4 1.2	14.9 1.3	91 0.06
	PEG-BA3	207	0.0	10.2 70 4.2	9.8	95	-	32.2	34.8 1.3	33.5 1.5	229 0.03
	PEG-BA4	294	0.0	9.9	70 4.2	8.8	88	-	41.4	41.8 1.2	n.d.	402 0.04
	PEG-BADOT1	209	1.0	10.2 70 4.2	3.3	24	2.5	10.1	n.d.	n.d.	n.d.
	PEG-BADOT2	187	1.6	10.1 80 3.7	9.0	85	1.9	26.4	30.3 1.2	7.7 2.0	411 0.01
	PEG-BADOT3	133	1.5	15.4 70	20	15	97	1.6	21.9	21.4 1.3	4.7 2.3	207 0.13

Table VI

 VI 

.2. Experimental conditions and results for the RAFT-mediated emulsion of styrene in the presence of different PEG-TTC.

mol -1 ) Ɖ

  

									Mn deg [f]	Zave [g]	Dn [h]
									(kg mol -1 )	(nm)	(nm)
									Ɖ	PDI	Dw/Dn
	PNAM-S	199	0.0	9.9	4h 10	98	24.2	19.8 1.3	21.0 1.4	48 0.13	40 1.03
	PNAM-S-DOT	206	2.0 10.1 3h40 10	95	24.4	20.0 1.2	5.9 1.9	51 (+410)	41 1.04

Table VII .

 VII 1. Experimental conditions and results for the aqueous emulsion polymerization of VAc performed at 70 °C in the presence of a PEG-X macroCTA for a targeted solid content of 10 wt%. All experiments were performed at 70 °C with [PEG-X]/[AIBA] = 3. The final pH was around 3 for each latex. [a] DPtarget is defined by the experimental ratio: [PEG-X]/[VAc]. [b] Theoretical solid content ( th) and experimental final solid content ( s) measured by gravimetric analysis. [c] Conversion calculated from the solids content. [d] Theoretical number-average molar mass of the block copolymer calculated using the conversion and the targeted

Run DPtarget [a] τs th [b] (wt%) t (min) τ [b] (wt%) Conv. [c] (%) DPexp Mn th [d] (kg mol -1 ) Mn SEC [e] (kg mol -1 ) Ɖ Mn NMR [f] (kg mol -1 ) Zave [g] (nm) PdI Morpho [h] (Dn (nm)/ Dw/Dn)

  Experimental number-average molar mass and dispersity, Mw/Mn, of the copolymer determined by SEC-THF using a calibration based on PS standards. [f] Experimental number-average molar mass of the block copolymers determined by 1 H NMR. [g] Intensity-average diameter and polydispersity of the final latex from DLS.

	DP. [e]											
	PEGVA1	51	10.4	80	9.8	93	47	6.4	5.5 1.5	6.3	22 0.05	S (15.9/1.04)
	PEGVA2	62	10.4	120	9.8	95	59	7.4	8.3 1.7	7.2	65 0.50	S+V
	PEGVA3	75	10.2	120	9.6	94	71	8.4	7.9 1.8	8.1	113 0.21	S+V
	PEGVA4	100	10.0	90	9.4	92	92	10.2	9.6 2.1	11.8	203 0.16	V
	PEGVA5	152	10.2	80	9.7	95	144	14.7	14.4 2.1	14.5	197 0.07	V k
	PEGVA6	199	10.1	90	9.5	94	187	18.4	17.9 2.3	18.3	186 0.15	LCV
	PEGVA7	200	10.2	90	9.2	90	179	-	-	-	-	LCV

Table

  

Table VII .

 VII 2. Experimental conditions and results for the aqueous emulsion polymerization of VAc performed at 70 °C in the presence of a PEG-X macroCTA for targeted solid content of 15 wt% .

