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Dans cette thèse, nous nous sommes tout d'abord concentrés sur la synthèse de terpolymères ABC linéaires et en étoile puis sur l'étude de l'auto-assemblage de ces terpolymères en film minces.

Dans la première partie de cette thèse, nous avons mis en place une méthode de synthèse efficace pour la synthèse de terpolymères ABC linéaires et en étoile. L'un des paramètres clés est le degré d'incompatibilité entre les blocs, représenté par le paramètre d'interaction de Flory-Huggins. La conception de terpolymères dont les blocs sont hautement incompatibles permet de promouvoir la micro-séparation de phase. Ici, nous avons choisi de travailler avec du polystyrène (PS), poly(2-vinylpyiridine) (P2VP), et du polyisoprène (PI) dont les paramètres de Flory-Huggins, , entre les blocs sont élevés (PS-PI 2  PS-P2VP 3  0,1 et PI-P2VP 4  0,8).

Notre but a été de trouver une méthode de synthèse efficace permettant de garder la masse moléculaire de PS et de P2VP constante tout en variant la masse moléculaire de PI. Nous avons choisi de travailler avec des méthodes de couplage qui permettent d'attacher un dibloc PS-b-P2VP de masse moléculaire constante à des blocs PI de masses moléculaires différentes afin de moduler facilement la masse moléculaire de PI.

Dans un premier temps, nous avons synthétisé des terpolymères ABC linéaires. La polymérisation anionique a été choisie comme voie de synthèse car elle permet un bon contrôle de la croissance des chaînes polymères lors de la synthèse ce qui permet d'obtenir des terpolymères bien définis. Dans la littérature, la méthode la plus reportée pour la synthèse de terpolymères ABC linéaires est la polymérisation anionique séquentielle. Cette méthode consiste en la polymérisation anionique du monomère A qui, après avoir été consommé, initie la polymérisation anionique du monomère B et ainsi de suite. Dans notre étude, nous avons choisi de travailler avec un PS-b-P2VP-b-PI. La polymérisation anionique séquentielle des deux premiers blocs (PS et P2VP) est possible, tandis que le centre actif porté par la P2VP vivante ne pourra pas initier la polymérisation du PI. C'est pourquoi, la polymérisation anionique séquentielle n'a pas pu être envisagée dans cette étude. 2 Ren, Y., Lodge, T. P. & Hillmyer, M. A. Synthesis, characterization, and interaction strengths of difluorocarbenemodified polystyrene-polyisoprene block copolymers. Macromolecules 33, 866-876 (2000). 3 Hammond, M. R., Cochran, E., Fredrickson, G. H. & Kramer, E. J. Temperature dependence of order, disorder, and defects in laterally confined diblock copolymer cylinder monolayers. Macromolecules 38, 6575-6585 (2005). 4 Funaki, Y. et al. Influence of casting solvents on microphase-separated structures of poly(2-vinylpyridine)block-polyisoprene. Polymer (Guildf). 40, 7147-7156 (1999).

Ainsi, les terpolymères ABC linéaires ont été obtenus par synthèse de PS-b-P2VP et de PI tous deux fonctionnalisés en bout de chaîne puis couplage.

La synthèse de PI fonctionnalisé en bout de chaîne a été réalisée par polymérisation anionique sans étape de protection ou de deprotection. La fonctionnalisation en bout de chaine a été réalisée par carboxylation du PI en croissance. Un schéma général de la synthèse est montré cidessous (Fig. 1). La polymérisation anionique de l'isoprène a été réalisée dans le THF à -30°C en utilisant le sec-Butyllithium (sec-BuLi) comme amorceur. Une fois tout le monomère consommé, du dioxyde de carbone a été bullé dans la solution puis la réaction a été stoppée par ajout de méthanol. Les différentes masses moléculaires de PI ont été obtenues en faisant varier la quantité d'amorceur lors de la polymérisation.

Les PI synthétisés ont été caractérisés par résonnance magnétique nucléaire (RMN) du proton et par chromatographie d'exclusion stérique (SEC). Le nombre d'unités 1.2 ( = 5,5 -6 ppm) et 3.4 ( = 4,4 -5 ppm) a été déterminé par RMN du proton et est respectivement de 30 et 70% dans le PI. Les masses moléculaires du PI ont été déterminées par SEC dans le THF de 9, 13, 16 et 28 kg.mol -1 . La fonctionnalisation quantitative du PI a été vérifiée par un titrage à la phénoltphtaléine.

La synthèse du dibloc de PS-b-P2VP a été réalisée par polymérisation anionique séquentielle. La fonctionnalisation en bout de chaîne a été effectuée par ajout d'oxyde d'éthylène sur les chaines vivantes de PS-b-P2VP. Un schéma général de la réaction est présenté ci-dessous (Fig. 2). La polymérisation anionique du styrène est amorcée par le sec-BuLi dans le THF à -78°C. Lorsque tout le monomère est consommé, la 2VP est ajoutée. Le polystyrillithium amorce alors la polymérisation anionique de la 2VP. Lorsque toute la 2VP est consommée, de l'oxyde d'éthylène est ajouté afin d'apporter la fonction alcool en bout de chaîne. Enfin, la réaction est stoppée par ajout de méthanol.

Le dibloc ainsi synthétisé est caractérisé par SEC et par RMN du proton. Les masses moléculaires du PS et du P2VP ont été déterminées par SEC de 21 et 24 kg.mol -1 respectivement. La fraction obtenue entre les blocs de PS et de P2VP a été confirmée par RMN du proton (PS : P2VP = 1 : 1.1).

Les terpolymères ABC linéaires de PS-b-P2VP-b-PI ont été synthétisé par couplage entre le dibloc PS-b-P2VP et les PI de différentes masses moléculaires. La méthode la plus reportée dans la littérature pour la synthèse de CPBs est la chimie « click » d'Huisgen. Cette méthode de couplage permet d'obtenir un rendement proche de 1. Néanmoins, elle met en jeu l'intervention de métaux (souvent du cuivre) en tant que catalyseur. Ces métaux peuvent être chélatés par la 2VP ce qui augmentent le nombre d'étapes de purification. De plus, cette méthode nécessite de nombreuses étapes de fonctionnalisation. Nous avons donc décidé d'utiliser l'estérification de Steglich qui a un rendement proche de 1 et nécessite peu d'étapes de fonctionnalisation et de purification. Le dibloc PS-b-P2VP fonctionnalisé par une fonction alcool en bout de chaîne a alors été couplé au PI possédant une fonction acide carboxylique terminale. Un schéma général de la synthèse est présenté ci-dessous (Fig. 3). Trois terpolymères ABC linéaires ont été synthétisés avec cette méthode en gardant la masse moléculaire de PS et de P2VP constante, mais en faisant varier uniquement la masse moléculaire de PI. Un tableau récapitulatif est présenté ci-dessus (Tableau 1).

Nous avons ensuite synthétisé des terpolymères ABC en étoile. Dans la littérature, trois méthodes principales ont été reportées pour la synthèse de terpolymères ABC en étoile. La première, développée par Hadjichristidis 5 consiste en la synthèse de trois bras par polymérisation vivante ou contrôlée, les trois étant ensuite liés à une molécule coeur de chlorosilane. Cette méthode appelée « arm-first » nécessite l'utilisation d'une verrerie spécifique. Elle n'a donc pas été envisagée dans cette thèse. La seconde méthode met en jeu 5 l'utilisation d'une molécule coeur multifonctionnelle. 6 Des polymérisations vivantes ou contrôlées sont alors réalisées à partir de cette molécule coeur. Cette méthode appelée « grafting from » est limitée dès lors que les monomères doivent être sélectifs. La dernière méthode appelée « hybrid approach » est une combinaison de la première et de la deuxième méthode. 7 Ainsi, la molécule coeur est un mélange de sites de terminaison et d'amorçage. Nous avons choisi de travailler avec cette méthode dans le cadre de cette thèse.

La première étape de la synthèse d'un terpolymère ABC en étoile avec la méthode « hybrid approach » consiste en la synthèse d'une molécule coeur comportant des sites de terminaison et d'amorçage. Ainsi, nous avons synthétisé un dérivé de la diphényléthylène portant une fonction alcool protégée.

A partir d'une 4-bromobenzophenone, nous avons réduit la fonction cétone par une réaction de Wittig afin d'obtenir une diphényléthylène substituée par une fonction bromure.

Nous avons ensuite réalisé un réactif de Grignard à partir de la fonction bromure capable d'ouvrir l'oxyde d'éthylène et ainsi obtenir une diphényléthylène substituée par une fonction alcool. La dernière étape de la synthèse consiste en la protection par un composé silylé de la fonction alcool. Le schéma réactionnel est montré ci-dessous (Fig. 4). tertbutyldiméthylsiloxy)éthyl)phényl-1-phenylethylène. 6 He, T., Li, D., Sheng, X. & Zhao, B. Synthesis of ABC 3-miktoarm star terpolymers from a trifunctional initiator by combining ring-opening polymerization, atom transfer radical polymerization, and nitroxide-mediated radical polymerization. Macromolecules 37, 3128-3135 (2004). 7 Fujimoto, T. et al. Preparation and characterization of novel star-shaped copolymers having three different branches. Polymer (Guildf). 33, 2208-2213 (1992).

Une fois la molécule coeur synthétisée, la synthèse d'un PS-b-P2VP fonctionnalisé en son coeur a été réalisée. Ainsi, le styrène a été polymérisé par polymérisation anionique dans le THF à -78°C amorcée par du sec-BuLi. Après consommation complète du monomère, la molécule coeur est ajoutée. Le polystyryllithium réagit alors sur la double liaison de la diphényléthylène substituée pour former un macroamorceur. La 2VP est ensuite ajoutée dans le milieu. Le macroamorceur vivant amorce alors la polymérisation anionique de la 2VP. Une fois le monomère consommé, du méthanol est ajouté afin de stopper la réaction. La fonction alcool portée par la molécule coeur est alors déprotégée par hydrolyse. Un schéma de la réaction est montré ci-dessous (Fig. 5). Le schéma de la réaction est présenté ci-dessous (Fig. 6). Les terpolymères ABC en étoile ainsi synthétisés ont été caractérisés par RMN, SEC et RMN DOSY confirmant ainsi la synthèse de quatre terpolymères ABC en étoile. Un tableau récapitulatif est présenté ci-dessous (Tableau 2).

Tableau 2: Tableau récapitulant les terpolymères ABC en étoile synthétisés par couplage d'un PS-b-P2VP fonctionnalisé en son coeur avec un polyisoprène fonctionnalisé en bout de chaîne.

Pour conclure sur cette première partie de cette thèse, nous avons mis au point une méthode de synthèse permettant d'obtenir des terpolymères ABC linéaires et en étoile ayant deux blocs (PS et P2VP) de taille identique, tandis que la taille du dernier bloc (PI) varie (composition symétrique par rapport aux autres blocs ou asymétriques).

Nous avons ensuite étudié les morphologies accessibles par l'auto-assemblage d'un terpolymère ABC linéaire frustré de type II dans une configuration de film mince. L'autoassemblage de ce type de terpolymère (frustré de type II) n'a jamais été décrit en film mince mais uniquement en masse dans la littérature. Ainsi, des études théoriques et expérimentales (uniquement en masse) ont montré que des sphères dans des sphères, des sphères sur des cylindres, des anneaux sur des cylindres, des cylindres dans des lamelles, des gyroïdes alternées, des lamelles alternées, ou encore des hélices sur des cylindres sont autant de morphologies accessibles avec des terpolymères ABC linéaires de type II. 8 Le comportement en film mince du PS21-b-P2VP24-b-PI9 (les chiffres en indice correspondent aux masses moléculaires des blocs en kg.mol -1 ) a été étudié. Pour cela, une solution de polymère à 2% en masse dans du toluène a été déposée à la tournette sur un substrat en silicium. L'épaisseur du film est contrôlée par la vitesse de rotation du substrat (1,5 krpm).

La mobilité des chaînes polymères a été apportée par un recuit des films dans une vapeur de chloroforme. Afin d'augmenter le contraste lors des analyses microscopiques, les films ont été traités par un plasma CF4/O2 et le bloc de P2VP a été marqué par des sels de platine. Des images de microscopie à force atomique (AFM) et microscopie électronique à balayage (MEB) ont alors été réalisées. Les images MEB de la morphologie obtenue sont montrées ci-dessous (Fig. 7). Lorsque l'on diminue l'épaisseur du film au-dessous de la dimension de la cellule unité (Fig. L'image AFM d'un film mince de 3 µ-S19P24I9 recuit dans une vapeur de THF est reportée ci-dessous (Fig. 8A). Pour un film de 80 nm, une morphologie hexagonale où le PS (en jaune) est entouré par 6 colonnes de PI (en noir) et 6 colonnes de P2VP (en marron) apparaît.

Les domaines de PS ont une période de 46 nm tandis que ceux de PI et de P2VP ont une période de 23 nm. Cette structure correspond au pavage d'Archimède (4.6.12). C'est la première fois que ce type de pavage est obtenu en film mince. Le film montre une morphologie colonnaire hors du plan où les colonnes de PI (noir) sont entourées par 6 colonnes de PS et 6 colonnes de P2VP. La période des domaines de PI est de 41 nm tandis que celle des domaines de PS et de P2VP est de 24 nm. Cette structure correspond elle aussi au pavage (4.6.12) précédemment décrit. On notera que les blocs occupent des places différentes dans la structure par rapport au pavage (4 .6.12) obtenu pour une composition en PI plus asymétrique.

Le bloc de PI occupant le coeur de la structure présente un ordre à plus longue distance que les domaines de PS et de P2VP. En effet, ces derniers ne forment pas toujours 6 colonnes autour du bloc PI. Les domaines de PI étant le plus organisés, on peut supposer que la séparation de phase se produit selon un mécanisme en deux étapes où l'auto-organisation du bloc PI est plus avancée que celle des blocs de PS et de P2VP.

Lorsque l'on augmente l'épaisseur du film, on obtient une maille carrée (Fig. 10). Dans cette étude, nous avons obtenus des pavages d'Archimède (4.6.12) en film mince.

Nous avons montré qu'un mécanisme en deux étapes régissait la micro-séparation de phase.

Les deux pavages (4.6.12) ont été obtenus pour des compositions en PI et des solvants de recuit différents. Nous avons ainsi montré que la position occupée par le centre de la structure était occupée par le polymère ayant la plus grande affinité avec le solvant de recuit. 

General introduction

The microelectronic miniaturization becomes more and more difficult with classical technologies such as optical lithography coupled with etching processes. Therefore, the electronic industry is investigating alternative methodologies to fabricate discrete objects with nanoscale dimensions perfectly-ordered into dense arrays. For instance, the DRAM cell miniaturization race foresees a mid-distance of 5 nm between two memory points in 2020. Currently, nanofabrication techniques able to produce devices of this scale are based on serial processes (e-beam, Dip Pen Lithography,…), but those techniques are too many time-consuming for the industry. Block copolymers (BCPs) could be a great industrial alternative. Indeed they are compatible with the silicon technology already used on microelectronic tracks and BCPs have the ability to selfassemble into dense and regular arrays with small periods.

Nowadays, the scientific community has widely studied the self-assembly of diblock copolymers (AB-type BCP), which allows the formation of spheres, cylinders, gyroid, and lamellae. The self-assembly of AB-type BCP thin films is quiet well-understood. Adding another chemically different block leads to the formation of an ABC triblock terpolymer with a star-or linear-architecture. Unlike AB-type BCPs, ABC triblock terpolymers give access to hierarchical, core-shell and alternating morphologies as well as Archimedean tiling patterns. The parameters governing the self-assembly of ABC triblock terpolymer thin films are more numerous than those driving the AB-type BCP self-assembly leading to a more complex phase behavior. Another challenge to the use of ABC triblock terpolymers can be the difficulty of their synthesis as multistep reactions are needed for their formation.

In this PhD thesis, we will focus on the synthesis of linear and star ABC terpolymers and their self-assembly in thin films. This work will first be devoted to the synthesis and the macromolecular characterizations of ABC triblock terpolymers. The synthesis route should allow the formation of well-defined terpolymers with few purification steps. Then, we will focus our study on the self-assembly of linear and star ABC terpolymer thin films in order to better apprehend the structural diversity offered by these complex architectures.

Chapter I of this manuscript will describe the general context of this study. Afterwards, we will study the phenomenon leading to the phase-separation of the BCP chains, the existing synthetic methodologies for the production of complex BCP architectures, as well as the state of the art regarding the self-assembly of linear and star ABC terpolymers.

In chapter II we will describe the synthesis of linear and star terpolymers used in this PhD thesis, which consist of polystyrene, poly(2-vinylpyridine) and polyisoprene. Those ABC triblock terpolymers will also be characterized using analytical methods, such as nuclear magnetic resonance (NMR) and size-exclusion chromatography (SEC) characterizations in order to correlate their macromolecular characteristics with the observed self-assembly behavior.

Chapter III will describe the self-assembly of linear ABC terpolymer thin films. We will mainly focus on the self-assembly behavior of a double-core shell gyroid structure with a special attention on the different crystallographic planes oriented parallel to the air surface depending on the film thickness.

In chapter IV, we will finally, present the morphologies obtained from the self-assembly of star miktoarm ABC terpolymers (3 µ-ABCs). 

I. General context

The component miniaturization which regulates the microelectronic industry evolution has led to a race toward the development of new lithographic techniques. Indeed, the lithographic resolution for a high density array is defined by the Rayleigh equation:

𝑅 = 𝑘 1 𝜆 𝑁𝐴
Where λ is the wavelength used for the lithographic process, NA the numerical aperture of the lens, and k1 is a constant inherent of the process with a minimal value of 0.25.

It is important to note that during the last decades, the reduction of k1 and λ revealed to be the main factor responsible for the large progress in photolithography. So far, the state of the art for the photolithography has been based on the 193nm lithography combined with an immersion process (NA = 1.35) 1 . Therefore, the microelectronic industry is nowadays able to produce components based on 32 nm node. These components are fabricated using the latest techniques of lithography using a double patterning process to further decrease the feature size.

In addition to the 32 nm node, others methodologies were considered, but nowadays, the industry focuses on the extreme UV lithography. 2 However, this methodology is far from complete, and serious problems inherent to the power of the sources remained to be tackled.