All experiments were performed at 70 °C with [PEG-X]/[AIBA] = 3. The final pH was around 3 for each latex. [a] DPtarget is defined by the experimental ratio: [PEG-X]/[VAc]. [b] Theoretical solid content ( th) and experimental final solid content ( s) measured by gravimetric analysis. [c] Conversion calculated from the solids content. [d] Theoretical number-average molar mass of the block copolymer calculated using the conversion and the targeted DP. [e] Experimental number-average molar mass and dispersity, Mw/Mn, of the copolymer determined by SEC-THF using a calibration based on PS standards. [f] Experimental number-average molar mass of the block copolymers determined by 1 H NMR. [g] Intensity-average diameter and polydispersity of the final latex from DLS.

  Figure VII.13. Representative cryo-TEM images of the crude latexes PEGVA8-10 (Table VII.2).

	Run	DPtarget [a] τs th [b] (wt%)	t (min)	τ [b] (wt%)	Conv. [c] (%)	DPexp	Mn th [d] (kg mol -1 )	Mn SEC [e] (kg mol -1 ) Ɖ	Mn NMR [f] (kg mol -1 )	Zave [g] PdI (nm)	Morpho. [h]
	PEGVA8	51	15.4	80	14.8	95	48	6.4	6.9 1.5	6.3	57 0.19	S (17.3/1.04)
	PEGVA9	76	15.1	90	14.9	97	73	8.6	8.8 1.8	7.8	241 0.56	S+V(+W)
	PEGVA10	100	15.0	80	14.6	97	97	10.6	10.7 1.9	10.9	437 0.41	V

Table VII .

 VII 3. Experimental conditions and results for the aqueous emulsion polymerization of VAc performed at 60 °C in the presence of a PEG-X macroCTA for targeted solid content of 10 wt% . All experiments were performed at 60 °C with [PEG-X]/[AIBA] = 3. The final pH was around 3 for each latex. [a] DPtarget is defined by the experimental ratio: [PEG-X]/[VAc]. [b] Theoretical solid content ( th) and experimental final solid content ( s) measured by gravimetric analysis. [c] Conversion calculated from the solids content. [d]Theoretical number-average molar mass of the block copolymer calculated using the conversion and the targeted DP. [e] Experimental number-average molar mass and dispersity, Mw/Mn, of the copolymer determined by SEC-THF using a calibration based on PS standards. [f] Experimental number-average molar mass of the block copolymers determined by 1 H NMR. [g] Intensity-average diameter and polydispersity of the final latex from DLS.

	Run	DPtarget [a] τs th [b] (wt%)	t (min)	τ [b] (wt%)	Conv. [c] (%)	DPexp	Mn th [d] (kg mol -1 )	Mn SEC [e] (kg mol -1 ) Ɖ	Mn NMR [f] (kg mol -1 )	Zave [g] PdI (nm)	Morpho. [h]
	PEGVA11	50	10.2	90	9.6	90	45	6.2	6.2 1.5	5.9	24 0.08	S
	PEGVA12	101	10.2	90	9.9	96	97	10.7	10.2 1.9	10.0	84 0.08	S+V
	PEGVA13	200	10.1	90	9.5	93	186	18.3	16.1	17.9	105	S+V+LCV

Table VII .

 VII 4. Comparison of the results for the aqueous PEG-X-mediated emulsion polymerization of VAc performed either in a conventional or an in situ setup. Experiments were performed at 70 °C with [PEG-X]/[AIBA] = 3. [a] DPtarget is defined by the experimental ratio: [PEG-X]/[VAc]. [b] Theoretical solid content ( th) and experimental final solid content ( s) measured by gravimetric analysis. [c] Conversion calculated from the solids content. [d] Theoretical number-average molar mass of the block copolymer calculated using the conversion and the targeted DP. [e] Experimental numberaverage molar mass and dispersity, Mw/Mn, of the copolymer determined by SEC-THF using a calibration based on PS standards. [f] Experimental number-average molar mass of the block copolymers determined by 1 H NMR. [g] Intensity-average diameter and polydispersity of the final latex from DLS.

  Figure VII.18. Representative cryo-TEM images of the crude latexes PEGVA4 (left) and PEGVA13

		Setup	DPtarget [a] τs th [b] (wt%)	τ [b] (wt%)	Conv. [c] (%)	DPexp	Mn th [d] (kg mol -1 )	Mn SEC [e] (kg mol -1 ) Ɖ	Mn NMR [f] (kg mol -1 )	Zave [g] (nm) PdI
	PEGVA4 Conventional	100	10.0	9.4	92	92	10.2	9.6 2.1	11.8	203 0.16
	PEGVA13	In situ	101	10.2	9.3	89	91	10.1	10.5 1.7	10.5	252 0.21

(right) (Table

VII

.4).

Table

  

Table 1 .

 1 ). Results for the emulsion copolymerization of DOT with BA depending on the batch of DOT employed.

	Run

Batch DOT τs th [b] (wt%) fDOT [a] (%) τs [b] (wt%) Conversion BA [c] (%) FDOT [d] (%) Tg [e] (°C) Mn [f] (kg/mol) Ɖ Zave [g] (nm) PDI

  Molar fraction of DOT in the initial monomer mixture. [b] Experimental final solids content ( s) measured by gravimetric analysis. [c] Conversion of BA calculated from the solids content after filtration. Equivalent to conversion when no coagulum is formed. [d] Average molar fraction of inserted DOT in the resulting copolymers estimated by 1 H NMR. [e] Glass transition temperature estimated from DSC analysis.[f] Experimental numberaverage molar mass, Mn, and dispersity, Mw/Mn, of the copolymer or degradation product determined by SEC-THF using a calibration based on PMMA standards. [g] Intensity-average diameter and polydispersity of the final particles from DLS.

	E1DOT-C	C	10.0	1.0	9.4	94	1.1	-46	Insoluble	59 0.05
	E2DOT-C	C	9.9	2.0	9.6	97	n.d.	-44	Insoluble	56 0.03
	E5DOT-C	C	11.2	5.3	10.9	86	4.3	n.d.	Insoluble	50 0.03
	E1DOT-A	A	9.9	1.0	9.8	98	0.9	-46	220 3.4	42 0.06
	E2DOT-A	A	10.0	2.0	8.9	83	1.8	-44	308 3.1	38 0.05
	E6DOT-A	A	10.0	5.3	8.3	73	4.2	-39	200 2.8	32 0.06
	E1DOT-B	B	9.8	1.0	9.7	99	0.9	n.d.	442 3.4	47 0.07
	E6DOT-B	B	11.2	5.3	10.7	85	4.4	n.d.	n.d.	39 0.02
	[a]									

average molar masses Mn (plain squares) and dispersity (Ɖ = Mw/Mn, hollow squares) upon VAc conversion.

Abbreviations

 IV.3). Right: Evolution of the Tg depending on the average molar fraction of DOT units in the P(BA-co-DOT) copolymers for sonication-assisted emulsion process (Table IV.3).

Eventually, molar mass distributions provided valuable data. First, it can be noticed that overall, the molar masses of the copolymers tend to decrease with the increase of the molar fraction of DOT units (Table IV.4). Interestingly, the molar mass distributions present a shoulder toward the higher molar mass values that seems to decrease as the content of DOT increase (Figure IV.11). It was first assumed that the presence of this bimodal distribution might be the result of the formation of a second population of homo-PBA in the end of the reaction considering the kinetic results. 