Moreover, the choice of the lithographic technique is also limited by its cost. For instance, the scanners used in the 193nm lithography cost 50.000.000 $, and 125.000.000 $ for extreme UV lithography. [3][4][5] Interestingly, the same observation was done by the data storage industry which faced up to the same problematic. 6 This is why other techniques like maskless lithography or the self-assembly of block copolymer (BCP) thin films are seriously considered. Diblock copolymers (AB-type BCPs) are indeed considered thanks to their intrinsic self-assembling properties which leads to the formation of regular structures having a period in the range of 5-100 nm. BCPs have also the advantage to be cheap compared to other current technologies.

However, the pattern symmetries of AB-type BCPs are limited. While nanotemplates derived from the self-assembly of AB-type BCP thin films enable to achieve well-ordered features (i.e. dots, holes, pillars) within a common p6mm symmetry pattern due to packing frustration, linear ABC terpolymers provide access to more rich and complex patterns having p2mm, p4mm, p3m1 or p2 symmetries. [7][8][9] For that purpose, in this PhD thesis, we were interested by other block copolymer macromolecular architectures to achieve a panoply of more complex pattern symmetries. To this aim, we have studied the self-assembly of linear and star miktoarm ABC terpolymers. Some theoretical and experimental studies have shown that star miktoarm ABC terpolymers (noted hereafter 3 µ-ABC) give access to hierarchical morphologies and Archimedean tiling patterns. [10][11][12][13][14] Archimedean tiling patterns as presented by Johannes Kepler in Harmonices Mundi (1619) consist of regular polygons arranged on a plane without any interstice (gap). From this criteria, Kepler counted 11 tiling patterns (see Figure 1). The selfassembly of 3 µ-ABCs gives access to four of the eleven possible Archimedean tiling patterns which are: (6.6.6), (4.8.8), (4.6.12) and (3.4.6.4). 10,15,16 12 These additional pattern symmetries formed by the microphase-separation of linear and star miktoarm ABC terpolymer thin films can be used to create surfaces with improved or new functionalities. Linear and star miktoarm terpolymers will be used in this thesis in order to generate "three-colored" hierarchical morphologies and Archimedean tiling patterns. 

II. Block copolymer phase behavior

Microphase separation of block copolymers

In the past decades, extensive research have been devoted toward the development of a molecular level understanding of microphase separation in block copolymers. The incompatibility between the different blocks leads to the phase separation which length scale is restrained by the covalent bounding between the two blocks. Thermodynamically the phase separation in block copolymer systems can be easily explained in terms of Gibbs free energy of mixing as follow:

ΔGm = ΔHm -T ΔSm
Where the enthalpy change of the process, ΔHm, is largely determined by the Flory-Huggins parameter, , which relates to the interactions between the A and B blocks. The change in entropy of the process, ΔSm, mainly depends (inversely related) on the polymerization degree of the chain, N. Here, the self-assembly of the AB-type BCP (demixing) spontaneously occurs if ΔGm is positive and is (generally) accompanied by an entropy loss. When the temperature is increased, the self-assembly becomes progressively less effective as the magnitude of T ΔSm approaches the magnitude of ΔHm, and above a critical temperature will not occur. For an ABtype BCP, the incompatibility between the A and B blocks can be express by the product N, and the microphase-separation occurs when N > 10.5 (for a symmetric lamellar structure). 17 Linear AB-type BCPs have been studied for over 30 years, and various structures have been identified depending on the volume fractions of each component. A close agreement between the theoretical predictions and the experimental results has been observed over the years. It was proven that the AB-type BCP self-assembly gives access to different morphologies including spheres, cylinders, lamellae, metastable hexagonally perforated lamellae, and complex networks (Q 230 and O 70 ). 18 The theoretical phase diagram of a diblock copolymer is shown in Figure 3. Depending on the block volume fraction, f, and the incompatibility product, N, the morphology can be predicted from the following phase diagram. In the case of linear and star miktoarm ABC terpolymers, the equations are much more complicated and only few studies deal with the free energy of these systems. Nevertheless, the thermodynamic principles remain the same. Depending on the volume fractions of the A, B and C blocks, the different N products, and the chain topology/architecture, linear and star miktoarm ABC terpolymers adopt different morphologies which are more rich and complex than those presented in Figure 3. In the next part, we will discuss about the self-assembly of bulk and thin film linear and star miktoarm ABC terpolymers.

AB-type BCP phase diagram

III. Morphologies obtained from the self-assembly of linear and star miktoarm ABC terpolymers

In the literature, most of the works have been focused on the self-assembly of AB-type BCPs which is quite well understood now. Adding a C block to an AB-type BCP leads to the formation of linear or star miktoarm ABC terpolymers. In recent years, more interest was given to the self-assembly of linear or star miktoarm ABC terpolymer in bulk. These ABC-type terpolymers self-assemble into a wide spread of architectures compared with AB-type BCPs.

Bulk self-assembly of linear ABC terpolymers

In this part, we will describe the structures obtained from the self-assembly of bulk linear ABC terpolymers. After a brief general introduction, we will report on structures obtained depending on the chain topology.

a. Introduction

In 1980, Riess et al. 19 were the first to point out the possibility to achieve new morphologies with ABC-type terpolymers in comparison with those already observed from AB-type BCPs (see Fig. 3). In this study, they identified core-shell structures formed by a linear ABC terpolymer consisted of polystyrene (PS), polyisoprene (PI) and poly(methyl methacrylate) (PMMA) (PS-b-PI-b-PMMA). The microphase separation of linear ABC terpolymers is governed by the volume fractions of A, B, and C blocks (noted fa, fb, fc, respectively), their degree of polymerization (noted NA, NB, NC, respectively), the Flory-Huggins interaction parameters between the different pairs (noted AB, BC, AC), and the chain topology (i.e. ABC, ACB, or BAC).

Bates and Fredrickson 20 demonstrated from theoretical studies some morphologies formed by linear ABC terpolymers (see Figure 4). As for AB-type BCP, the microphase separation depends on the local segregation driven by unfavorable interfaces and the tendency to maximize configurational entropy (i.e. minimize the chain stretching). 21 Linear ABC terpolymers have two junction points (at the intersection of the mid-block).

Therefore, the morphology depends on the position of each block. Different frustration types related to the topology of the terpolymer chain are described.

Bailey suggested a division of linear ABC terpolymers in three parts depending on the interaction between the different blocks. 22 When AC is larger than the interaction parameters between the other blocks, it is so called a type 0 frustration. In contrast, if AB ≈ AC < BC, it is a type I frustration, while if AC is smaller than the other interaction parameters, it is a type II frustration (AC < BC ≈ AB). Because of the incompatibility between end-blocks, in the case of a non-frustrated terpolymer the A/C interface is limited, whereas, for frustrated block copolymer, the A/C interface is energetically favorable. In the literature, 23 it was reported that depending on the frustration state, different morphologies can be obtained from the selfassembly of a linear ABC terpolymer as shown in Figure 4. In this part, we will discuss the morphologies obtained from some type 0, type I, and type II linear ABC terpolymers.

b. Type 0 frustration

A type 0 frustration linear ABC terpolymer (AC > AB ≈ BC) exhibits an end-blocks Flory-Huggins parameter higher than other pairs. Consequently, interfaces between AB and BC blocks are promoted, which favor the formation of alternating morphologies. A few examples of morphologies experimentally produced from this kind of non-frustrated terpolymers will be described below.

In 1992, Mogi, Matshushita et al. [24][25][26][27] reported on the self-assembly in bulk of a non- 25 They highlighted that the shape of interfaces between I and S domains were similar to those between P and S domains because IS and SP are quasi-equivalent and the terpolymer chains are geometrically symmetric (i.e. equal volume of end-blocks). Some years later, Phan and Fredrickson 28 suggested that the morphology assigned to an OTDD network should be revisited. They pointed out that the alternative gyroid Q 214 phase has a lower free energy than the OTDD network, and so the equilibrium mesostructure described by Mogi et al. should be considered as a gyroid Q 214 phase.

Another non-frustrated linear ABC terpolymer consisting of polybutadiene, polystyrene and poly(methyl methacrylate) blocks (noted BSM) was studied by Jung and co-workers 29 . The non-frustrated BSM (B:S:M = 1:3:2), showed the formation of cylindrical domains of PB and PMMA dispersed in a matrix of PS (the major component). The PB and PMMA cylinders show a tetragonal packing. As short-range order was obtained leading them to conclude that a mismatch between the cylinder dimensions brings a bending of cylinders, thus reducing the long range ordering.

In 2000, Hückstädt et al. 30 30 In 2001, Bailey, Bates and co-workers [31][32][33] reported on the self-assembly of the nonfrustrated polyisoprene-b-polystyrene-b-poly(ethylene oxide) (ISO). They built a phase diagram where different phases are obtained depending on the volume fractions (see Figure 7).

In this paper, the authors showed that whatever the volume fraction of blocks the less incompatible blocks developed the largest interface (I/S and S/O interfaces). In 1993, Gido and co-workers 34 reported on the self-assembly of a linear ABC terpolymer composed of PS, PI, and P2VP as Mogi and co-workers (previously described) but in a type I frustrated configuration. The obtained morphologies are different as shown on the TEM micrograph presented in Figure 8. The frustrated P2VP-b-PI-b-PS (P:I:S = 1:1:1) shows a PS matrix perforated by hexagonally-packed cylindrical cores of P2VP surrounded by a shell of PI. They showed that a non-constant mean curvature (non-CMC) could be obtained using a linear ABC terpolymer. The non-CMC morphology of this structure was explained by Matsen 17 and Semenov 35 for an asymmetric AB-type BCP. They demonstrated that the interface tends to curve because of the packing frustration. In the case of linear ABC terpolymers, Gido illustrated that the asymmetric interactions between blocks in a frustrated terpolymer theoretically leads to the formation of non-CMC cylinders. 34 In 2000, Hückstädt and co-workers 8,30 described the morphology obtained from other type I frustrated PS-b-PB-b-P2VP (SBV) systems. For S45B32V23 and S44B27V29 (S:B:V = 1:0.7:0.5 and S:B:V = 1:0.6:0.7, respectively) they observed a core-shell double gyroid morphology with a P2VP core domain (the smallest block), a PB shell domain within a PS matrix, as shown in Figure 9. They highlighted that in the core-shell double gyroid, the smallest block (V) forms the core. This block is surrounded by a shell of the highest incompatible block (B). When the volume ratio of the P2VP was increased S25B17V58 (S:B:V = 1:0.7:2.3), a lamellae morphology was produced. In both cases, a large interface between the two highest incompatible blocks was observed because of the topology of the chain. The core-shell double gyroid structure was not observed for non-frustrated BSV, and only a lamellar morphology was obtained. 8,30 In the case of the type I frustrated PS-b-PI-b-PEO (SIO), 36 a core-shell morphology of hexagonally-packed cylinders and gyroid morphologies (Q 230 and Q 214 ) were observed, in addition to two lamellar structures (two-and three-domains), because of frustration conditions, as Bailey and co-workers expected.

Changing the order of polymers from a non-frustrated to a frustrated terpolymer led to a significantly different morphological behavior since in the case of frustrated terpolymer, the interface between two covalently bonded adjacent blocks in the chain is not energetically favorable.

d. Type II frustration

Linear ABC terpolymers with a type II frustration have a AC-parameter smaller than the other pairs (AC < AB ≈ BC). A type II frustrated polystyrene-b-polybutadiene-bpoly(methylmethacrylate) (S:B:M = 1:0.5:2.4) was studied by Krappe and co-workers 37 . Here PMMA is the major component and forms the matrix in which the PS phase forms cylinders surrounded by PB helices. Since the PS/PMMA interface is energetically favorable, this interface is promoted whereas the PS/PB and the PB/PMMA interfaces are unfavorable and tend to be reduced. In 1998, Brinkmann et al 38 studied the influence of the solvent casting on the bulk morphology of S23B57M20 (S:B:M = 1:0.4:1.2). In this study, they proved that using solvent casting could stabilize certain structures. They described a new structure consisted of a new morphological hexagonal array, where PS and PMMA form two kinds of cylindrical microdomains having a small and large diameter, respectively, in a PB matrix as shown in Figure 10. 39 . In this study, they reported core-shell cylinders, with a PB shell, a PCL core, and a PS matrix. They also discussed about the introduction of a semicrystalline block in the self-assembled system. The introduction of a semicrystalline block did not changed the basic morphological pattern, but enhanced a deformation from a circular shaped cylinders to an unusual polygonal shape. e. Theoretical studies Some theoretical studies reported on the self-assembly of frustrated and non-frustrated linear ABC terpolymers. Li and co-workers [START_REF] Liu | Theoretical study of phase behavior of frustrated ABC linear triblock copolymers[END_REF][START_REF] Li | Emergence and stability of helical superstructures in ABC triblock copolymers[END_REF] used a three-dimensional self-consistent field theory (SCFT) to predict morphologies adopted by frustrated linear ABC terpolymers. They demonstrated that frustrated ABC linear terpolymers can self-assemble into three-color lamellae (L3), core-shell cylinders (CSC), perforated lamellae (PL), cylinders-within-lamellae (LC), triple/quadruple cylinders-on-cylinders (C3/C4), double/triple helices-on-cylinders (H2C/H3C), and perforated circular lamellae-on-cylinders (PC) as shown in Figure 11. A, B, andC, respectively. (Adapted from Li and co-workers) [START_REF] Liu | Theoretical study of phase behavior of frustrated ABC linear triblock copolymers[END_REF][START_REF] Li | Emergence and stability of helical superstructures in ABC triblock copolymers[END_REF] These results were in accordance with experimentally obtained morphologies. The theoretical study of the self-assembly of non-frustrated linear ABC terpolymers was done in 2014 by Jiang et al. 42 In this work, they used the self-consistent field theory to predict the morphologies that could be obtained from the self-assembly of linear ABC terpolymers (see Figure 12). They showed that the three-color lamellar phase is predominant when the volume fraction of the three blocks are comparable. The lamellar phase region was found to be very large. Parallel lamellar phase with hexagonally packed pores at surfaces (LAM3 ll ), perpendicular lamellar phase with cylinders at the interface (LAM ⊥ ), and perpendicular hexagonally packed cylinders phase with rings at the interface (C2 ⊥ ) were predicted. No coreshell structures were demonstrated for non-frustrated linear ABC terpolymers. 

Figure 11: Density isosurface plots of morphologies formed by ABC linear triblock copolymers: (a) three-color lamellae (L3), (b) cylinders-within-lamellae (LC), (c) knitting pattern (KP), (d) triple cylinders-on-cylinders (C3), (e) and (f) quadruple cylinders-on-cylinders (C4), (g) core-shell cylinders (CSC), (h) perforated lamellae (PL), (i) triple helices-on-cylinders (H3C), (j) double helices-on-cylinders (H2C), and (k) perforated circular layer-on cylinders (PC). The red, green, and blue colors denote the regions where the majority components are

f. Conclusion

To summarize, varying the topology of a linear ABC terpolymer leads to the formation of different structures. We can note that in non-frustrated state alternative microstructures are obtained, while in the frustrated state (I or II), more complexes structures are described as reported in the Table 1. In the type II frustrated state, some spheres-on-spheres, spheres-oncylinders, rings-on-cylinders, and cylinders-in-lamellae have been reported. In the case of type I frustrated linear ABC terpolymer, the interaction between end-blocks is of intermediate strength and structures are between those observed in the type II and type 0 frustration states.

The morphologies observed include core-shell cylinders, core-shell double gyroid and lamellae.

All the results are summarized in the Table 1.

Table 1: Morphologies obtained in bulk depending on the frustration state.

Morphology/frustration state Type 0 Type I Type II

Spheres-on-spheres X

Spheres-on-cylinders X

Rings-on-cylinders X

Cylinders-in-lamellae X X

Core-shell cylinders X

Core-shell double gyroid X

Alternating spheres X X

Alternating cylinders X

Alternating gyroid X X

Alternating lamellae X X X

Helices-on-cylinders X

Bulk self-assembly of star miktoarm ABC terpolymers This junction point is then localized along a line (one dimensional). This topological requirement allows the formation of morphologies that are not achievable with linear ABC terpolymers, such as Archimedean tiling patterns. Chen et al. [START_REF] Li | Morphologies and phase diagrams of ABC star triblock copolymers confined in a spherical cavity[END_REF] studied the theoretical phase diagram of star miktoarm ABC terpolymers depending on the block volume ratios (see Figure 13). They showed that hierarchical morphologies and Archimedean tiling patterns could be obtained. The nomenclature used in this thesis to define a star miktoarm ABC terpolymer is 3 µ-ABC with A, B, and C the three different arms of the chain.

Hadjichristidis was the first to report on the star miktoarm ABC terpolymer selfassembly in 1993. [START_REF] Hadjichristidis | Morphology and Miscibility of Miktoarm Styrene-Diene Copolymers and Terpolymers[END_REF] The star miktoarm ABC terpolymer was a polystyrene-arm-polyisoprenearm-polybutadiene (3 µ-SIB) with molar mass of 20.7, 15.6 and 12.2 kg.mol -1 , respectively.

The 3 µ-SIB morphology obtained was a hexagonally close-packed array of cylinders with a period of 30 nm. The authors demonstrated a two-colored pattern since the PI and PB blocks were mixed. This result is undoubtedly due to the weak interaction parameter between the PI and PB blocks. The morphology observed in this study has similarities with the structure of the AB-type or AB2-type linear/star miktoarm BCPs.

The first three-colored pattern produced from a star miktoarm terpolymer was demonstrated 5 years later. In 1998, Okamoto and co-workers [START_REF] Okamoto | Morphology of model three-component three-arm star-shaped copolymers[END_REF] studied the self-assembly of a star miktoarm ABC terpolymer composed of PS, PDMS and poly(tert-butyl methacrylate) (PtBMA) with approximatively the same volume ratio for each block. The large chemical nature differences of those three blocks led to the formation of three different microdomains.

The TEM images of the cast-film revealed a three-fold symmetry confirmed by SAXS analysis, but no conclusion on the exact morphology could be drawn due to the lack of available In this case, the interfaces between PI/PS and PS/PMMA had a rhombohedral shape, and the PI domain array did not have a p6mm symmetry but had a c2mm one (see Figure 14). In any case, no-interfaces were observed between PI and PMMA in their study. PS formed a protective annulus between those two blocks, and PMMA partially mixed into the PS annulus. PI and PMMA tended to reduce their interfaces because of their highest -parameter compared with the other pairs, whereas the weak -parameter between PS and PMMA allowed for a partial mixing of those two blocks.