The self-assembly of amphiphilic block copolymers in solution

Driven by the same types of interactions, amphiphilic block copolymers can also selfassemble in bulk or solution. Block copolymer self-assembly have been widely studied in the case of bulk self-assembly since the 60's and is now well understood. 39,40 Morphologies can be accurately predicated from simulations based on known interaction parameters between the different blocks. In the case of AB block copolymers, only 3 parameters would have to be taken into account: interaction of B with A, B with B and A with A. 41,42 Block copolymer self-assembly in solution shows an increased complexity compared to bulk as the medium also contains a selective solvent, whose interactions with each block would also have to be taken into account.

To this day, the prediction of morphologies in the case of block copolymers in solution remains tricky and theory are still mainly based on empirical results. Even though the theory developed for small amphiphilic molecules is still relevant, for block copolymers, the systems are much more complex, and several other parameters have to be taken into account. One of the main differences compared to small molecular surfactant is that polymers are macromolecules, which means that reaching thermodynamic equilibrium is a much longer process. Thus, if straight dissolution in water of small amphiphilic molecules leads to thermodynamically stable self-assembled aggregates, this approach is much more intricate and most of the time not viable in the case of amphiphilic block copolymers.

Subsequently, several self-assembly methods have been developed. One could notably cite the film rehydration method which is commonly used to obtain vesicles for bio related-applications. 43 The copolymer is first solubilized in an organic and volatile solvent which is selective toward one of the blocks. The copolymers thus self-assemble in the organic solvent which is then evaporated to yield a thin film. Water is then added to hydrate the film and recover self-assemblies under the form of a colloidal dispersion in water.

Nonetheless, the most common method is the cosolvent method which has been developed by Eisenberg for the self-assembly of PAA-b-PS in water. 44 First the copolymer is dissolved in a good solvent for both blocks. To trigger the self-assembly, a second miscible and selective solvent is slowly added (typically water) under stirring.

The first solvent is then removed by dialysis.

Eisenberg and his group greatly contributed to the understanding of block copolymers self-assembly in water. 6,7 it proved to be trickier in the case of styrene and led to the formation of ill-stabilized particles after long polymerization times. [6][7][8][9] As such, a successful RAFT-mediated emulsion copolymerization of DOT with styrene in the presence of PEG-based macroCTA would require sorting out the homopolymerization of styrene. We thus tried to investigate the styrene PISA in emulsion and in the presence of linear PEG-TTC in a first step.

Acknowledging the complexity of systems using PEG as macroCTA, we then tried to establish a proof of concept for the radical ring-opening polymerization-induced selfassembly (ROPISA) under aqueous emulsion conditions by using more reliable and efficient macroCTAs. As such, we probed RAFT-mediated copolymerizations in the presence of PNAM, which proved to be a very efficient macroCTA for the RAFTmediated styrene PISA in emulsion. We then tried to degrade the copolymers obtained in experiment E48DOT. As shown by the MMD, polymers did fully degrade (Figure VI.13) as the number average molar mass dropped by more than 95% after treatment with TBD (from 59.9 kg mol -1 to 2.6 kg mol -1 ). Treatment of the dried extract of the control experiment with TBD did not induce any significant changes in the molar mass (E14S, Table VI.3).

We 

VI.4.C. PNAM-mediated emulsion (co)polymerization of DOT with styrene

Applying the same methodology, we then sought to perform the RAFT-mediated emulsion copolymerization of styrene in the presence of PNAM-TTC. As such, we applied the same protocol replacing BA with styrene (Table VI.6, Scheme VI.5).

Eventually, the latexes obtained in this study may be very interesting for the implementation of degradable films. As mentioned in section V.1, surfactant-free emulsion polymerization, and notably PISA, proved to annihilate the issues associated with film-formation for latex stabilized by small amphiphilic molecules. 26 Subsequently, the method described in this chapter may be subject to further developments with the aim of obtaining performing films with degradability properties. These investigations are currently underway in our group.

of centrifugation and removing of the supernatant. Remaining solvent was evaporated under vacuum to afford a light yellow powder. Same procedures were used for the synthesis of PEG-C12 and PEG-CN12 by replacing CTPPA with TTCA and TTC-CN12, respectively.