A few months later, the same team studied two other star miktoarm ABC terpolymers [START_REF] Sioula | Direct Evidence for Confinement of Junctions to Lines in an 3 Miktoarm Star Terpolymer Microdomain Structure[END_REF] composed of the same polymers but with different molecular weights: SIM-72/77/109 and SIM-92/60/94. Even if the molecular weight of those two 3 µ-ABC terpolymers was different, their volume ratios were quite equivalent and the morphology obtained was the same. The morphology observed in TEM images consisted of PMMA cylinders surrounded by six triangular prism-shaped cylinders of PI and six hexagonal-shape cylinders of PS, alternatively.

The p6mm symmetry was confirmed by SAXS.

c. PS-arm-PI-arm-P2VP self-assembly

The star miktoarm ABC terpolymer composed of PS, PI, and P2VP have been extensively studied during the past decades. In 2004, Takano and co-workers 16 studied the selfassembly of this 3 µ-SIP by varying the volume ratio of the P2VP block, and keeping the volume ratios of PS and PI constant. The nomenclature used in this paper was 3 µ-SIP-x with

x the volume ratio of the P2VP block. The PI and PS blocks have both a volume ratio of 1.

Three star miktoarm ABC terpolymers were prepared with different P2VP volume ratios: 0.7, 1.2 and 1.9 (corresponding to 3 µ-SIP-0.7, 3 µ-SIP-1.2 and 3 µ-SIP-1.9, respectively). The 3 µ-SIP-0.7 showed a honeycomb-type microdomain structure with a (6.6.6) tiling pattern (see Figure 15a). The 3 µ-SIP-1.2 exhibited a cylindrical structure with a tetragonal symmetry. PI and PS formed octagonal domains and PS formed a square section. This structure was assigned to a (4.8.8) tiling pattern. The 3 µ-SIP-1.9 also exhibited a cylindrical structure forming an array with a hexagonal symmetry. The P2VP, PI and PS blocks formed dodecagonal-, hexagonaland square-shaped domains, respectively. This structure was assigned to a (4. A few years later, in 2006, Hayashida 10 described morphologies obtained from the selfassembly of 3 µ-SIP varying the volume ratio of P2VP and keeping the volume ratios of PI and PS constant as 1 and 1.8, respectively. TEM images revealed (6.6.6) and (4.6.12) Archimedean tiling patterns for the 3 µ-ISP-1 and 3 µ-ISP-2.9, respectively. We can note that the (4.6.12)

tiling pattern was already obtained by Takano in 2004 from a 3 µ-ISP-1.9. Other patterns, not assigned as Archimedean tiling patterns were observed for 3 µ-ISP-1.6 and 3 µ-ISP-2. For 3 µ-ISP-1.6, I and S domains consisted of one 4-fold and two 6-fold coordinated domains within the unit cell (see Figure 15b). Therefore, the average coordination number for I and S was 5.3 (=(4*1+6*2)/3) while P was 8-fold coordinated. Using the average coordination number (ACN), the tiling pattern for 3 µ-ISP-1.6 was described as (5.3, 5.3, 8). With the same methodology, the authors defined the morphology of the 3 µ-ISP-2 as a (4.5, 6, 9) tiling pattern (see Figure 15c).

The effect of the PS volume ratio variation was also studied keeping constant the PI and the P2VP volume ratios as 1 and 2, respectively. For 3 µ-ISP-1.3 and 3 µ-ISP-2.7 terpolymers, the (4.6.12) and (4.8.8) Archimedean tiling patterns were obtained, respectively, while the ACN nomenclature was used for 3 µ-ISP-1.6 and 3 µ-ISP-2.3 which formed a (5, 5, 10) and (4, 6.7, 10) morphology.

In 2007, Hayashida [START_REF] Hayashida | Hierarchical morphologies formed by ABC star-shaped terpolymers[END_REF] described the self-assembly of star miktoarm ABC terpolymers and their blends with either other star miktoarm ABC terpolymers or even with homopolymers.

The summary of the neat and mixed polymers is given in Table 2 and Table 3, respectively. A cylinders-in-lamella morphology was observed on TEM images for I1.0S1.8PX with 4.3 ≤ X ≤ 11. SAXS experiments confirmed the lamellar structure, and the lamellar d-spacing (48 nm) obtained by SAXS were in accordance with those measured on TEM images. Depending on the nature of the solvent casting, the morphology was a cylinders-in-lamella phase (with THF) or cylinders surrounded by as many as twenty I and S cylindrical domains (with toluene).

The difference in the resulting morphology was due to the difference of polymer affinity with the solvent. When the volume ratio of P was increased (12 ≤ X ≤ 32), a lamellae-in-cylinders structure was obtained. When X = 53, the morphology obtained from the solvent-casting was a lamellae-in-sphere structure. In this study, they showed that depending of the solvent-casting and the block volume ratios, a wide range of morphologies could be obtained as shown in Figure 16. In 2007, Hayashida described the self-assembly of 3 µ-ISP chains blended with a PS homopolymer (hPS) having a molecular weight of 3 kg/mol. [START_REF] Hayashida | Polymeric quasicrystal: Mesoscopic quasicrystalline tiling in ABC star polymers[END_REF] The hPS was used to tune the PS block volume ratio of the star miktoarm terpolymers. They blended 3 µ-I1S1.8P2 and 3 µ-I1S1.8P2.5 with hPS to produce equivalent 3 µ-I1S2.3P2 and 3 µ-I1S2.7P2.5, respectively. In both cases, a periodic pattern was observed with triangular and square arrangements of tiles. The square-triangle tiling superimposed upon the image were consistent with a dodecagonal symmetry. This result was in accordance with SAXS data. The morphology was assigned to the where the volume ratio of the P2VP block, x, was varied while the PS and PI volume ratios were equal to one. Results for x equals to 0.2, 0.4, 0.7, 1.2, 1.9, 3.0, 4.9, 7.9 and 10 are summarized in Table 4. were also reported is the literature. In 2000, Hückstädt, Göpfert and Abetz 50 described the selfassembly of a star miktoarm terpolymer composed of PS, PB and P2VP (see Figure 18).

Archimedean tiling patterns and hierarchical morphologies were observed. Except for the lamellar-like structure, the strong incompatibility between B and V blocks led to a small interface between those two polymers while the interfaces between other contents were larger. e. Theoretical studies

The bulk morphologies were also compared with simulation experiments. For instance, Gemma simulated the morphology of star miktoarm ABC terpolymers using Monte Carlo simulation (see Figure 20). [START_REF] Gemma | Monte Carlo simulations of the morphology of ABC star polymers using the diagonal bond method[END_REF] The volume ratios A and B blocks were kept constant and symmetric, while the volume fraction of the C block was changed (noted x). For 0.17 ≤ x ≤ 0.33, lamellae including spheres at their interfaces were obtained. When the volume ratio of the C block was increased (0.37 ≤ x ≤ 0.7), a (6.6.6) Archimedean tiling pattern was obtained. These simulated phases are in accordance with experimental results. For example, Takano observed the same structure for a 3 µ-ISP (S:I:P = 1:1:0.7). 13 When the volume ratio of the C block was close to two, different morphologies were close in term of energy. They reported the presence of a (4.6.12) tiling pattern which had been observed in bulk from a 3 µ-ISP (S:I:P = 1:1:1.9). 3 µ-ISP (S:I:P = 1:1:10) is another example of consistency between the experimental and simulated results since, in this case, a columnar piled disk structure was obtained. Some simulated predictions did not fully match with experimental data.

Asymmetry of the interaction parameters for experimental data could be one of the reason of such a mismatch.

IV. Self-assembly of linear and star miktoarm ABC terpolymer thin film

Only few examples of self-assembly in thin films exist in the literature for ABC terpolymers (linear and star miktoarm). New parameters to explain the BCP phase behavior appear in thin films that are negligible in bulk. In thin film, the surface energy of polymers with regard to the surface energy of the substrate, the thickness, and post-treatments are some parameters that lead to the formation of different morphologies than in bulk. BCP thin films were obtained by solubilizing the linear or star miktoarm ABC terpolymers in a good solvent followed by the spin-coating of the solution on a substrate. In this part, the self-assembly of linear and star miktoarm self-assembly in thin film will be described. To summarize, only few structures have been obtained in thin film configuration.

Self-assembly of linear ABC terpolymer thin films

Important parameters like the solvent used for the SVA process and the film thickness must be taken into account to control the long-range order of the structure and the domain orientation.

Self-assembly of star miktoarm ABC terpolymer thin films

Only few papers reported on the self-assembly of star miktoarm ABC terpolymer thin films. To the best of my knowledge, the first example of self-assembled star miktoarm ABC terpolymer thin film was reported by Aissou et al. in 2013. [START_REF] Aissou | Square and rectangular symmetry tiles from bulk and thin film 3-miktoarm star terpolymers[END_REF][START_REF] Aissou | Ordered nanoscale archimedean tilings of a templated 3-miktoarm star terpolymer[END_REF] A star miktoarm ABC terpolymer composed of polyisoprene, polystyrene and polyferrocenylethylmethylsilane (3 µ-ISF, I:S:F = 1:0.9:0.7) was used to achieve Archimedean tiling patterns. The star miktoarm terpolymers (unblended or blended with hPS) was spin-coated on a silicon wafer (treated or untreated) and solvent-annealed under a chloroform vapor. They reported a morphological change from a (4.8.8) to a (6.6.6) tiling pattern induced by a greater swelling of the PI achieved by increasing the vapor pressure during the solvent vapor annealing (SVA) process (see Figure 23). Both morphologies were used as nanolithographic masks to transfer square and triangle hole arrays into the substrate. The volume ratio of the PLA was increased (S:D:L=1:2.1:1.5), and two morphologies were produced. The most stable one was the (6.6.6) tiling, but the step between terraces locally stabilized the (4.8.8) tiling pattern when the film dewetted (see Figure 26). Indeed, in thin film, the presence of boundary surfaces and confinement due to the film thickness, renders more difficult to obtain well-defined morphologies. Moreover, for star miktoarm ABC terpolymers, only few structures have been achieved due to the difficulty to synthetize the star miktoarm shaped polymers composed of three incompatible arms.

In the next part, we will discuss the synthesis of linear and star miktoarm ABC terpolymers.

V. Linear and star miktoarm ABC terpolymers synthesis

Several methods have been developed to synthetize linear and star miktoarm ABC terpolymers. One important parameter for the synthesis of a block copolymer is the precise control of the chain-growth polymerization, in order to avoid polydispersed polymers that create defects in the self-assembled structures. Consequently, most of the time, linear or star miktoarm ABC terpolymers are synthetized by living polymerization (anionic [START_REF] Tsitsilianis | Diversity of nanostructured selfassemblies from a pH-responsive BC terpolymer in aqueous media[END_REF][START_REF] Koutalas | Micelles of poly(isoprene-b-2vinylpyridine-b-ethylene oxide) terpolymers in aqueous media and their interaction with surfactants[END_REF] or cationic [START_REF] Kwon | Synthesis and Characterization of ABC Block Copolymers with Glassy (α-Methylstyrene), Rubbery (Isobutylene), and Crystalline (Pivalolactone) Blocks[END_REF] or controlled polymerization (Nitroxide-Mediated Radical Polymerization, [START_REF] Hawker | Dual living free radical and ring opening polymerizations from a double-headed initiator[END_REF] Atom Transfer Radical Polymerization, [START_REF] Bernaerts | Synthesis of Poly(tetrahydrofuran)-b-Polystyrene Block Copolymers from Dual Initiators for Cationic Ring-Opening Polymerization and Atom Transfer Radical Polymerization[END_REF][START_REF] Tang | Solubilization and controlled release of a hydrophobic drug using novel micelle-forming ABC triblock copolymers[END_REF][START_REF] Kubowicz | Multicompartment micelles formed by self-assembly of linear ABC triblock copolymers in aqueous medium[END_REF] Reversible Addition-Fragmentation chain Transfer polymerization, [START_REF] Marsat | Self-assembly into multicompartment micelles and selective solubilization by hydrophilic-lipophilic-fluorophilic block copolymers[END_REF] …).

In this study, we will focus our attention on the synthesis of linear and star miktoarm ABC terpolymers by anionic polymerization. This method allows the control of the chain growth by a fast and effective initiation step, prevents chain termination and transfer reactions which are common in classical radical polymerization. One limitation of the anionic polymerization comes from the harsh conditions needed. The reaction should takes place in a moisture and oxygen free reactor with highly purified monomers and solvents, and most of the time at low temperature. Whatever the drawbacks inherent to the anionic polymerization, it remains one of the most effective synthesis method for linear or star miktoarm ABC terpolymer.

Linear ABC terpolymer synthesis

For the synthesis of linear ABC terpolymers, one very common method consists in the synthesis of the different blocks successively via living polymerization (a three step sequential anionic polymerization process) as shown in Figure 27. [START_REF] Hadjichristidis | Linear and non-linear triblock terpolymers. Synthesis, self-assembly in selective solvents and in bulk[END_REF] After initiation from an appropriate anionic initiator, monomers are sequentially added. Depending on their propagation rate, monomers should be added in a certain order: the initiation rate at each step should be faster than the corresponding propagation rate. 76 Using this sequential approach, Matsushita et al., [START_REF] Matsushita | Tricontinuous Double-Diamond Structure Formed by a Styrene-Isoprene-2-Vinylpyridine Triblock Copolymer[END_REF]26 synthetized a series of linear ABC terpolymers composed of PS, P2VP, and PI (SIP and ISP). Both polymerizations were done with cumylpotassium as an initiator in THF and monomers and solvents were highly purified.

Polymers were characterized by both SEC (size exclusion chromatography) as showed in Some examples of linear ABC terpolymer synthesis with a three-step-sequential-anionic polymerization described in the literature are reported in Table 5.

Table 5: Summary of the anionically polymerized linear ABC terpolymers. Regardless of the solvent polarity or the initiator, the obtained dispersity was close to one. This is a typical result observed in anionic polymerization due to the fast initiation and the absence of termination reactions.

Authors

Star miktoarm ABC terpolymer synthesis

The synthesis of star miktoarm ABC terpolymers is more complicated because each block needs to be attached to a core molecule. Herein, the three main methods for the synthesis of star miktoarm ABC terpolymers will be discussed.

a. Chlorosilane methology

One of the most well established methods for the synthesis of star miktoarm ABC terpolymers via anionic polymerization was reported for the first time in 1992 by Hadjichristidis. [START_REF] Iatrou | Synthesis of a Model 3-Miktoarm Star Terpolymer[END_REF] They synthetized a 3 µ-ABC composed of PI, PS and PB using a chlorosilane method. Polymers were anionically polymerized using sec-BuLi as an initiator and a trifunctional chlorosilane compound was used as a core molecule according to the procedure presented in Figure 29. The first step consisted in the addition of SiMeCl3 to a living PI block, then the PS living block was added, followed by the addition of a living PB block. Other star miktoarm ABC terpolymers such as PS-arm-PI-arm-PDMS, [START_REF] Bellas | Controlled anionic polymerization of hexamethylcyclotrisiloxane. Model linear and miktoarm star co-and terpolymers of dimethylsiloxane with styrene and isoprene[END_REF] PS-arm-PI-arm-P2VP, [START_REF] Tiatco | The possibilities and problems of entanglement in contemporary Manila theater: Pista as model, Rizal X as exemplar[END_REF] PS-arm-PI-arm-PMMA [START_REF] Sioula | Synthesis of Model 3-Miktoarm Star Terpolymers of Styrene, Isoprene, and Methyl Methacrylate[END_REF] have been synthetized by Hadjichristidis and co-workers using this method. Those reactions required a specific glassware, high vacuum and break-seal techniques, high purity compounds, and fractionation steps, making them difficult to reproduce in our laboratory.

b. Diphenylethylene methodology

Another synthesis procedure described by Fujimoto et al. [START_REF] Fujimoto | Preparation and characterization of novel star-shaped copolymers having three different branches[END_REF] in 1992 deals with anionic polymerization and the use of a modified diphenylethylene (DPE) as a core molecule. A poly(styryl) anion and an end-reactive PDMS were coupled, followed by anionic polymerization of MMA as shown in Figure 30 Figure 30: Synthesis of a star-shaped copolymer having three different arms, poly(styrene), poly(dimethylsiloxane) and poly(tert-butyl methacrylate).

Other groups reported on the preparation of star miktoarm ABC terpolymers using a modified DPE as the core molecule. Dumas et al. [START_REF] Nasser-Eddine | Synthesis of Polystyrene-Poly(tert-butyl methacrylate)-Poly(ethylene oxide) Triarm Star Block Copolymers[END_REF][START_REF] Lambert | Synthesis of amphiphilic triarm star block copolymers[END_REF] reported on the synthesis of PS-arm-PEOarm-PCL, PS-arm-PEO-arm-PLL and PS-arm-PMMA-arm-PEO. The synthesis involved a protected DPE (1-[4-(2-tert-butyldimethylsiloxy)ethyl]phenyl-1-phenylethylene) as the core molecule. The first arm was anionically polymerized, then, the hydroxyl protected DPE was added to the solution, followed by the polymerization of the second arm. Finally, the core molecule was deprotected, and the third arm was polymerized by ring opening polymerization from the hydroxyl reactive function. This method was very relevant, but the last step required a monomer that could be polymerized from a hydroxyl reactive function.

Stadler et al. [START_REF] Hückstädt | Synthesis of a polystyrene-arm-polybutadienearm-poly(methyl methacrylate) triarm star copolymer[END_REF] proposed another method using a modified DPE as core molecule. In this synthesis way, a living PS was end-capped with a bromo-subsituted DPE. Then, a living PB was added to the DPE-PS and reacted on the vinyl group of the DPE to produce a living macroinitiator that could initiate the anionic polymerization of the MMA. The same methodology was used to prepare a PS-arm-PB-arm-P2VP.

In 2012, Muller et al [START_REF] Hanisch | A modular route for the synthesis of ABC miktoarm star terpolymers via a new alkyne-substituted diphenylethylene derivative[END_REF] 

VI. Conclusion

In this bibliographic chapter, we saw that the self-assembly of linear and star miktoarm ABC terpolymers have been mostly studied in bulk. They allow to obtain a wide range of morphologies that give access to pattern symmetries not available with AB-type BCPs. Only few studies reported on the self-assembly of linear and star miktoarm terpolymer thin films.