Synthesis of the PNAM-TTC macroCTA PNAM-TTC was synthesized by the RAFT solution polymerization of NAM in water. In a 25 mL round bottom flask, 160 mg of CTPPA (5.8 x 10 -4 mol) and 16 mg of ACPA (5.7

x 10 -5 mol) were dissolved in 2.1 g of NAM (1.5 x 10 -2 mol). 7 g of water and 233 mg of trioxane (2.6 x 10 -3 mol) were then added to the mixture. The mixture was then degassed by nitrogen bubbling for about 20 min before the flask was immersed in an oil bath thermostated at 80 °C. Regular withdrawal allowed following monomer conversion versus time and the evolution of molar masses versus conversion. A solution of PNAM-TTC, ACPA and NaHCO3 dissolved in water was then added to the flask. Additional water was then added to reach a solids content of about 10 wt%.

After degassing of the medium for 20 min under nitrogen, the flask was placed in an oil bath previously heated at 80 °C. The polymerization was stopped by immersion in an ice bath and exposure to the air. BA or S conversion was followed by gravimetric analysis of samples withdrawn during the polymerization. The molar mass was determined by SEC-THF performed on the dried samples. Eventually, the evolution of DOT conversion and of the molar fraction of DOT units in the copolymer were followed by 1 H NMR performed on the dried samples dissolved in CDCl3.

Emulsion polymerization of BA or S in the presence of PEG-TTC All emulsion polymerizations were performed using the following protocol. The vinylic monomer (either S or BA), PEG-TTC (either of the three), ACPA, NaHCO3 and deionized water were introduced into a 25 mL round bottom flask, which was immersed in an ice bath. After degassing of the medium for 15 min under argon, the flask was placed in an oil bath previously heated at 70 °C for BA and 80 °C for S. After 90 min under stirring at about 400 rpm, the reaction was quenched by immersion of the flask in an ice bath and exposure to air. The vinylic monomer consumption was followed by gravimetric analysis of samples withdrawn from the medium at different times. The evolution of the molar masses was followed by SEC-THF performed on the dried samples.

Emulsion copolymerization of DOT with BA in the presence of PEG-C12

DOT and BA were introduced in a 25 mL round bottom flask. The flask was then immersed in an ultrasound bath to help the dissolution of DOT in the vinylic monomer.

A solution of PEG-C12, ACPA and NaHCO3 dissolved in water was added to the flask.

Additional water was then added to reach a solids content of about 10 wt%. After degassing of the medium for 20 min under nitrogen, the flask was placed in an oil bath previously heated at 80 °C. The polymerization was stopped by immersion in an ice bath and exposure to the air. The BA consumption was followed by gravimetric analysis of samples withdrawn over the course of the polymerization. The molar mass was followed by SEC-THF performed on the dried samples. Eventually, the evolution of DOT conversion and of the molar fraction of DOT units in the copolymer were followed by 1 H NMR performed on the dried samples dissolved in CDCl3.

(Co)polymerization of DOT with S under emulsion conditions and in presence of PEGMA DOT and S were introduced in a 25 mL round bottom flask. The flask was then immersed in an ultrasound bath to help the dissolution of DOT in the vinylic monomer.

A solution of PEGMA, KPS and NaHCO3 dissolved in water was added to the flask.

Additional water was then added to reach a solids content of about 10 wt%. After 

Size exclusion chromatography (SEC)

SEC analyses were performed using a Viscotek system (Malvern Instruments) including a four-capillary differential viscometer, a differential refractive index (RI)

detector and a UV detector. THF was used as the mobile phase at a flow rate of 1 mL min -1 at 35 °C. All samples were injected at a concentration of 3 to 5 mg mL -1 after filtration through a 0.45 μm PTFE membrane. The separation was carried out on three Polymer Standard Service columns (SDVB, 5 μm, 300 × 7.5 mm) and a guard column.