We saw that in the case of linear ABC terpolymer, morphologies obtained in thin films are in accordance with theoretical and bulk studies. For star miktoarm ABC terpolymers, very interesting structures including Archimedean tiling patterns have been identified both in bulk and in thin film configurations. Those patterns could open a broad array of applications in the nanoelectronic since Cartesian square arrays are accessible from self-assembled star miktoarm ABC terpolymers.

One limitation in the use of 3 µ-ABC systems is their synthesis. Actually, controlled polymerization and most of the time anionic polymerization are required to obtain well-defined terpolymers. Linear ABC terpolymers are mostly synthesized via a sequential anionic polymerization, but with this methodology, it is needed to take into account the reactivity of monomers in the sequence. Star miktoarm ABC terpolymers are synthesized using three main synthesis routes: the chlorosilane methodology, the diphenylethylene route, and a hybrid approach.

In the next chapters, an easy reproducible synthetic route will be described as well as the self-assembly of linear and star miktoarm ABC terpolymer thin films. As it was discussed in the bibliographic part, a key parameter to produce "three-colored" patterns is to design ABC triblock terpolymers with highly incompatible blocks in order to promote their microphase-separation. Herein, we chose to work with PS, P2VP and PI where the χ-parameters between the different pairs are high: the χSI 1 and the χSP 2 were determined experimentally to be 0.1 while χPI 3 was determined theoretically to be 0.8. Such an incompatibility between the different blocks should allow their phase separation even for low degrees of polymerization. Our aim was to find an easy methodology to synthesize a library of linear and star miktoarm ABC terpolymers where the molecular weights of the PS and P2VP blocks were kept constant while the PI block size was varied in order to achieve different morphologies. To easily tune the PI molecular weight, we chose to work with a coupling method. The PS-b-P2VP synthesis involved a functionalized diphenylethylene (DPE) [4][5][6][7][8] as a core molecule for star miktoarm ABC terpolymers and an end-functionalized AB-type BCP for linear ABC terpolymers. [9][10][11] Different PI blocks were prepared with an end-function to allow their coupling with the mid-and end-functionalized PS-b-P2VP BCPs.

The mid-and end-functionalized PS-b-P2VP BCPs as well as the PI homopolymers having different molecular weights were prepared via an anionic polymerization. 8,[12][13][14][15][16][17][18][19] Because of the living character of the anionic polymerization, the monomers and the solvents had to be highly purified, and vacuum techniques were also required. The order of monomers addition must be taken into account in the synthesis. It has been shown that monomers with the highest pKa must be added first. 18,20 Indeed, less-reactive chain-end anions derive from the more reactive monomer. Less stable monomers have higher pKa. Consequently, styrene had to be introduced first during the synthesis of the mid-and end-functionalized PS-b-P2VP BCPs followed by 2VP.

Once end-functionalized PI homopolymers were prepared, the next step consisted in their coupling with the mid-and end-functionalized PS-b-P2VP BCPs. For this purpose, we chose to work with a Steglich esterification 21,22 as a coupling method.

In this chapter, we will first describe the synthesis of the end-functionalized PI block, then we will present the synthesis of mid-and end-functionalized PS-b-P2VP BCPs. The last part of this chapter will be dedicated to the Steglich esterification.

presented in Figure 2. The1 H NMR spectrum shows the characteristic peaks of the 1.2 ( = 5.5 -6 ppm) and 3.4 ( = 4.4 -5 ppm) units of polyisoprene. According to the integration areas relative to the 1.2 and 3.4 units (5 and 1, respectively), the hPI-COOH contains 3.4 and 1.2 inchain units in a 7/3 ratio. 16,17 This ratio is typical of the anionic polymerization of isoprene in THF. As THF is a polar solvent, the 1.4 addition is prevented and only 3.4 and 1.2 units are incorporated within the living PI chains. The hPI-COOH was also characterized by size exclusion chromatography (SEC) with universal calibration in THF. The SEC trace is presented in Figure 3. The SEC trace of the PI homopolymer shows an intense and narrow peak. This peak is attributed to the endfunctionalized polyisoprene homopolymer. The molecular weight of the hPI-COOH is determined to be 9 kg.mol -1 (PI9), and the dispersity about 1.06. A small shoulder appears in the SEC trace of the hPI-COOH. This shoulder is attributed to the coupling between two living PI chains. At the end of the polymerization, the functionalization of the living PI chains was done by bubbling CO2 in the media. Even after purging the tube between the gas bottle and the syringe, some traces of humidity or oxygen could still be present. The coupling between the living PI chains is probably due to those impurities. It is important to note that the coupled chains of PI are not carboxyl-endfunctionalized. Coupled PI chains are terminated on both side by the butyl group of the initiator and therefore will not be involve in the Steglich esterification reaction.

The concentration of carboxylic acid chain ends was determined by titrating a solution of 0.2 g of polymer in 20 mL of toluene with 0.01 M KOH in methanol with phenolphtalein.

The colorimetric titration of the PI chains confirms the presence of a carboxyl function. The colorimetric titration is not precise, but a functionalization yield higher than 90% was achieved.

Synthesis of carboxyl-end-functionalized polyisoprene homopolymers with different molecular weights

Three other carboxyl-end-functionalized polyisoprene chains were synthesized using the procedure described in the previous part. We only varied the molecular weight of the different PI homopolymers. For that purpose, the volume of sec-BuLi used to initialize the anionic polymerization was modified whereas the volume of isoprene introduced in the reactor was kept constant. PI homopolymers having different molecular weight were characterized by 1 H NMR (400 MHz, CD2Cl2), SEC chromatography and titration as previously. 1 H NMR 

Conclusion

In this part, the anionic polymerization of several PI homopolymers (9, 13, 16 and 28 kg.mol -1 ) in THF is described. The end-functionalization of the polyisoprene, performed with carbon dioxide, revealed to be quantitative since more than 90% of hPI chains were functionalized with a carboxyl end-group as checked by titration using phenolphtalein as a colorant indicator.

This synthesis route is very convenient since the PI homopolymers have a narrow dispersity (< 1.1) and the carboxyl end-functionalization of hPI does not required any protection/deprotection step.

III. Synthesis of end-and mid-functionalized polystyreneblock-poly(2-vinylpyridine)

In this part, the anionic polymerization of the mid-and end-functionalized PS-b-P2VP chains will be described as they will be used for the synthesis of star miktoarm and linear ABC terpolymers, respectively. For this purpose, the PS-b-P2VP BCPs were prepared via a sequential anionic polymerization. 26 The end-functionalization of PS-b-P2VP was achieved by adding ethylene oxide on the living BCP chains at the end of the reaction. 18,27 The midfunctionalized PS-b-P2VP was synthesized using a core molecule inserted between the PS and P2VP blocks. The core molecule used for this synthesis is a diphenylethylene bearing a hydroxyl protected function. 6,9,28,29 Monomers and solvents were distilled as previously described in the literature. 25,30 The 2VP monomer was cryo-distilled under vacuum over CaH2 twice. The styrene was cryodistilled over CaH2 and stirred with dibutylmagnesium (1.0 M in heptane, Sigma-Aldrich).

Tetrahydrofuran (THF, Sigma-Aldrich) was dried over Braun MB-SPS-800 solvent purification system, stored over sodium benzophenone ketyl under dry nitrogen and cryo-distilled prior to use.

As discussed in the bibliographic part, all the anionic polymerization must be realized in an inert atmosphere (here argon). To avoid the introduction of oxygen in the media, the reaction was carried out in the closed reactor. Monomers and solvents were put in a burette after their cryo-distillation, and the sec-BuLi initiator was introduced with a seal syringe through a septum surrounded of parafilm. The glassware was purified with three cycles of vacuum (flame)/argon before the beginning of the reaction, and then it was kept closed under argon pressure.

End-functionalized PS-b-P2VP synthesis

The hydroxyl-terminated PS-b-P2VP chains were synthesized using sequential living anionic polymerization. The general scheme of the reaction is presented in Figure 6. Tetrahydrofuran (THF, 40mL) was introduced in a flame dried round 250-mL-flask equipped with magnetic stirrer. The solution was then cooled down to -78°C. The synthesis was prepared at -78°C 8 to reduce the reactivity of monomers, and so to prepare PS-b-P2VP chains with a low dispersity. Sec-butyllithium (Sec-BuLi, 0.08mL, ~1.2M) was charged, which was followed by the addition of styrene (S, 2mL). The orange reaction was stirred for 1 hour. An aliquot of PS was taken before the addition of the second monomer and was analyzed by SEC with a universal calibration to check the PS molecular weight and its dispersity. The aliquot of the polystyrene homopolymer (hPS) was characterized by SEC in THF and 1 H NMR (400 MHz, CD2Cl2) (see Fig. 8). The SEC trace shows an intense narrow peak with a small shoulder (see Fig. 8a). The peak having the largest intensity has a dispersity of 1.02. This peak attributed to the hPS corresponds to a molecular weight of 21 kg.mol -1 . We can note the presence of a small shoulder in higher molecular weight region (lower retention volume). This shoulder corresponds to the coupling between the two living hPS chains. The coupling occurs because the methanol used to quench the reaction was not degassed properly.

The NMR spectrum of PS chains (1.3-2.3 ppm (m, 3H), 6.2-7.4 ppm (m, 5H)) shows the characteristic peaks of the styrenic protons (see Fig. 8b). We can note the presence of a small shoulder on the SEC trace in low molecular weight region. This shoulder is observable on the SEC trace even after purification. This shoulder corresponds to some hPS that does not initiate the polymerization of 2VP. This hPS probably appears because some impurities are introduced in the reaction media by the syringe during the aliquot extraction. The hPS peak has a small intensity compared with the one of the peak assigned to the PS-b-P2VP-OH BCP and could be considered as negligible. 31 and all arms prepared via an anionic polymerization are subsequently linked to this chlorosilane compound. This method requires specific glassware with a break-seal technology 25 which is too complicated to set-up in our laboratory. The second method consists in the use of a core molecule designed as a multifunctional initiator site with orthogonal reactive functions. 32,33 This method is easier than the previous one but it is limited since the different monomers must be selective. The last method involves a modified diphenylethylene as a core molecule which consists of initiating and terminating sites. 4,5,9,34,35 We choose to work with the last method by using a diphenylethylene bearing a tert-butyldimethylsilyl-protected hydroxyl functionality as a core molecule. The alkene function of the diphenylethylene allows to perform a sequential anionic polymerization to obtain a mid-functional AB-type BCP. The protected hydroxyl function will be use to attach the third arm after the deprotection step. 36 In this part, we will describe the Figure 14 shows the general scheme for the mid-functionalized PS-b-P2VP synthesis.

The PS-b-P2VP chains were synthesized using a sequential living anionic polymerization.

Tetrahydrofuran (THF, 40mL) was introduced in a 250 mL flame dried round flask equipped with magnetic stirrer. The hPS aliquot and the PS-b-P2VP BCP were characterized by SEC with universal calibration in THF (see Fig. 16a). The SEC trace of the hPS exhibits a high intensity narrow peak. This peak corresponds to a PS molecular weight of 19 kg.mol -1 while the dispersity is determined to be 1.03. A small shoulder appears for a molecular weight that is the double of the one attributed to hPS. The living PS was quenched in a non-dry and undegassed methanol, which explains the coupling between two hPS chains. However, this coupling does not appear in the reactive media, and therefore will not interfere in with the reaction.

After the addition of the core molecule (DPE-Si) and the polymerization of the 2VP to the living PS, the SEC trace of the PS-b-P2VP exhibited one monomodal and narrow peak. The mid-functionalized PS-b-P2VP has a dispersity of 1.05, and the molecular weight was determined to be 43 kg.mol -1 . The P2VP/PS volume ratio determined to be 1.2 from SEC traces was also confirmed by 1 H NMR (see Fig. 16b). Here, the coupling between the mid/end-functionalized AB-type BCPs and the endfunctionalized PI homopolymers will be discussed.

In most of cases, the coupling reaction involves the presence of a metal catalyst. 37,38 Here, it is better to avoid metal catalysts since the metallic salt could be chelated by the P2VP.

For this purpose, the coupling between the different PS-b-P2VP BCPs and the PI homopolymers was realized via a Steglich esterification to produce linear and star miktoarm ABC terpolymers. 21,22 This synthesis route was chosen because it is a metal free coupling reaction but also because an efficient coupling can be achieved.

A general scheme of the Steglich esterification mechanism is proposed in Figure 18. 22 The coupling reaction was catalyzed by 4-(Dimethylamino)pyridinium-4-toluene (DPTS) and N,N'-diisopropylcarbodiimide (DIC). Since DPTS is not soluble in THF, the reaction was performed in dichloromethane. DIC and the carboxylic acid beared by the diblock copolymers are able to form an O-acylisourea intermediate, which offers reactivity similar to the corresponding carboxylic acid anhydride. DPTS is a stronger nucleophile than the alcohol, and reacts with O-acylisourea leading to a reactive amide ("activated ester"). This intermediate cannot form intramolecular side products but reacts rapidly with alcohols. DPTS acts as an acyl transfer reagent in this way, and subsequent reaction with the alcohol gives the ester. Previously cryo-dried hydroxyl-mid/end-functionalized PS-b-P2VP (1 eq.) and hPI-COOH (3 eq.) were solubilized in dried dichloromethane. The N,N-Dimethyl-4pyridinaminium 4-methylbenzenesulfonate (DPTS, 10 eq.) was added and stirred for 15 minutes at 40°C. Then, the N,N′-Diisopropylcarbodiimide (DIC, 10 eq.) was added, and the mixture was stirred at 35°C. 39 After 3 days, the solution was concentrated and the DPTS was precipitated in THF and recovered. The filtrate was then concentrated and the star miktoarm/linear ABC terpolymer chains were precipitated in heptane to remove the hPI-COOH excess. The peaks were integrated, and the volume ratios between blocks were determined by NMR.

Synthesis of PS

The block volume ratios obtained by SEC and calculated 1 H NMR were similar, which confirmed the coupling between blocks.

A further evidence of the coupling between the hPI-COOH and PS-b-P2VP-OH chains was obtained by Diffusion Ordered Spectroscopy (2D-DOSY-NMR). From the 2D-DOSY spectrum presented in Figure 21 We successfully synthesized three well-defined linear ABC terpolymers with different PI volume ratios. The molecular weights of the linear ABC terpolymers are summarized in the Table 1. 

Synthesis of the PS-arm-P2VP-arm-PI terpolymer

The star miktoarm ABC terpolymer was synthetized via an esterification between the hydroxyl-mid-functionalized PS-b-P2VP BCP and the carboxyl-terminated PI homopolymer according to Figure 23. First, we will describe the coupling reaction between the PS-b-P2VP-OH (43 kg.mol -1 ) and hPI-COOH (16 kg.mol -1 ) chains as a reaction model. After we will generalize this coupling reaction the other PI homopolymers. The mid-functionalized PS-b-P2VP BCP (1 eq, 43 kg.mol -1 ) and the hPI-COOH (3 eq, 16 kg.mol -1 ) were solubilized in dried dichloromethane. The N,N-Dimethyl-4pyridinaminium 4-methylbenzenesulfonate (DPTS, 10 eq) was added and let stirred for 15 minutes at 40°C. Then, the N,N′-Diisopropylcarbodiimide (DIC, 10 eq) was added, the mixture was stirred at 35°C. After 3 days, the solution was concentrated and precipitated in THF to recover the DPTS. The filtrate was concentrated and the desired 3 µ-SPI was precipitated in heptane to remove the excess of hPI-COOH.

The 3 µ-SPI was characterized by 1 H NMR ( (ppm), 400 MHz, CD2Cl2), 2D DOSY NMR ( (ppm), 400 MHz, THF) and SEC in THF.

Figure 24 shows the SEC traces with universal calibration of the hPI, hPS, PS-b-P2VP and 3 µ-SPI chains. Compared to the SEC traces of hPI, hPS, and PS-b-P2VP chains the SEC trace of the 3 µ-SPI terpolymer is shifted to low retention volumes corresponding to a higher molecular weight. The molecular weight of the 3 µ-SPI was found to be 59 kg.mol -1 which exactly corresponds to the addition of the PS-b-P2VP (43 kg.mol -1 ) and hPI (16 kg.mol -1 ) molecular weights. For this well-defined 3 µ-SPI, the volume ratios of the different blocks were determined to be S:P:I = 1:1.2:0.9. These ratios were also confirmed by the proton NMR characterization. narrow and monomodal shape implying a low dispersity which is of about 1.1. The results are summarized in Table 2. 

V. Conclusion

In this part, we synthesized two AB-type BCPs having a quasi-symmetric composition and bearing a mid-or an end-hydroxyl functionality. Four end-carboxyl-functionalized PI homopolymers with different molecular weights were also synthesized. The anionically polymerized PS-b-P2VP and hPI chains with a low dispersity revealed to be functionalized in high yields.

The mid-and end-functionalized PS-b-P2VP BCPs and the carboxyl-terminated PI homopolymers were coupled through a Steglich esterification to produce linear and star miktoarm ABC terpolymers. This efficient coupling method requiring with few purifications steps leads to well-defined terpolymers.

The advantage of this synthesis route is that the molecular weight of the nearly symmetric diblock copolymer PS-b-P2VP is kept constant and only the molecular weight of the hPI-COOH varies. This could be useful to achieve different phases resulted from the microphase separation of linear and star miktoarm ABC terpolymers. The phase behavior of microphaseseparated linear and star miktoarm ABC terpolymers will be studied in the next chapters. Introduction

The phase behavior of linear ABC terpolymer thin films is studied in this chapter. The aim of this work was to achieve different structures in thin films than the regular phases formed from AB-type or ABA-type BCPs. As reported in chapter II, the synthesis of the linear ABC terpolymers was done by combining the anionic polymerization with a coupling reaction. PS, P2VP and PI blocks were used for their intrinsic properties. Firstly, the Flory-Huggins parameters between the different pairs are high which allow a "full" microphase-separation of the PS-b-P2VP-b-PI chains, resulting in the formation of three colored patterns. 1 Another advantage of those polymers is that they have a different etching resistance under a CF4/O2 RIE plasma 2,3 as it was evidenced from PM-IRRAS 4,5 measurements. Indeed, PI domains were etched more quickly than the P2VP and PS ones. The selectivity of blocks towards a fluorine riche plasma is an important parameter to obtain contrast for the microscopy analysis.

As the χ-parameters between the different pairs are χSI ≈ χSP ≈ 0.1 << χPI ≈ 0.8, [6][7][8] the PSb-P2VP-b-PI chains are in a type II frustrated state. Although the self-assembly of linear ABC terpolymers in a type II frustration state has been reported in bulk 9,10 or theoretically, 11 there has been no investigation of their thin film behavior.

A thermal treatment of those kinds of polymers did not appear relevant to achieve welldefined structures. So, the effect of the thermal annealing process will not be studied in this thesis. The self-assembly of linear ABC terpolymers was achieved by exposing the spin-coated thin films to a chloroform vapor. The morphologies obtained will be described in the following part. structures (see Fig. 2). 16,18,19 The cubic Q 214 phase is a single-gyroid morphology which refers to an alternating gyroid network. The O 70 structure is an orthorhombic alternating network structure. For cubic Q 230 phase, each of the two interpenetrating and independent lattices receives three segregated domains, resulting in five independent, triply periodic regions. In order to describe the gyroid structure in details, the notion of crystallographic planes is introduced. The planes described in this part correspond to the (hkl) crystallographic planes. 20 For instance, the plane (211) of the gyroid structure is a cross section along the (211) crystallographic plane with h = 2, k = 1 and l = 1. Other plane examples are reported in Figure 3. The (211) plane of the Q 230 structure described above is present only in the thicker part of the film. In contrast, a p6mm symmetry pattern with a period of 52 nm is produced in regions of the film having a thickness of about 90 nm as revealed by the AFM topographic view presented in Figure 4a. Here, the period was determined from the 2D-FFT showed in Figure 4b. This p6mm symmetry pattern is attributed to the (111) 15,20,21 plane of the core-shell gyroid structure. In this core-shell double gyroid phase, the PI and P2VP domains form the core and the shell of the structure, respectively, while PS is the matrix. 17 PI core (black), ordered into a hexagonal array with a period of 100 nm, are surrounded by a H2PtCl6-stained P2VP shell (light) including PS matrix (gray). Importantly, this pattern is stabilized in peculiar regions of the film where the film thickness is between the upper and lower terraces occupied by the double-wave and wagon-wheel patterns, respectively, as well as regions where the film thickness is between the upper and lower terraces occupied by the wagon-wheel pattern and the small amplitude wavy structure. Decreasing the film thickness well below the unit cell dimension (t  75 nm < aG) leads to the formation of an ordered structure which resembles to the "zigzagging lamellar" pattern formed along the (100) of the Q 230 structure (see Fig. 7b). 20,22 This pattern with a period of 50 nm consists of zigzagging PS (gray) and H2PtCl6-stained P2VP lamellar domains (light) with PI domains (black) not perfectly distributed within the P2VP lamellae. SEM images corresponding to the (111) and the (211) planes of the core-shell double gyroid already observed from AFM topographic images (see Fig. 5) are also displayed in Figures 7c-d. They proved that the film thickness is related to the area fraction of the matrix phase which is correlated to the area fraction of other blocks. Since the PI block has the smallest surface energy, the area fraction of PI at the air/surface interface is increased when the area fraction of the PS matrix is minimal. This is satisfied when the (211) plane is oriented parallel to the air surface (see Fig. 8) which explains why such a plane orientation is observed for the thicker film. As the film thickness decreases, the incommensurability between the gyroid unit cell dimension and the polymeric layer thickness drives the self-assembly of the PS-b-P2VP-b-PI chains, and other planes are oriented parallel to the air/surface interface. From the Figure 9, the PI volume faction for the other planes decreases as follows at x0 = 0: (110) > ( 111) > (100).

II

This phenomenon is fully in accordance with order of the plane observed parallel to the air/surface interface when the film thickness is decreased (see Table 1).

Table 1: Results summary of the crystallographic planes observed for a gyroid structure depending on the area fraction of matrix phase, the PI phase, the period, and the thickness of the film.

The self-assembly of a frustrated type II linear SPI terpolymer with volume fractions of 1, 1.1 and 0.5 for S, P and I, respectively, gives access to a core-shell double gyroid structure.

Depending on the film thickness, different crystallographic planes of the Q 230 structure are observed. For a film thicker than the unit cell of the gyroid network, the (211) plane is observed at the air-surface interface. Decreasing the film thickness closer to the unit cell dimension induces the stabilization of the (111) plane. If the thickness is well below the unit cell dimension, the (100) plane is observed. The different crystallographic plane formation is driven by the commensurability of the structure period with the film thickness and the preferential segregation of the PI block at the free-surface.

In this part, we will study the self-assembly of star miktoarm ABC terpolymers. In contrast to linear ABC terpolymer, star miktoarm ABC terpolymers have only one junction point. This unique junction point imposes interfaces between the three different blocks (A/B, B/C and C/A interfaces), and is located along a line. 1 This topographical requirement induces new phases not accessible from linear ABC terpolymers such as Archimedean tiling patterns. 2- 6 It is important to define the nomenclature used to distinguish the different Archimedean tiling patterns. They are identify by symbols based on the orders of the polygons meeting at a given vertex. 7 According to Kepler, only 11 tilings can fill the plane without gaps and are denoted (m1 n1 .m2 n2 . ...) where mi refers to the number of sides of each polygon, and the superscript ni denotes the number of adjacent identical polygons around a vertex. For instance, the two-dimensional honeycomb pattern consisting of regular hexagons is denoted (6.6.6) because three hexagons meet at each vertex.

Only few papers deal with the self-assembly of star miktoarm ABC terpolymer thin films.

The (6.6.6) and (4.8.8) Archimedean tiling patterns have been reported in thin films by Aissou et al.. 3,8,9 Hierarchical morphologies consisting of lamellae separated by an alternation of cylinders have also been reported by Aissou et al. and Choi et al.. 3,10 In this chapter, the thin film morphologies obtained from the self-assembly of two star miktoarm ABC terpolymers composed of PI, PS and P2VP will be discussed. The volume ratio of PI varies whereas the volume ratios of PS and P2VP are constant. One star miktoarm ABC terpolymer has a nearly-symmetric composition, whereas the other one has a smaller PI volume ratio. Importantly, the (3.4.6.4) Archimedean tiling pattern, accessible from microphase separated 3 µ-ABC chains (see chapter I), has also a p6mm symmetry and a similar domain distribution surrounding the main domain. However, it was not retained as a possible model for the self-assembly of 3 µ-SPI thin films since it favors a large interfacial area between the P2VP and PI domains, which have the highest incompatibility.

We can note that the PI domains are well-ordered into a hexagonal array although these domains are not all the time surrounded by exactly 12 domains made of PS and P2VP (6 PS + 6 P2VP) as expected for a well-developed (4.6.12) Archimedean tilling pattern. This phenomenon implies that the long-range ordered PI domains are formed first, and the PS and P2VP chains are then microphase-separated in a second step around the PI domains. These results indicate that the microphase-separation occurs in two-steps mechanism as already observed by Aissou et al. 9 for self-assembled polyisoprene-arm-polystyrene-armpolyferrocenylethylmethylsilane chains into a c2mm pattern symmetry.

The (4.6.12) tiling pattern has already been described in theoretical studies. In 2002

Gemma et al. 13 reported on this tiling pattern using Monte Carlo simulations for star miktoarm ABC terpolymers with arm-length ratio of 1:1:x and a -parameter equal for each pair as shown in Figure 2. The (4.6.12) tiling pattern was found for x = 2.5. Even if the volume ratio of the PI block is increased during the SVA process because of CHCl3 swells more the PI domains, the result obtained from the Monte Carlo simulations does not match exactly with our experimental result.

This slight difference can be explained by the fact that they considered that all the interaction parameters between blocks are equal which is not the case in our study (PI-P2VP>> PS-P2VP =

PI-PS).

A different morphology was observed in the substrate corner (where the film is over 110 nm thick). A square array is observed in the thicker part of the film, as shown on the AFM topographic image presented in Figure 3. This morphology is stable only when the film thickness is over 110 nm. According to the 2D-FFT corresponding to the inset AFM topographic image, domains are ordered into a square array (four first-order spots are clearly visible) with a period of 35 nm. This p4mm symmetry structure could correspond to a (4.8.8) structure or a tetragonally perforated lamellae (TPL) morphology. According to the theoretical SCFT predictions reported by Jiang et al., 14 the (4.8.8) and the TPL phases have their free energy close to that of the (4.6.12) tiling pattern (see Fig. 4). Although a "three-colored" pattern cannot be clearly observed in Figure 3, the presence of discrete domains on film free-surface rather than a continuous, uniform matrix supports the formation of the (4.8.8) tiling pattern. Further experiments are required to confirm this conclusion. 2) Solvent annealed 3 µ-SPI (S:P: I = 1:1.2:0.6) under a THF vapor

We also studied the self-assembly of 3 -SPI thin films with volume fractions of 1, 1.2, and 0.6 for PS, P2VP and PI, respectively. The thickness of the film was determined to be 80 nm. The film was exposed to a THF vapor for 2 hours. The corresponding AFM topographic image is presented in Figure 5. The thin film exhibits an out-of-plane columnar morphology arranged into a hexagonal array. As PI domains are preferentially etched under a CF4/O2 plasma treatment, they appear in dark brown on the AFM topographic image while the P2VP and PS domains correspond to the white brown and yellow regions, respectively. The PS domains form the inner part of the structure and are surrounded by twelve columns (6 P2VP + 6 PI). PS domains have a period of 46 nm according to the 2D-FFT associated to the Figure 5 inset while the PI and P2VP domain pitches are about 23 nm. The 2D-FFT confirms the formation of p6mm symmetry pattern since six first-order spots can be observed. The high contrast between all domains allows to conclude that the flower-shape morphology corresponds to the (4.6.12) Archimedean tiling pattern. A schematic representation of the morphology is depicted in the right bottom corner of the Figure 5 where the PS, P2VP and PI domains appear in the blue, red and yellow colors, respectively. This (4.6.12) Archimedean tiling pattern is similar than the morphology achieved by a solvent-annealed (CHCl3, 2h) 3 µ-SPI thin film with a nearly-symmetrical composition (S:P:I = 1:1.2:1) (see Fig. 1). The main difference resides in the fact that all the blocks do not occupy the same positions on the two (4.6.12) patterns consisting of different domain sizes. This phenomenon is due to a change in the volume fraction of each block for the different 3 µ-SPI systems under their respective swelling conditions. Indeed, the largest block under swelling condition would occupy the inner part of the morphology where column diameter is the largest.

We also studied the morphology in the substrate corner where the film thickness is increased by side effects occurring during the spin-coating process, and found that a different phase behavior happened in the region where the film thickness was about 100 nm. Indeed, a mixture of in-plane and out-of-plane cylindrical domains can be observed on the AFM topographic image presented in Figure 6. The period of the structure is determined to be 50 nm, which approximatively corresponds to the pitch of out-of-plane PS columns arranged within the (4.6.12) tilling pattern presented in Figure 5. Here, PS (yellow) forms large in-plane cylinders separated by smaller in-plane PI columns (dark brown) whereas the P2VP domains do not appear on the film free surface. It is well-known that polymers can adopt in-plane or out-of-plane morphologies depending on the film thickness. 15 In thicker films, the elastic strain energy can be more readily accommodated, which decreases the thickness dependence. For example, in the case of AB-type BCP, it was showed an in-plane orientation of the domains is promoted when the film thickness is increased. 16 We assume that this in-plane columns corresponds to the plane that cut the (4.6.12) pattern along PS (yellow) and PI (dark brown) domains (black line on the schema) as shown in the inset of the Figure 6. This cutting axis along the PS and PI domains corresponds to the most stable plane since (i) it coincides with the plane incorporating cutting cylindrical domains in their middle and (ii) it allows the low surface energy PI block to easily form a wetting layer.

To summarize, the 3 -SPI chains with volume fraction of 1, 1.2, and 0.6 for PS, P2VP, and PI, respectively, treated in a THF vapor leads to the formation of a (4.6.12) Archimedean tiling pattern. Depending on the film thickness, different orientations of the columns can be observed. The in-plane structure is only observed on the corner substrate where the layer thickness is increased.

Thin film (4.6.12) Archimedean tilling patterns were produced from the self-assembly of two 3 µ-SPI systems. Depending on the solvent used for the SVA process and the composition of 3 µ-SPI chains, the largest domains of the (4.6.12) Archimedean were occupied by either the PS block or the PI one. Indeed, the PI block was located in the inner part of the morphology of a solvent-annealed (CHCl3, 2h) 3 µ-SPI thin film having a nearly-symmetrical composition (S:P:I = 1:1.2:1) while it was replaced by the PS block for a solvent-annealed (THF, 2h) 3 µ-SPI thin film having an asymmetrical composition (S:P:I = 1:1.2:0.6). To the best of our knowledge, it is the first time that thin film (4.6.12) Archimedean tiling patterns formed by star miktoarm ABC terpolymers are demonstrated.

Interestingly, morphology changes were demonstrated when the film thickness was increased from 80 nm to 110 nm. A (4.8.8) Archimedean tiling pattern was observed for a solvent-annealed (CHCl3, 2h) 3 µ-SPI thin film (S:P:I = 1:1.2:1) while a mixture of in-plane and out-of-plane columnar domains was achieved for a solvent-annealed (THF, 2h) 3 µ-SPI thin film having an asymmetrical composition.

Conclusion

In this thesis, we developed an effective method for the synthesis of linear and star miktoarm ABC terpolymers composed of PS, P2VP and PI. A library of linear and star miktoarm ABC terpolymer was done by keeping constant the PS and P2VP molecular weights and by varying the PI block size. The synthesis method developed in this thesis revealed to be interesting since functionalization steps were facilitate by few purification steps and the coupling method did not involve metal catalyst to achieve well-defined linear and star miktoarm ABC terpolymers.

The self-assembly of linear and star miktoarm terpolymers was demonstrated in thin film configuration. For that purpose, a solvent-vapor annealing process was used to promote the mobility of polymeric chains then a plasma treatment was performed on the film freesurface to improve the contrast between the different blocks for the microscopy imaging. The effect of a fluorine-rich plasma on the etching rate of the different block was characterized by PM-IRRAS experiments, which revealed that the PI domains are removed more easily than the P2VP and PS ones.

We demonstrated that the self-assembly of type II linear ABC terpolymers enable the formation of a thin film core-shell double gyroid structure when the volume fractions of PI, PS and P2VP are 0.5, 1.1 and 1, respectively. Depending on the film thickness, four different planes were obtained. The (211), ( 111) and (100) planes were observed for 190 nm, 90 nm and 75 nm thick films, respectively, whereas the (111) plane was only observed between terraces.

A (4.6.12) Archimedean tiling pattern was also demonstrated from the self-assembly of two 3 µ-SPI terpolymers. Interestingly, changing the volume ratio of one block and the solvent annealing conditions allowed to obtain the same structure with a different block located in the inner part of the (4.6.12) tiling pattern. The PI block is located within the inner part domains of the morphology when 3 µ-SPI chains with a nearly symmetrical composition are placed under a chloroform vapor. In contrast, solvent-annealed asymmetric 3 µ-SPI chains under a THF vapor give access to a (4.6.12) tiling pattern where the inner part domains are occupied by the PS block.

APPENDIX

The spin coating process is one of the most commonly used techniques for the deposition of polymeric thin films on substrates. It is used in a wide variety of industries and technology sectors. The advantage of spin coating is its ability to quickly and easily produce uniform films with thicknesses of a few nanometers. 1 First the substrate is coated with the solution containing the polymer dissolved in a solvent. The substrate starts to rotate at a constant acceleration rate until the desired rotation speed is reached (1500 -3000 rpm), and the majority of the solvent is evaporated during this process. Varying the rotation speed or the polymer concentration in the starting solution allows to control the thickness of the film and so, different film thicknesses can be prepared. [1][2][3] Figure 1: Schematic representation of the spin-coating process.

To produce uniform polymeric thin films, the solvent used to solubilize the PS-b-P2VPb-PI and 3µ-SPI chains must be a good solvent for all the blocks. Therefore, we choose to work with toluene. The affinities between the different blocks and the solvent can be evaluated with the Hildebrand parameters reported in Table 1. 4 A solvent is considered as a good solvent for a given polymer when the difference between the Hildebrand solubility parameters of the solvent and the polymer is low. 5 The solubility parameter of PS, P2VP and PI are 18.5, 20.6 and 16.3 the three different blocks is low, this solvent will be used as a non-selective good solvent.

As the boiling point of toluene is 111°C, its evaporation is not too fast and allows to obtain homogeneous thin film for a speed coating rate between 1500 and 4000 rpm. Going below 1500 rpm leads to a heterogeneous film since it involves a slower evaporation of toluene. Several methods can be used to promote the self-assembly of BCP thin films. The thermal annealing [7][8][9] is the most used methodology because of it is easy to set up, but also because it does no present any toxicity problems. Generally, in this process, the applied temperature is above the glass transition temperature (Tg) of the different blocks in order to increase the chain mobility and thus promote the self-assembly. Other technics have been developed, such as mechanic flow field 10,11 , electronic or magnetic fields [12][13][14] and solvent annealing [15][16][17][18][19][20] . In this study, we will use a solvent vapor annealing (SVA) process to promote the ABC terpolymer chain mobility.

Once the polymeric films are deposited on the silicon wafer, they are treated with a SVA process. Some studies showed that it is possible to go from a disordered structure to a wellorganized phase with SVA. [19][20][21] The SVA process is composed of two steps. The first one consists in the solvent molecules adsorption at the film surface. The wettability of the film is stable when the chemical potential of the solvent contained in the film is equal to that of the one contained in the vapor phase. The Tg of the film is therefore decreased and the chain mobility is increased. Thus, the interactions between polymer chains, the volume fraction of blocks, and the period between domains are affected by this adsorption and can lead to different structures. The second step occurs during the solvent removing. A fast evaporation of the solvent can freeze the BCP morphology. During the SVA process, it is important to control the temperature and the vapor pressure into the chamber. For this purpose, the SVA process was all the time performed at 22°C (clean room temperature), and the vapor pressure was controlled with a mass flow. 16 Samples were exposed to a continuous stream of solvent vapor produced by bubbling nitrogen gas through the liquid solvent as shown in the Figure 2. Different solvents were used to promote the self-assembly of BCPs and, we mainly worked with tetrahydrofuran (THF) and chloroform (CHCl3). The affinity of each blocks with the solvent is different, therefore their swelling ratio is changed. In order to characterize this phenomenon, swelling ratio measurements of each block were done. Homopolymer thin films were deposited from a solution of 2 wt. % in toluene. First, one can notice that despite the use of the same polymer concentration in toluene, different film thicknesses were obtained.