The average molar masses (number-average molar mass, Mn, and weight-average molar mass, Mw) and the molar mass dispersity, Đ = Mw/Mn, were calculated from the RI signal with a calibration curve based on polystyrene standards (Polymer Standards Service) for styrene and BA polymerizations.

Dynamic light scattering (DLS)

The intensity-weighted mean diameter (or Z-average diameter), Zave, of the latex particles and the polydispersity index (PdI) were measured at 25 °C using a Zetasizer Nano Series (Nano ZS) from Malvern Instruments. Before measurements, the latex was diluted with water. The mean particle diameter was averaged over three consecutive runs. The data were collected at a 173° scattering angle using the fully automatic mode of the Zetasizer system and fitted with the cumulant analysis.

Transmission electron microscopy (TEM)

The diluted latex samples were dropped onto 300 holey carbon-coated copper grid and, before introduction in the microscope, the excess of liquid was removed from the grid using filter paper and TEM images were recorded on a Philips CM120 microscope at 70 °C and the polymerization was let to proceed for 10 min. After that the pump was started and the X-ray source was opened. The polymerization was let to proceed for about 2 hours before everything was shut down. The polymerization was stopped by immersion in an ice bath and exposure to the air.

Dynamic light scattering (DLS)

The intensity-weighted mean diameter (or Z-average diameter), Zave, of the latex particles and the polydispersity index (PdI) were measured at 25 °C using a Zetasizer Nano Series (Nano ZS) from Malvern Instruments. Before measurements, the latex was diluted with water. The mean particle diameter was averaged over three consecutive runs. The data were collected at a 173° scattering angle using the fully automatic mode of the Zetasizer system and fitted with the cumulant analysis.

Cryogenic-transmission electron microscopy (cryo-TEM)

The diluted latex samples were dropped onto 300 mesh holey carbon films (Quantifoil R2/1) and immediately quench-frozen in liquid ethane. The grid was then mounted on a precooled Gatan 626 specimen holder and transferred to a Philips CM120 microscope operating at an accelerating voltage of 120 kV (Centre Technologique des Microstructures (CTμ), platform of the Université Claude Bernard Lyon 1, Villeurbanne, France). The number-average diameter (Dn), the weight-average diameter (Dw) and the diameter dispersity (Dw/Dn) were determined from the TEM images using the ImageJ software and the following equations:

and Small-angle X-Ray scattering (SAXS) SAXS measurements were carried out at the BM02 beamline of the European Synchrotron Radiation Facilities (ESRF, Grenoble, France). Experiments were carried out at an energy of 17.5 keV with a sample to detector distance of 175 cm, using a fast photon counting pixel detectors (ImXpad D5). The recorded images were first corrected from dark current and flat field and normalized with respect to the intensity of the incident beam. The azimutal integration of the corrected images gave the radial integration (scattering curves). Finally, the obtained scattering curves were corrected for sample transmission and background subtraction and calibrated using silver behenate (q-axis) and glassy carbon (absolute intensity). In order to study morphological changes during the polymerization, the reaction medium was pumped in a closed loop through a flow cell equipped with a glass capillary (50 mm long and 3 mm in internal diameter) placed in front of the beam. SAXS measurements were analyzed using SASfit 0.94.11 software.

General conclusion and perspectives

emulsion procedures by using the concept of polymerization-induced self-assembly (PISA). More specifically, we targeted particles formed by the self-assembly in water of amphiphilic diblock copolymers synthesized in situ and including a hydrophobic block of a degradable vinylic polymer. To synthesize this hydrophobic block, we used different hydrophilic macromolecular chain transfer agents (macroCTAs) that we chain extended by the reversible addition-fragmentation chain transfer (RAFT) mediated emulsion copolymerization of either DOT with BA or DOT with S.