In-situ variations of the swelling ratio was followed using a Filmetrics spectroscopic white light reflectometer apparatus. The solvent chamber lid of the SVA set-up was made of quartz, which allowed the in-situ measurements of the film thickness variation during the SVA process. The homopolymer film thickness was evaluated before and every 5 minutes after the beginning of the SVA process. Because of the difference of the initial film thicknesses, each layer was normalized, and the variations of the film thicknesses over the SVA time were compared. The curves are displayed in Figure 3. In the case of a chloroform vapor, hPI reaches a plateau for a thickness variation of 90%, whereas hPS and hP2VP reached a plateau for a 35% thickness variation. Therefore, hPI has a larger affinity with chloroform than hPS and hP2VP. In other words, hPI is more swollen by CHCl3 than hPS and hP2VP, making the hPI chains more mobile in chloroform.

hPI and hP2VP behave similarly in THF with a slowly increase of the film thickness of about 20%. In contrast, the hPS film thickness increases strongly for low swelling times, and eventually reaches a plateau of about 65%. Therefore, hPS has a larger affinity with THF making the hPS chain mobility is more important than that of the hP2VP and hPI ones.

It is noteworthy that the layer thickness variations is more important when a CHCl3 vapor is used. CHCl3 has a larger saturated vapor pressure than THF, which leads to a larger swelling of polymers under a CHCl3 vapor.

In this part, we have shown that the SVA process was done under controlled parameters (temperature and vapor pressure in the chamber). Moreover, chloroform and tetrahydrofuran have been shown to swell preferentially hPI and hPS, respectively.

III. Reactive ion etching plasma

After the spin-coating and solvent annealing processes, some contrast between polymers must be established in order to precisely characterize the self-assembled structure by microscopy.

Plasma etching has proven to be a great tool for surface modification of polymeric materials. 23,24 Gas plasma (glow discharge) is a partially ionized gas, which can be generated by an electrical discharge (see Figure 4a). A plasma can etch in three different manners. The material can be chemically etched by reactive species of the plasma (e.g. radicals or ions created in the plasma). In this case, we talk about chemical etching. The ion bombardment on a polymer surface, which causes sputtering of the surface, is referred to as physical process. UV radiation from the plasma can also lead to dissociation of chemical bonds, which leads to the formation of low molecular weight materials. Generally, those three mechanisms simultaneously occur during a plasma treatment and induce the formation of volatiles products in the plasma chamber.

The main advantage of this technique is its selectivity regarding the chemical structure of the polymers. The plasma etcher used in this study is the PE-100 Benchtop Plasma System (Figure 4b). In this study a CF4/O2 plasma (40W, 17sccn CF4 and 3sccm O2, 45s) was currently used to reveal the BCP self-assembled structure as different etching behaviors were observed between PS, PI and P2VP. In order to gain more insights into the etching behaviors of the various materials, phase modulation infrared reflection absorption spectroscopy (PM-IRRAS) experiments were performed.

IV. Phase Modulation Infrared Reflection Absorption Spectroscopy (PM-IRRAS) experiments

The Phase Modulation Infrared Reflection Absorption Spectroscopy (PM-IRRAS) method benefits from the IRRAS advantages of electric field enhancement and surface selection, but also presents the tremendous advantage of having high sensitivity in surface absorption detection (see Figure 5).

Herein, the PM-IRRAS experiment was used to characterize the effect of the plasma etching on polymers. The polymers were spin-coated on a gold coated substrates. The thin films were treated with a solvent annealing process and etched as described previously. Their absolute reflectance was over 98% in the 1.2-12 µm spectral range. The PM-IRRAS spectra were recorded on a ThermoNicolet Nexus 670 FTIR spectrometer at a resolution of 4 cm -1 , by coadding several blocks of 1500 scans (30 minutes acquisition time). Generally, eight blocks (4 hours acquisition time) were necessary to obtain PM-IRRAS spectra of ultra-thin films with good signal-to-noise ratios. All spectra were collected in a dry-air atmosphere after a 30-min-incubation in the chamber. Experiments were performed at an incidence angle of 75° using an external homemade goniometer reflection attachment. 25 The infrared parallel beam (modulated in intensity at frequency ωi lower than 5 , where and stand for the p-polarized reflectance of the film/substrate and bare substrate systems, respectively). 26,27 Homopolymers of PS, P2VP, and PI as well as a star ABC terpolymer with volume ratios of PS:P2VP:PI = 1:1.2:1 were spin-coated on gold coated substrates. They were exposed to a CHCl3 solvent vapor annealing for two hours. Then, PM-IRRAS spectra were recorded before and after the plasma treatment (plasma conditions: 40 W, 17 sccm CF4 and 3 sccm O2, 45 s). The PM-IRRAS spectra are presented in Figure 6. To investigate the effect of the plasma, the characteristic peak at a given wavenumber for a given homopolymer was chosen to not overlap with the signal of the other homopolymers.

We choose the peak located at 1493 cm -1 , at 887 cm -1 , and at 1567 cm -1 , for hPS, hPI and hP2VP, respectively. After the plasma etching treatment, the area under all the peaks decreased.

The peak integrals were calculated from the spectrum of the self-assembled star ABC terpolymer before and after the plasma etching. The polymer loss percentage was calculated for each block. After RIE treatment, 65% of the PI domains were etched while 41% and 26% of the P2VP and PS domains were also removed. These results confirm that the CF4/O2 plasma used in this study preferentially etches the PI block than the PS and P2VP ones.

resonances. The general operation is illustrated in Figure 7b. It also allows to work with softer cantilever than in the TM mode leading to an improved measurement sensitivity.

To prove the efficiency and the requirement to use the PFT instead of the TM AFM, the same sample was imaged using both modes. The AFM topographic views are presented in Figure 8. The AFM image produced with the TM exhibits only two colors, the PI is in black, but it is not possible to distinguish the PS from the P2VP (see Fig. 8a). On the other hand, the AFM topographic view obtained with PFT shows a three colored pattern where PI, PS and P2VP appear in dark brown, yellow, and brown, respectively (see Fig. 8b). The PI, PS and P2VP domains are well resolved under these imaging conditions. 
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 1 Figure 1: Schéma réactionnel de la synthèse du polyisoprène fonctionnalisé en bout de chaîne avec une fonction acide carboxylique.

Figure 2 :

 2 Figure 2: Schéma réactionnel de la polymérisation anionique séquentielle du PS-b-P2VP fonctionnalisé en bout de chaîne avec une fonction alcool.

Figure 3 :

 3 Figure 3: Schéma réactionnel du couplage entre PS-b-P2VP et PI par estérification de Steglich.

Tableau 1 :

 1 Tableau récapitulant les terpolymères ABC linéaires synthétisés par la combinaison de polymérisations anioniques avec un couplage par estérification de Steglich.

Figure 4 :

 4 Figure 4: Schéma réactionnel de la synthèse de la molécule coeur (1-(4-(2tertbutyldiméthylsiloxy)éthyl)phényl-1-phényléthylène) à partir du 4-bromobenzophénone A chaque étape de la synthèse, les produits ont été purifiés par chromatographie flash et caractérisés par RMN du proton. L'intégration des pics a confirmé la synthèse d'une 1-(4-(2-

Figure 5 :

 5 Figure 5: Schéma réactionnel de la synthèse d'un dibloc (PS-b-P2VP) fonctionnalisé en son coeur. Le dibloc fonctionnalisé en son coeur a été caractérisé par RMN du proton et par SEC. Le spectre RMN présente des signaux caractéristiques des protons portés par la 2VP et le styrène confirmant ainsi la synthèse du dibloc. La courbe obtenue par SEC du dibloc ne présente un seul pic fin et monomodal confirmant ainsi la pureté du dibloc. Les masses moléculaires ont été déterminées par SEC de 19 et 24 kg.mol -1 , respectivement pour le PS et la P2VP. Les masses moléculaires obtenues par SEC sont en accord avec la fraction de PS et de P2VP obtenue par RMN.

Figure 6 :

 6 Figure 6: Schéma réactionnel présentant le couplage par estérification de Steglich de PS-b-P2VP et PI afin d'obtenir un terpolymère ABC en étoile.

Figure 7 :

 7 Figure 7: Images MEB (2 x 2 m 2 ; encart: 0,5 x 0,5 m 2 ) d'un film mince de PS21-b-P2VP24-b-PI9 recuit deux heures dans des vapeurs de chloroforme, traité avec un plasma CF4/02 qui révèle quatre plans de la structure Q 230 (A : (211) ; B : (111) ; C : (110) ; D : (100)) Sur les images MEB, le PI apparait en noir (car le PI est le polymère le plus gravé), le P2VP apparait en blanc (du fait de son marquage au platine) et le PS en gris. Lorsque le film présente une épaisseur de 190 nm, on observe un motif présentant deux vagues ayant des amplitudes différentes (Fig 7. A). Les vagues de grandes amplitudes sont séparées par des vagues de petites amplitudes avec une période de l'ordre de 120 nm. Ce motif correspond au plan (211) d'une structure double gyroïde coeur-écorce aussi appelée structure Q 230 . La période du motif correspond alors environ à la dimension de la cellule unité de la structure Q 230 . Le PS occupe la matrice, le PI le coeur et le P2VP l'écorce de la structure.

Figure 8 :Figure 9 :

 89 Figure 8: Images AFM (1 x 1 m 2 ) d'un film mince de 3 µ-S19P24I9 recuit deux heures dans une vapeur de THF et traité par un plasma CF4/O2. A : pavage d'Archimède (4.6.12) orienté perpendiculairement à la surface libre du film (épaisseur du film : 80nm) et B : pavage d'Archimède (4.6.12) orienté parallèlement à la surface libre du film (épaisseur du film : 100nm)Si on augmente l'épaisseur du film (Fig.8B), on obtient une orientation parallèle à la surface libre du film de la structure (4.6.12) selon le plan coupant les domaines de PI et de PS au centre des colonnes. L'orientation parallèle à la surface libre du film est favorisée en film épais car le THF gonfle plus le bloc PS que les autres blocs (celui-ci va donc remonter à la surface libre du film) et le PI, qui a une faible énergie de surface, va donc lui aussi se positionné à l'interface film-air. On remarque ici une forte dépendance entre l'orientation de la structure et l'épaisseur du film.Un terpolymère ABC en étoile ayant une composition symétrique (3 µ-S19P24I16) entre les trois blocs a lui aussi été auto-assemblé dans une configuration de film mince. Le film a été recuit par vapeur de chloroforme. L'image AFM ainsi obtenue est présentée sur la figure9.

Figure 10 :

 10 Figure 10: Image AFM (2 x 2 m 2 ) d'un film de 3 µ-S19P24I16 (épaisseur = 110nm) recuit deux heures dans une vapeur de CHCl3 et traité par un plasma CF4/O2 faisant apparaître un pavage d'Archimède (4.8.8) où PI (en noir) est entouré par 4 colonnes de PS (jaune clair) et 4 colonnes de P2VP (marron).

Figure 1 :

 1 Figure 1: 11 possible Archimedean tilings. The red and black symbols give the notations of accessible and unaccesible Archimedean tilings using 3 µ-ABC chains, respectively. The first three tilings are usually called Platonic tilings or regular tilings because they use only one type of regular tiles. (Adapted from Ouyang et al.)12 

  Block copolymer architectureBCPs belong to one of the class of polymer in the wide class of soft matter. They consist of at least two chemically different polymers linked together with a covalent bond. Lots of BCP architectures exist such as linear, grafted, and star miktoarm. A schematic representation of some possible architectures for AB-and ABC-type BCPs is shown in Figure2.

Figure 2 :

 2 Figure 2: Schematic of some possible BCP architectures where each color represents a block: (a) linear AB-type BCP, (b) branched AB-type BCP, (c) star miktoarm ABC terpolymer and (d) linear ABC terpolymer.

Figure 3 :

 3 Figure 3: AB-type BCP phase diagram and schematic representation of some accesible morphologies. (Adapted from Matsen et al.)17 

Figure 4 :

 4 Figure 4: Morphologies for linear ABC terpolymers. A combination of block sequence (ABC, ACB, BAC), compositions and block molecular weights provides a wide parameter space for the creation of new morphologies. Microdomains are colored as shown on the copolymer strand at the top, with monomer types A, B and C confined to regions colored blue, red and green, respectively. (Adapted from Zheng et al.)21 

  frustrated polyisoprene-b-polystyrene-b-poly(2-vinylpyridine) (PI-b-PS-b-P2VP, ISP). In this study, they demonstrated the influence of the mid-block volume fraction on the attainable morphology. They reported a lamellar structure for symmetric volume fractions of PI, PS and P2VP blocks (I:S:P = 1:1:1), an ordered tricontinuous double-diamond (OTDD) phase for a composition of I:S:P = 1:2:1, an alternating cylindrical morphology arranged into a tetragonal array for I:S:P = 1:4:1, and an alternating spherical phase for I:S:P=1:8:1 as shown in Figure 5.

Figure 5 :

 5 Figure 5: Typical examples of electron micrographs for different morphologies of microphaseseparated structures of ISP triblock copolymers: (a) spherical (I:S:P = 1:8:1), (b) cylindrical (I:S:P = 1:4:1), (c and d) OTDD (I:S:P = 1:2:1), and (e) lamellar (I:S:P=1:1:1) structures. (Adapted from Mogi et al.)25 

  studied the self-assembly of polybutadiene-b-polystyrene-bpoly(2-vinylpyridine) (BSV) chains (B:S:V = 1:2:7 and B:S:V = 1:2:8). TEM images revealed a lamellar morphology as shown in Figure6. The interfacial energies between the middle and the end-blocks are similar which lead to the promotion of a lamellar morphology even if the BCP composition was highly asymmetric.

Figure 6 :

 6 Figure 6: TEM micrographs of bulk BSV films stained with OsO4 and CH3I which have different compositions: (A) B:S:V = 1:2:7 (B) B:S:V = 1:2:8. (Adapted from Hückstädt et al.)30 

Figure 7 :

 7 Figure 7: Phase map for poly(isoprene-b-styrene-b-ethylene oxide). The axes identify volume fractions of each block. Six stable ordered phases such as LAM (lamellar), HEX (hexagonal), Q 230 (double gyroid), Q 214 (alternating gyroid), BCC (body-centered cubic), O 70 (Fddd orthorhombic network), the disordered state, and one metastable phase, HPL, are included.

Figure 8 :

 8 Figure 8: (a) Axial TEM projection of hexagonally-packed structural units. The darkest regions correspond to the OsO4-stained PI domains, while the gray regions are CH3I-stained P2VP domains. The non-CMC interface between this PI microdomain and the PS matrix phase has a hexagonal shape with corners. (b) Transverse TEM projection. The light, gray, and dark regions correspond to projections through the PS matrix, the P2VP core, and the PI annulus, respectively. (Adapted from Gido et al.)34 

Figure 9 :

 9 Figure 9: TEM micrographs of the gyroid structure obtained from the self-assembly in bulk of S45B32V76: (a) stained with OsO4; (b) stained with I2. (Adapted from Hückstädt et al.)8,30 

Figure 10 :

 10 Figure 10: Schematic representation of the S23B57M20 morphology. (Adapted from Brinkmann et al)38 

Figure 12 :

 12 Figure 12: Phase diagram of ABC triblock terolymers with χAB = χBC = 13 and χAC = 35 at grafting density σ = 0.2. Dis represents the disordered phase. The red, blue, or black icons showing the parallel lamellar phases discern the different arrangement styles of the triblock terpolymer with block A, block C, or block B adjacent to the brush layers, respectively. (Adapted from Jiang et al.)42 

  for linear ABC-type BCPs, the star miktoarm ABC terpolymer self-assembly is driven by the Flory-Huggins parameters of the different pairs (AB, BC, AC), the volume fraction of blocks (fa, fb, fc) and their degree of polymerization (NA, NB, NC). For a star miktoarm architecture, the main difference resides in the fact that all blocks are connected at only one junction point. Because of this, A/B, B/C and C/A interfaces exist in the microstructure as described in Figure13.[START_REF] Okamoto | Morphology of model three-component three-arm star-shaped copolymers[END_REF] 

Figure 13 :

 13 Figure 13: Schematic illustrations of the arrangement of copolymer chains. (a) AB-type BCP: the chemical junction points is confined to the AB interface, (b) linear ABC triblock copolymer: the chemical junction points are confined to the AB and B/C interfaces and (c) ABC star miktoarm: the chemical junction point is confined to a line. (Adapted from Okamoto et al.)[START_REF] Okamoto | Morphology of model three-component three-arm star-shaped copolymers[END_REF] 

  information. b. PS-arm-PI-arm-PMMA self-assembly Star miktoarm ABC terpolymers composed of PS, PI and PMMA (3 µ-SIM) were widely studied. For instance, Sioula and co-workers 46 studied the effect of the composition on the morphology by keeping constant the molecular weight of the PI and PS blocks whereas they varied the PMMA block size. The nomenclature used in this paper is SIM-x/y/z with x, y, z the respective block molecular weight in kg/mol. TEM pictures of 3 µ-SIM chains (S:I:M = 1:1.1:2.6) revealed a hexagonal arrangement where PI cylinders were surrounded by a PS annulus in a PMMA matrix. The hexagonal arrangement was confirmed by SAXS. When the volume ratio of PMMA was decreased, the 3 µ-SIM (S:I:M = 1:1.1:2) and the 3 µ-SIM (S:I:M = 1:1.5:2.8) exhibited a inner core region of PI surrounded by a PS annulus in a matrix of PMMA.

Figure 14 :

 14 Figure 14: Bright field TEM images of (a) 3 µ-SIM (S:I:M = 1:1.1:2.6) stained with OsO4, (b) 3 µ-SIM (S:I:M = 1:1.1:2.6) stained with RuO4, (c) 3 µ-SIM (S:I:M = 1:1.1:2.6) stained with OsO4, and (d) 3 µ-SIM (S:I:M = 1:1.1:2.6) stained with RuO4. (Adapted from Sioula et al.)[START_REF] Sioula | Novel 2-dimensionally periodic nonconstant mean curvature morphologies of 3-miktoarm star terpolymers of styrene, isoprene, and methyl methacrylate[END_REF] 

  6.12) tiling pattern. In 2005, Takano and coworkers 11 studied the self-assembly of a blend of two 3 µ-SIP terpolymers. They blended 3 µ-SIP-1.2 with 3 µ-SIP-1.9 (weight ratio: 0.85/0.15 for 3 µ-SIP-1.2 and 3 µ-SIP-1.9, respectively) to obtain a 3 µ-SIP-1.3. The TEM pictures of the selfassembled 3 µ-SIP blend revealed a mesoscopic (3 2 .4.3.4) Archimedean tiling pattern.