As we targeted biomedical applications, we initially probed the RAFT-mediated Switching from PEG macroCTAs to a poly(N-acryloylmorpholine) (PNAM) macroCTA for the RAFT-mediated emulsion copolymerization of DOT with either BA or S led to the formation of stable latexes, with full conversion of the vinylic monomers in less than three hours. We were able to attest of the good control of the copolymerization in both cases and thus of the formation of well-defined amphiphilic block copolymers. The integration of the DOT units in the hydrophobic block was confirmed and the copolymers proved to be degraded by TBD.

Eventually, the RAFT/MADIX-mediated emulsion polymerization of VAc in the presence of a linear PEG-xanthate (PEG-X) was investigated with the original aim of producing seeds for the emulsion copolymerization of VAc with MDO and thus preventing the hydrolysis of the latter. Copolymerizations were not successful since MDO, again, fully hydrolyzed. The last part of this work however led to very interesting results. Indeed,

Annexes

of copolymer micelle and their transition into higher-order morphology through aggregation and coalescence which confirm the morphological transitions mechanism previously highlighted by MD simulation.

Material and methods

Emulsion polymerization of VAc in the presence of PEG-X.

The PEG-X was prepared according to a previously reported method. 31 Briefly, VAc, PEG-X, AIBA and deionized water were introduced in the reactor ; either a 50 mL flask or a 200 mL flask connected to a flow-through cell for static or in situ synchrotron-SAXS experiments respectively. After degassing of the medium for 15 min under argon, the flask was placed in an oil bath previously heated at 70 C.

Cryogenic-transmission electron microscopy (cryo-TEM)

The diluted latex samples were dropped onto 300 mesh holey carbon films (Quantifoil R2/1) and immediately quench-frozen in liquid ethane. The grid was then mounted on a precooled Gatan 626 specimen holder and transferred to a Philips CM120 microscope operating at an accelerating voltage of 120 kV (Centre Technologique des Microstructures (CTμ), platform of the Université Claude Bernard Lyon 1, Villeurbanne,France).

Small-Angle X-ray Scattering (SAXS).

SAXS measurements were carried out at the BM02 beamline of the European Synchrotron Radiation Facilities (ESRF, Grenoble, France). Experiments were carried out at an energy of 17.5 keV with a sample to detector distance of 175 cm , using a fast photon counting pixel detectors (ImXpad D5). The recorded images were first corrected from dark current and flat field and normalized with respect to the intensity of the incident beam. The azimutal integration of the corrected images gave the radial integration (scattering curves). Finally the obtained scattering curves were corrected for sample transmission and background subtraction and calibrated using silver behenate (q-axis) and glassy carbon (absolute intensity). In order to study morphological changes during the polymerization, the reaction medium was pumped in a closed loop through a flow cell equipped with a glass capillary (50 mm long and 3 mm in internal diameter) placed in from of the beam. SAXS measurements were

Results and discussion

Comparison between static and in situ SAXS experiments

First of all, cryo-TEM images the final latexes morphology obtained using either in situ or static reactor step-up were compared. The cryo-TEM images showed mostly small vesicles assembly and large compound vesicles for both reaction processes. Although, in situ experiment, it seems that smaller vesicles packed into denser clusters were obtained while static experiment gives larger multi-compartment vesicles. Scattering intensities of the final morphologies obtained with in situ and static experiment also confirmed this observation. The form factor of a core/shell sphere with an additional Bragg peak around 0.15 nm were used to fit either in situ or static experiment.

Smaller characteristic dimension (Table 2) are observed with in situ compared with static experiment, in good agreement with cryo-TEM images. However one should note that in this working q-range only the smallest objects (i.e. small vesicles) are visible.