Figure 15 :

 15 Figure 15: (top) TEM images of the four 3 µ-ISP star-shaped terpolymer samples and (bottom) their corresponding schematic tiling patterns: (a) I1.0S1.8P1.0, (b) I1.0S1.8P1.6, (c) I1.0S1.8P2.0, (d) I1.0S1.8P2.9. . (Adapted from Takano et al)11 

Figure 16 :

 16 Figure 16: Schematic representation of morphologies obtained from the self-assembly of 3 µ-ISP terpolymers when the P block size is varied. (Adapted from Hayashida et al.)[START_REF] Hayashida | Hierarchical morphologies formed by ABC star-shaped terpolymers[END_REF] 

( 3 . 3 . 4 . 3 . 4 )

 33434 Archimedean tiling pattern.The(3.3.4.3.4) tiling pattern was also described by Takano15 in 2007 for a selfassembled 3 µ-ISP (S:I:P = 1:1:1.3). In this paper, they studied the self-assembly of 3 µ-ISP-x

  Many star ISP terpolymers have been studied. The microphase-separated morphologies obtained from different volume ratios of polystyrene, polyisoprene and poly(2-vinylpyridine) are summarized in the ternary phase diagram showed in Figure17.

Figure 17 :

 17 Figure 17: Ternary phase diagram of microphase-separated morphologies produced from a polystyrene-arm-polyisoprene-arm-poly(2-vinylpyridine) series. (Adapted from Takano et al.)15 

Figure 18 :

 18 Figure 18: Ternary phase diagram of microphase-separated morphologies produced from a polystyrene-arm-polybutadiene-arm-poly(2-vinylpyridine) series. (Adapted from Abetz)[START_REF] Hückstädt | Synthesis and morphology of ABC heteroarm star terpolymers of polystyrene, polybutadiene and poly(2-vinylpyridine)[END_REF] 

Figure 19 :

 19 Figure 19: (a) Schematic illustration of the model for the microdomain structure of the (PI)(PS)(PDMS) 3-miktoarm star terpolymer consisting of dark (PI), gray (PDMS), and bright (PS) cylinders with characteristic shapes. (b) A cross-sectional view of the cylinders in (a). The junction points of the star miktoarm terpolymer are confined on the curved lines and designated by the filled circles in (b). (Adapted fromYamauchi) [START_REF] Yamauchi | Microdomain morphology in an ABC 3-miktoarm star terpolymer: A study by energy-filtering TEM and 3D electron tomography[END_REF] 

Figure 20 :

 20 Figure 20: Phase diagram of ABC star miktoarm terpolymer systems with arm-length ratio 1:1:x and with symmetric interactions between three components. A (light gray), B (medium gray), and C (dark gray) are displayed. Junction point lines are drawn by thick lines or solid circles where three kinds of interfaces meet. (Adapted from Gemma et al.)[START_REF] Gemma | Monte Carlo simulations of the morphology of ABC star polymers using the diagonal bond method[END_REF] 

Elbs

  et al. reported on the self-assembly of polystyrene-b-poly(2vinylpyridine)-bpoly(t-butyl methacrylate)[START_REF] Fukunaga | Large-scale alignment of ABC block copolymer microdomains via solvent vapor treatment[END_REF][START_REF] Fukunaga | Self-assembly of a lamellar ABC triblock copolymer thin film[END_REF][START_REF] Fukunaga | Self-assembly of a lamellar ABC triblock terpolymer thin film. Effect of substrates[END_REF][START_REF] Elbs | Thin film morphologies of ABC triblock copolymers prepared from solution[END_REF][START_REF] Elbs | Antiferromagnetic ordering in a helical triblock copolymer mesostructure[END_REF][START_REF] Elbs | Microdomain Morphology of Thin ABC Triblock Copolymer Films[END_REF] (PS-b-P2VP-b-PtBMA) (S1V1.5T3.4) thin films. Some interesting morphologies were obtained in thin film like core-shell cylinders, spheres-in-cylinders, heliceson-cylinders, core-shell double gyroid. In all cases PtBMA formed the matrix while P2VP formed the shell (cylinders), and PS the core. Depending on the solvent vapor annealing (SVA) post-treatment and the thickness of the film, morphologies differed for a given volume ratio between blocks. Thin films treated with tetrahydrofuran (THF) vapor showed a core-shell cylindrical morphology when the film was thick and helices-on-cylinders when the film was thinner. The helical structure was only obtained when the film thickness corresponded to a single layer of the cylinders. From solvent annealed thin films under a chloroform vapor, a coreshell double gyroid structure was obtained.Deng et al.[START_REF] Deng | Bicontinuous mesoporous carbon thin films via an order-order transition[END_REF] also reported on a core-shell double gyroid morphology for a poly(ethylene oxide)-b-poly(ethyl acrylate)-b-polystyrene (E:A:S = 1:5.9:5.6) mixed with 25% of phenolic resin oligomers (resol). Herein, the PEO had the smallest volume ratio. The core of the network structure was once again formed of the polymer exhibiting the smallest volume ratio of the linear ABC terpolymer. The obtained structures are shown in Figure21.

Figure 21 :

 21 Figure 21: AFM phase images of films containing (a) 0 wt%; (b) 25 wt%; (c) 40 wt%; (d) 50 wt%; (e) 60 wt% and (f) 67 wt% resol after exposure to MEK using single SVA process. (Adapted from Deng et al.)[START_REF] Deng | Bicontinuous mesoporous carbon thin films via an order-order transition[END_REF] 

Figure 22 :

 22 Figure 22: (1.25 × 1.25 µm) AFM phase views of templated DSM thin layers with different film thicknesses: a) ttrench ≈ 31 nm, b) ttrench ≈ 47 nm and tmesa ≈ 29 nm, and c) ttrench ≈ 65 nm and tmesa ≈ 47 nm. DSM thin films were annealed under CHCl3 vapor for 3 h then etched by a CF4/O2 RIE plasma prior to be imaged by AFM. Positions of trenches and mesas are indicated on the left of the figure. (Adapted from Aissou et al.)[START_REF] Aissou | Highly Ordered Nanoring Arrays Formed by Templated Si-Containing Triblock Terpolymer Thin Films[END_REF] 

Figure 23 :

 23 Figure 23: (a) TEM image of an unblended bulk 3 μ-ISF film and (b-d) SEM images of 3 μ-ISF/hS15 thin films on untreated Si wafer at (b) 0.7P0, (c) 0.75P0, and (d) 0.85 P0. (e,f) 3 μ-ISF/hS15 thin films on a P2VP-coated surface at (e) 0.75P0 and (f) 0.8P0. Samples were stained with OsO4 to enhance contrast for TEM and SEM imaging. Thin films (b-f) were etched by O2 RIE before SEM observation, so PFS appears bright and regions formerly occupied by PS appear dark. (Adapted from Aissou et al. in 2013)[START_REF] Aissou | Square and rectangular symmetry tiles from bulk and thin film 3-miktoarm star terpolymers[END_REF][START_REF] Aissou | Ordered nanoscale archimedean tilings of a templated 3-miktoarm star terpolymer[END_REF] 

Figure 24 :

 24 Figure 24: TEM images of 3μ-ISF thin films (a) before staining (b) after OsO4 staining. PFS microdomains appear darkest in the unstained sample while PI microdomains appear darkest in the stained sample. (c) SEM image of bottom interface of 3μ-ISF thin film. The continuous bright regions indicate PFS and bright dots indicate PI. Scale bars in (a-c) are 300 nm. (d) Schematic description of thin film knitting pattern, and its chain conformation within the microdomains (e). (Adapted from Choi et al)[START_REF] Choi | Thin film knitting pattern morphology from a miktoarm star terpolymer[END_REF] 

Figure 25 :

 25 Figure 25: AFM topographic views of solvent-annealed 3 μ-DSL (D:S:L = 27:56:17) thin films deposited on topographical substrates followed by a CF4/O2 RIE treatment. Sample thicknesses are (a) ttrench ∼ 25 nm and (b) tmesa ∼ 20 nm and ttrench ∼ 60 nm. Scale bars: 250 nm. (Adapted from Aissou et al.)[START_REF] Aissou | Archimedean Tilings and Hierarchical Lamellar Morphology Formed by Semicrystalline Miktoarm Star Terpolymer Thin Films[END_REF] 

Figure 26 :

 26 Figure 26: AFM topographic view of a solvent-annealed 3 μ-DSL (D:S:L = 22:46:32) thin film (t ∼ 45 nm) treated with a CF4/O2 RIE plasma which includes two columnar morphologies indexed with a p6mm or p4mm symmetry. The dashed line delimits the regions occupied by the different phases. Schematic models showing (top) the p4mm and (bottom) the p6mm microstructures corresponding to the[4.8.8] and[6.6.6] tilings, respectively. (Adapted from Aissou et al.)[START_REF] Aissou | Archimedean Tilings and Hierarchical Lamellar Morphology Formed by Semicrystalline Miktoarm Star Terpolymer Thin Films[END_REF] 

Figure 27 :

 27 Figure 27: Synthesis of a PS-b-PI-b-P2VP triblock terpolymer by anionic polymerization.

Figure 28

 28 Figure 28 and proton NMR. Final linear ABC terpolymers exhibited a low dispersity, and the molecular weights obtained were closed to the ones expected from the stoichiometry.

Figure 28 :

 28 Figure 28: SEC traces of a triblock copolymer and its precursors.

  -b-PFS-b-PDMS n-BuLi THF 1.1

Figure 29 :

 29 Figure 29: Synthesis of a PS-arm-PI-arm-PB by anionic polymerization using a chlorosilane method.

  introduced a new synthesis route combining the use of DPE as a core molecule and click chemistry. In this route, the DPE bear a protected alkyne function. The two first arms were sequentially prepared by anionic polymerization using the modified DPE as core molecule. The third arm was then "clicked" on the alkyne function of the DPE after deprotection by Huisgen click chemistry 99 as shown in Figure 31.

Figure 31 :

 31 Figure 31: Synthetic route for the synthesis of an ABC miktoarm star terpolymer consisting of polybutadiene, poly(tert-butyl methacrylate), and polystyrene.

Figure 32 :

 32 Figure 32: Core molecule was the succinic Acid 3-(2-bromo-2-methylpropionyloxy)-2-methyl-2-[2-phenyl-2-(2,2,6,6-tetramethyl piperidin-1-yloxy)-ethoxycarbonyl]-propyl ester prop-2ynyl ester used for the synthesis of star miktoarm ABC terpolymer.

Figure 2 : 1 H

 21 Figure 2: 1 H NMR spectrum (400 MHz, CD2Cl2) of the carboxyl-end-functionalized hPI.

Figure 3 :

 3 Figure 3: SEC trace of the hPI-COOH (Mn,PI = 9 kg.mol -1 ) in THF.

  characteristic peaks of the 1.2 ( = 5.5 -6 ppm) and 3.4 ( = 4.4 -5 ppm) units of polyisoprene as for the hPI-COOH having a molecular weight of 9 kg.mol -1 . The three hPI-COOH also contain 3.4 and 1.2 in-chain units in a 7/3 ratio.

Figure 4 : 1 H

 41 Figure 4: 1 H NMR (400 MHz) in CD2Cl2 of three carboxyl-end-functionalized hPI chains synthesized by anionic polymerization in THF.

Figure 5 :

 5 Figure 5: SEC traces of anionically synthetized PI homopolymers having different molecular weights (13, 16 and 28 kg.mol -1 ).

Figure 6 :

 6 Figure 6: Synthesis route of hydroxyl end-functionalized PS-b-P2VP via anionic polymerization using sec-BuLi as an initiator in THF.

The 2 -

 2 vinylpyridine monomer (1.7mL) was then added in the reactive mild. After 20 minutes, ethylene oxide was added in the solution. The colorless mixture was kept under stirring. After 10 minutes, the reaction was terminated by the addition of degassed methanol. The mixture was concentrated, precipitated in cyclohexane and dried in an oven at 35°C for 12 hours. The PS-b-P2VP-OH was characterized by1 H NMR ( (ppm), 400MHz, CD2Cl2), 2D DOSY NMR ( (ppm), 400MHz, THF), and SEC with a universal calibration in THF.

Figure 7 :

 7 Figure 7: (a) SEC trace of the hPS aliquot in THF and (b) its corresponding 1 H NMR (400 MHz, CD2Cl2) spectrum.

Figure 8 :

 8 Figure 8: (a) 1 H NMR (400 MHz, CD2Cl2) spectrum of the PS-b-P2VP-OH chains and (b) their corresponding SEC trace in THF.

The 1 H

 1 NMR and SEC characterizations confirmed the synthesis of well-defined PS-b-P2VP-OH chains. A 2D DOSY NMR (400 MHz, THF) was also performed to bring another proof of the PS-b-P2VP BCP formation. The 2D DOSY NMR spectrum is showed in Figure 9. The proton signals assigned to the PS and P2VP blocks are aligned along the same line, which confirms this two blocks are linked together. The 2D DOSY NMR spectrum exhibits a single diffusion coefficient of about 1.7 x 10 -10 m 2 .s -1 . The others spots detected were assigned to solvents.

Figure 9 : 1 H

 91 Figure 9: 1 H 2D DOSY NMR (400 MHz, THF) of the end-hydroxyl-functionalized PS-b-P2VP.

  synthesis of the core molecule and the preparation of the mid-functionalized PS-b-P2VP BCP. a. Synthesis of the core molecule (DPE-Si) The first step of the mid functionalized PS-b-P2VP synthesis requires the synthesis of the core molecule: 1-(4-(2-tert-Butyldimethylsiloxy)ethyl)phenyl-1-phenylethylene (DPE-Si) (see Figure 10).

Figure 10 : 1 -

 101 Figure 10: 1-(4-(2-tert-Butyldimethylsiloxy)ethyl)phenyl-1-phenylethylene (DPE-Si) core molecule used in this work.

Figure 11 :

 11 Figure 11: Reaction schema and 1 H NMR (400 MHz, CDCl3) spectrum of the 1-(4bromophenyl)-1-phenylethylene.

Figure 12 : 1 H

 121 Figure 12: Reaction schema and 1 H NMR (400 MHz, CDCl3) spectrum of the 1-(4-(2hydroxyethyl)phenyl-1-phenylethylene).

Figure 13 :

 13 Figure 13: Schema of the reaction and 1 H NMR (400 MHz, CDCl3) spectrum of the 1-(4-(2tert-Butyldimethylsiloxy)ethyl)phenyl-1-phenylethylene.

Figure 14 :

 14 Figure 14: Synthesis route of hydroxyl mid-functionalized PS-b-P2VP via an anionic polymerization using sec-BuLi as an initiator and a modified DPE as a core molecule.

Figure 15 :

 15 Figure 15: (a) SEC traces in THF of the hPS aliquot (red curve) and PS-b-P2VP (black curve) and (b) 1 H NMR spectrum (400 MHz, CD2Cl2) of the mid-functionalized PS-b-P2VP BCP.

  functionalized PS-b-P2VP. The 2D DOSY NMR spectrum is shown in Figure 16. The proton signals assigned to PS and P2VP are aligned along the same line, which confirms that the two blocks are linked together. The 2D DOSY NMR spectrum exhibited a single diffusion coefficient of about 1.7 x 10 -10 m 2 .s -1 while the other spots are assigned to solvents.

Figure 16 : 1 H

 161 Figure 16: 1 H 2D DOSY NMR (400 MHz, THF) spectrum of the hydroxyl-mid-functionalized PS-b-P2VP BCP.

Figure 17 : 1 H

 171 Figure 17: 1 H NMR spectra (400 MHz, CD2Cl2) of the mid-functionalized PS-b-P2VP before (green spectrum) and after (red spectrum) the deprotection step.

Figure 18 :

 18 Figure 18: General scheme for the Steglich esterification mechanism.

  -b-P2VP-b-PI linear terpolymers a. Synthesis of a linear ABC terpolymers: PS-b-P2VP-b-PI (PI = 9 kg.mol -1 ) Herein, we will first detail the coupling between the PS-b-P2VP-OH (45 kg.mol -1 ) with the hPI-COOH (9 kg.mol -1 ) as model synthesis before giving the results regarding the coupling of this AB-type BCP with different size PI homopolymers.The general scheme to prepare the linear ABC terpolymer is presented in Figure20. The esterification between the PS-b-P2VP-OH and the hPI-COOH was performed in dichloromethane with DIC as coupling reagent and DPTS as catalyst.

Figure

  Figure20ashows the SEC traces (universal calibration in THF) of the hPI-COOH (9

Figure 19 :

 19 Figure 19: Steglich esterification between a hydroxyl end-functionalized PS-b-P2VP and a carboxyl end-functionalized PI in CD2Cl2.

Figure 20 :

 20 Figure 20: (a) THF-SEC traces (RI signal) of hPS, hPI-COOH, PS-b-P2VP-OH, PS-b-P2VPb-PI. (b) 1 H NMR (400 MHz) spectra of hPI-COOH in CDCl3, PS-b-P2VP-OH in CD2Cl2, and PS-b-P2VP-b-PI in CD2Cl2.

  , the diffusion coefficients of the PS-b-P2VP-OH BCP (D = 1.7 x 10 -10 m 2 .s -1 ) and the PI homopolymer (D = 7.42 x 10 -11 m 2 .s -1 ) are clearly different. Indeed, after the coupling reaction, the 2D-DOSY-NMR spectrum revealed that the proton resonances belonging to PS, P2VP and PI were aligned on the same horizontal line for the linear ABC terpolymer. This implies that all these signals are due to the same macromolecule which has a higher diffusion coefficient (D = 4.48 x 10 -10 m 2 .s -1 ) than that of the hPI-COOH and PS-b-P2VP-OH chains. Signals which are not aligned with the horizontal line are due to solvents.

Figure 21 : 1 H

 211 Figure 21: 1 H 2D DOSY NMR (400 MHz, THF) spectrum of the PS-b-P2VP-b-PI after purification.

Figure 23

 23 Figure 23 shows the SEC traces of the four linear ABC terpolymers after the Steglich esterification step. As previously observed, the SEC traces of the different PS-b-P2VP-b-PI terpolymers shift towards lower retention volumes as that of the PS-b-P2VP-OH and hPI-COOH chains. All the PS-b-P2VP-b-PI terpolymers exhibit mainly one peak (with a small shoulder) confirming the efficiency of the coupling reaction while the dispersity of the different linear ABC terpolymers is found to be below 1.1.