Brotherton et al. also obtained smaller vesicles during the in situ SAXS experiment compared to those produced in the laboratory-based synthesis. They attributed this difference in morphology to a difference in mechanical agitation efficiency or perhaps the rate enhancement induced by X-ray irradiation. The formation of higher order morphology (i.e. large compound vesicles) are likely hindered by the high shear caused by the pump in the flow-through cell setup. Indeed, the formation of vesicle of is often reported through a shear-induced lamellar-to-vesicle transition which is suspected to happen here. This is also supported by Boissé et al. which clearly demonstrated the impact of stirring speed on morphology in a PISA emulsion polymerization system. 26 Thereby, the main limitation of our SAXS setup concern the formation of larger compound vesicles which are most likely impacted by the change of shear flow and can not be observed in our working q-range. Therefore, the mechanism of formation of large compound vesicle will not be discuss here and this article will focus on the formation of small vesicle assembly.

Finally, it is interesting to compare the morphological evolution observed between the samples collected during a static experiment and in situ SAXS measurements for an identical reaction time. During in situ experiment the morphological transition appears suddenly between 20 and 25 min after which it no longer varies. On the contrary, the morphological evolution appears more gradually in the case of static experiment. This may be explained by the fact that the sampled latexes were cool down while in situ

The morphological transition (20-27 min).

During this step, drastic changes in the scattering intensity were observed, revealing a critical morphological transition. First, between 20 and 22 min, the Guinier plateau corresponding to smallest particles grow into a broad peak, while the Guniner plateau corresponding to the larger particle evolve into a Porod slope (see Figure 16a). In the high q-range, the transition from Guinier to a broad peak reveal the high concentration of particle. The distance between particle being close to the size of the particle, therefore a broad correlation peak is observed similarly to the case of an emulsion. A broad peak model, which calculates the scattering from a randomly distributed twophase system, was used to fit this correlation peak. Here the distance between diffusing object ( ) is about 14 nm and the characteristic dimension of the scattering object (i.e. correlation length, ) is about 7 nm which correspond to a high concentration of small particle. In the low q-range, the increased intensity can be attributed to the particle aggregation. The form factor of a sphere with a mass fractal structure factor was used to replace the previous Guinier model in order to fit the increase of the scattering intensity at the lowest q-range (cf. Table 3). S4.

The peak observed at q 0.4 nm , corresponding to small particle, decrease in intensity and its shape evolved back from a broad peak to a Guinier shape (i.e. a very wide peak for nm at 24.3 min) and then vanishes. This evolution is characteristic we encourage the PISA community to extend beyond the concept of packing parameter (which only account for as geometric/steric constraint) and to better considered the physico-chemical interaction between copolymer when predicting the PISA morphology.

Synchrotron-SAXS proved to be a powerful method to study the mechanism of PISA however the final morphology obtained are slightly different compared to classical (i.e. static) synthesis probably because of the pumping of the liquid into the glass capillary placed in from of the X-ray beam. The shear could be quite detrimental to the formation of large vesicles and favor the formation of smaller and more compact vesicular assembly. Vesicle are often created from pre-existing planar bilayer which under shear before will be breakup before reaching sufficient size. Further research is needed to better understanding formation of large vesicle.

Supporting information:

Fitting parameters: Following these very promising results, surfactant-free emulsion protocols were implemented notably via polymerization-induced self-assembly (PISA) under emulsion conditions. The use of poly(N-acryloylmorpholine) (PNAM) as macromolecular chain transfer agent (macroCTA) in the reversible addition-fragmentation chain transfer (RAFT) mediated emulsion copolymerization of DOT with either S or BA led to selfstabilized nanoparticles with a degradable core. The use of poly(ethylene glycol)-based macroCTA led to more intricate systems that did not lead to successful RAFT-mediated emulsion polymerization of S or MMA. Nonetheless, these conditions allowed copolymerizing DOT with BA leading to PEG-stabilized particles with a degradable core.

These processes may open substantial opportunities in the synthesis of nanoparticles for biomedical applications.

Besides, we started a research topic dedicated to the synthesis of PVAc particles by PISA with the view of using these particles as seeds to further copolymerize VAc and