Figure 22 :

 22 Figure 22: SEC traces in THF of (a) S21P24I9 (black curve), S21P24 (red curve) and I9 (blue curve); (b) S21P24I13 (black curve), S21P24 (red curve) and I13 (blue curve); (c) S21P24I16 (black curve), S21P24 (red curve) and I16 (blue curve).

Figure 23 :

 23 Figure 23: Scheme of the Steglich esterification between a hydroxyl mid-functionalized PS-b-P2VP BCP and a carboxyl end-functionalized PI homopolymer in CH2Cl2 to achieve a 3 µ-SPI.

Figure 24 :

 24 Figure 24: (a) SEC traces of hPS (pink), hPI (blue), PS-b-P2VP (red) and 3-SPI (black) chains. (b) 1 H NMR spectra (400 MHz) of hPI-COOH (blue), PS-b-P2VP (red,) and 3-SPI (black) chains.

Figure 25 : 1 H

 251 Figure 25: 1 H 2D DOSY NMR (400 MHz, THF) spectrum of 3 µ-SPI synthesized by combining the anionic polymerization with the Steglich coupling reaction.

Figure 26 :

 26 Figure 26: SEC curves in THF of (a) 3 -S19P24I9 (black curve), S19P24 (red curve) and I9 (blue curve); (b) 3 -S19P24I13 (black curve), S19P24 (red curve) and I13 (blue curve); (c) 3 -S19P24I16 (black curve), S19P24 (red curve) and I16 (blue curve); (d) 3 -S19P24I28 (black curve), S19P24 (red curve) and I28 (blue curve).

Figure 1 :

 1 Fig. 1b)

Figure 2 :

 2 Figure 2: Lattice structures for the three network phases identified for linear ABC terpolymers. Cubic phases Q 230 (far left) and Q 214 (far right) are double-and single-gyroid networks, respectively, while phase O 70 (center) is a single-orthorhombic network. The colored insets illustrate how triblock copolymer is added to these lattices, resulting in pentacontinuous (Q 230 ) and tricontinuous (Q 214 and O 70 ) morphologies.

Figure 3 :

 3 Figure 3: Four examples of crystallographic planes.

Figure 4 :

 4 Figure 4: (a) (2 x 2 µm²) AFM topographic view of a solvent-annealed linear SPI terpolymer (S:P:I = 1:1.1:0.5) thin films treated with a CF4/O2 RIE plasma which reveals the (111) plane of the core-shell double gyroid structure and (b) its corresponding 2D-FFT.

Figure 5 :

 5 Figure 5: (2 x 2 µm²) AFM topographic views of solvent-annealed linear SPI terpolymer (S: P:I= 1:1.1:0.5) thin films treated with a CF4/O2 RIE plasma which reveals two planes of a H2PtCl6-stained core-shell double gyroid structure: (a) the (211) plane and (b) the (111) plane.

Figure 6

 6 shows a simulation of the (211) projection of a core-shell double gyroid morphology. In this figure, the P2VP shell and the PI core would correspond to the black and white domains drown in a PS gray matrix. This simulation is fully in accordance with the (211) plane demonstrated in this study.

Figure 6 :

 6 Figure 6: Simulation (211) projection of a core-shell double gyroid morphology. Reproduced from Goldacker et al.16 

Figure 7 :

 7 Figure 7: (2 x 2 µm 2 , inset = 0.5 x 0.5 µm 2 ) SEM images of H2PtCl6-stained SPI (S:P:I = 1:1.1:0.5) thin films treated with a CF4/O2 RIE plasma which reveals four planes of a coreshell double gyroid structure: (a) (110), (b) (100), (c) (211), and (d) (111) planes.

Figure 8 :

 8 Figure 8: Calculated area fraction of the matrix phase S(x0) cut along the planes parallel to various crystallographic planes, as shown by three digits hkl in the legend, at various positions x0.

Figure 1 :

 1 Figure 1: (1 x 1 µm², inset: 150 x 150 nm²) AFM topographic views of a solvent annealed 3 µ-SPI (S:P:I=1:1.2:1) thin film under a CHCl3 vapor for 2 hours and etched with a CF4/O2 plasma (scale bar: 200 nm). The 2D-FFT corresponding to the low magnified AFM image and the schematic representation of the (4.6.12) tiling pattern are presented on the upper left and bottom right corners of the figure, respectively.

Figure 2 :

 2 Figure 2: Schematic phase diagram for 3-miktoarm star terpolymers under the constraint of the A and B components occupying equal volume fractions and invoking symmetric interactions between all unlike components. The different phases are placed at their approximate compositional positions quantified by the parameter x, the volume ratio of the C and A components. (Adapted from Gemma et al.)13 

Figure 3 :

 3 Figure 3: (2 x 2 µm², inset: 150 x 150 nm 2 ) AFM topographic views of the thicker part of a solvent annealed 3 µ-SPI film (S:P:I = 1:1.2:1) thin film placed under a CHCl3 vapor for 2 hours and etched with a CF4/O2 plasma. The 2D-FFT corresponding to high magnified AFM image is presented on the upper left corner of the figure.

Figure 4 :

 4 Figure 4: (a) Free energy differences from the value of the homogeneous phase as a function of the volume fraction of C composition for ABC star triblock copolymers with symmetric A and B arms. (b) Phase stability regions as a function of the arm-length ratio of x = fC/fA (fA = fB). Note that in the [8.8.4] 1 phase, the minority C blocks forms the 4coordinated domains, and blocks A and B alternatively form 8-coordinated microdomains. In the [8.8.4] 2 morphology, the A and C blocks form the 8-coordinated polygons, and B blocks form the domains with 4-coordinations.

Figure 5 :

 5 Figure 5: (2 x 2 m 2 , inset: 150 x 150 nm 2 ) AFM topographic views of 3 -SPI (S:P:I = 1:1.2:0.6) thin film treated by a THF vapor and etched with a CF4/O2 plasma (scale bars: 400 nm). The 2D-FFT corresponding to the high magnified AFM image and the schematic representation of the (4.6.12) tiling pattern are presented on the upper left and bottom right corners of the figure, respectively.

Figure 6 :

 6 Figure 6: (1 x 1 µm²) AFM topographic view of the thicker part of 3 -SPI film (S:P:I = 1:1.2:0.6) thin film treated by a THF vapor and etched with a CF4/O2 plasma (scale bar: 200 nm). The schematic representation of the (4.6.12) tiling pattern having an in-plane orientation is presented on the bottom right corner of the figure.

Figure 2 :

 2 Figure 2: Schematic representation of the solvent vapor annealing set-up.

Figure 3 :

 3 Figure 3: Film thickness variations versus the swelling time: (a) in THF and (b) in CHCl3.

Figure 4 :

 4 Figure 4: (a) Schematic representation of the plasma etching process and (b) plasma reactor chamber used in this work.

Figure 5 :

 5 Figure 5: Scheme of the optical PM-IRRAS set-up. The first polarizer creates a p-polarized incident beam on the sample that is polarization-modulated by the PEM.

KHz) was directed

  out of the spectrometer with an optional flipper mirror and made slightly convergent with a first BaF2 lens (191 mm focal length). The IR beam passed through a BaF2 wire grid polarizer (Specac) to select the p-polarized radiation and a ZnSe photoelastic modulator (PEM, Hinds Instruments, type III). The PEM modulated the polarization of the beam at a high fixed frequency, ωm =74 KHz, between the parallel and perpendicular linear states. After reflection on the sample, the double modulated (in intensity and in polarization) infrared beam was focused with a second ZnSe lens (38.1 mm focal length) onto a photovoltaic MCT detector (Kolmar Technologies, Model KV104) cooled at 77 K. The polarization modulated signal was separated from the low frequency signal (ωi between 500 and 5000 Hz) with a 40 KHz high pass filter and then demodulated with a lock-in amplifier (Stanford Model SR 830). The output time constant was set to 1 ms. The two interferograms were high-pass and low-pass filtered (Stanford Model SR 650) and simultaneously sampled in the dual channel electronics of the spectrometer. In all the experiments, the PEM was adjusted for a maximum efficiency at 2500 cm -1 to cover the mid-IR range in only one spectrum. For calibration measurements, a second linear polarizer (oriented parallel or perpendicular to the first preceding the PEM) was inserted between the sample and the second ZnSe lens. This procedure was used to calibrate and convert the PM-IRRAS signal in terms of the IRRAS signal (i.e.

Figure 6 :

 6 Figure 6: PM-IRRAS spectra of PS, PI and P2VP homopolymer thin films (A) before and (B) after the plasma treatment. PM-IRRAS spectra of 3 µ-ISP thin film (C) before and (D) after the plasma treatment.

Figure 8 :

 8 Figure 8: (1 x 1 µm²) AFM topographic view of a star ABC terpolymer composed of PS, PI and P2VP self-assembled in thin film (a) recorded using TappingMode (TM); (b) recorded using PeakForce Tapping (PFT).

  

  

  

  

  Iatrou, H. & Hadjichristidis, N. Synthesis of a Model 3-Miktoarm Star Terpolymer. Macromolecules 25, 4649-

		PS		P2VP	PI			volume fraction/PS
	sample	M n	vol. frac.	M n	vol. frac.	M n	vol. frac.	S	P	I
	(kg/mol)		(kg/mol)		(kg/mol)				
	S 21 P 24 I 9	21	0.39	24	0.41	9	0.20	1	1.1	0.5
	S 21 P 24 I 13	21	0.36	24	0.38	13	0.26	1	1.1	0.7
	S 21 P 24 I 16	21	0.34	24	0.36	16	0.30	1	1.1	0.9
	4651 (1992).									

  Ces observations ont permis de conclure que l'orientation des plans de la structure double gyroïde coeur-écorce est contrôlée par l'épaisseur du film. Afin d'en savoir plus sur cette relation entre épaisseur du film et orientation des plans de la structure, nous nous sommes intéressés à une étude réalisée par Hashimoto et son équipe.9 Dans cette étude, ces auteurs montrent qu'il existe un lien direct entre l'aire occupée par la matrice à la surface du film et les différents plans de la gyroïde. Ils ont mis en relief le fait que le plan (211) minimise l'aire de la matrice (PS) à la surface du film. Ceci permet ainsi d'optimiser la présence de PI à la surface du film. Contenu de la faible énergie de surface du PI, celui-ci minimise l'énergie libre du système en déplétant à la surface du film. On peut noter que ceci est rendu possible uniquement car l'épaisseur du film laissant apparaître le plan (211) de la structure Q 230 est supérieure à la dimension de la cellule unité. En effet, pour des raisons de commensurabilité, lorsque l'on

		A	B	
		100nm	100nm	
	(211) plane			
	Double waves pattern (t ≈ 190 nm)	400nm	400nm	Wagon-wheel pattern (t ≈ 90 nm)
		C	D	
		100nm	100nm	
				(100) plane
	Doughnut pattern (step of terraces)	400nm	400nm	Wavy lamellae pattern
				(t ≈ 75 nm)
	7 B, C et D), le motif obtenu diffère du plan (211) de la structure Q 230 . En effet, lorsque
	l'épaisseur du film est de l'ordre de 90 nm, un motif en roue de charrette caractéristique du plan
	(111) de la structure Q 230 apparaît. Si l'épaisseur du film est réduite jusqu'à 75 nm, on obtient

le plan (100) de la structure Q 230 et entre les terrasses formées par le film, on observe le plan (110) de la structure Q 230 présentant un motif de donuts. (110) plane (111) plane diminue l'épaisseur du film, on va vers des périodicités de plus en plus petite en passant par des plans où la fraction volumique occupée par le PI en surface décroit de plus en plus. L'ordre des plans observés par Hashimoto et al. est en accord avec les résultats obtenus expérimentalement dans notre étude. Pour conclure, quatre plans différents de la structure Q 230 ont été démontrés. Si l'épaisseur du film est supérieure à la dimension de la cellule unité, le plan (211) est le plan thermodynamiquement le plus stable dès lors que l'aire de PI (bloc ayant l'énergie de surface la plus faible) à la surface du film est maximisé. Si l'épaisseur du film est inférieure à la dimension de la cellule unité, l'orientation du plan est dirigée par la commensurabilité entre l'épaisseur di film et la période du motif. Dans un dernier temps, nous nous sommes intéressé à l'auto-assemblage en film mince de deux terpolymères ABC en étoile. Dans la littérature, peu d'études reportent l'autoassemblage en film mince de terpolymères ABC en étoile. Les pavages d'Archimède (4.8.8), (6.6.6) ainsi que des morphologies hiérarchiques sont les seules morphologies démontrées en film mince. Dans cette thèse, nous avons étudié l'auto-assemblage de deux terpolymères ABC en étoile (3 µ-S19P24I9 et 3 µ-S19P24I16) dans une configuration de type film mince. Pour cela, les terpolymères ont été solubilisés à 2% en masse dans le toluène et déposés à la tournette (1,5 krpm) sur un substrat en silicium. Le film obtenu a ensuite été recuit dans différentes vapeurs de solvant puis traité par un procédé plasma.

  Un plasma et parfois un marquage aux atomes lourds ont ensuite été réalisés afin d'obtenir du contraste entre les blocs lors des analyses microscopiques. Nous avons démontré que l'auto-assemblage d'un terpolymère ABC linéaire frustré de type II permettait d'obtenir une structure double gyroïde coeur-écorce en film mince. Différents

	plans cristallographiques de la structure Q 230 ont ensuite pu être observés suivant l'épaisseur du
	film.
	Un pavage d'Archimède (4.6.12) a été obtenus par auto-assemblage de deux
	terpolymères ABC en étoile ayant des fractions volumiques pour le bloc C (PI) différentes.
	Nous avons mis en évidence la dépendance entre l'affinité du solvant de recuit avec les blocs
	et la nature du domaine occupant le centre de la structure du pavage d'Archimède (4.6.12).
	Augmenter l'épaisseur du film nous a, par la suite, permis d'obtenir un pavage d'Archimède
	(4.8.8).

En augmentant l'épaisseur des films, nous avons montré que nous pouvions passer d'un pavage (4.6.12) à un pavage (4.8.8), ou encore d'une structure colonnaire perpendiculaire à l'interface air/film à une structure parallèle à l'interface air/film.

Pour conclure, dans cette thèse, nous avons développé une méthode efficace pour la synthèse de terpolymères ABC linéaires et en étoile composés de PS, P2VP et PI. Une bibliothèque de terpolymères ABC linéaires et en étoile a été synthétisé en gardant la fraction volumique des blocs de PS et de P2VP constante mais en faisant varier la fraction volumique du bloc PI. La méthode de synthèse développée dans cette thèse s'est révélée intéressante car les étapes de fonctionnalisations sont simples et quantitatives. De plus, peu d'étapes de purifications sont nécessaires à l'obtention de terpolymères purs et la méthode de couplage utilisée ne met pas en jeu l'utilisation de métaux en tant que catalyseur. L'auto-assemblage en film mince de terpolymères ABC linéaires et en étoile a été démontré. Pour cela, un procédé de recuit par vapeur de solvant a été utilisé pour promouvoir la mobilité des chaines polymères.
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Table 2 :

 2 Characteristics of the ISP Star-Shaped Terpolymers

	Sample	Mn (10 3 )	Mw/Mn b	I:S:P d
	I	13.3 a	1.04	-
	S	27.4 b	1.01	-
	I1.0-b-S1.8	40.7 c	1.03	1:1.82:0
	I1.0S1.8P4.3	110 c	1.01	1:1.8:4.3
	I1.0S1.8P6.4	147 c	1.02	1:1.8:6.4
	I1.0S1.8P12	241 c	1.03	1:1.8:12.2
	I1.0S1.8P22	401 c	1.04	1:1.8:22.0

a Determined by 1 H-NMR. b Determined by SEC using polystyrene standard samples. c Estimated by 1 H-NMR based on Mn of the S precursor. d Volume ratios of I:S:P calculated using bulk densities of the components, i.e., 0.926, 1.05, and 1.14 g/cm

3 

for the I, S, and P components, respectively.

Table 3 :

 3 Blend Ratios of the ISP Star-Shaped Terpolymers and homopolymer to obtain the I1.0S1.8PX Series

	Sample	Formulation	Weight fraction	I:S:P a
	I1.0S1.8P9.6	I1.0S1.8P6.4/I1.0S1.8P12	0.35/0.65	1:1.8:9.6
	I1.0S1.8P11	I1.0S1.8P6.4/I1.0S1.8P12	0.16/0.84	1:1.8:11
	I1.0S1.8P32	I1.0S1.8P22/hP	0.70/0.30	1:1.8:32
	I1.0S1.8P53	I1.0S1.8P22/hP	0.44/0.56	1:1.8:53

a Volume ratios of I:S:P calculated using bulk densities of the components.

Table 4 :

 4 Summary of the structures obtained from the self-assembly of 3 µ-ISP-x

	Morphology	(4.6.12)	(6.6.6)	(4.8.8)	(3.3.4.3.4)	Cylinders-in-lamella	Columnar piled disk cylinder
		1:1:0.2;					
	I:S:P volume ratio	1:1:0.4; 1:1:1.9;	1:1:0.7	1:1:1; 1:1:1.2	1:1:1.3	1:1:3; 1:1:4.9	1:1:7.9; 1:1:10
		1:1:1.5					

Table 1 :

 1 Summary of the synthesized linear ABC terpolymers composed of PS, P2VP and PI (SPI) synthesized by combining the anionic polymerization with the Steglich coupling reaction.

		PS		P2VP	PI			
	SAMPLE	Mn	vol.	Mn	vol. frac.	Mn	vol. frac. S	P	I
		(kg/mol)	frac.	(kg/mol)		(kg/mol)			
	S21P24I9	21	0.39	24	0.41	9	0.20	1 1.1 0.5
	S21P24I13	21	0.36	24	0.38	13	0.26	1 1.1 0.7
	S21P24I16	21	0.34	24	0.36	16	0.30	1 1.1 0.9

Table 2 :

 2 Table summarizing the star miktoarm ABC terpolymer obtained from the after the coupling reaction.

		PS		P2VP		PI		FRACTION/S
	SAMPLES	Mn	vol.	Mn	vol.	Mn	vol.	S	P	I
		(kg.mol -1 )	frac.	(kg.mol -1 )	frac.	(kg.mol -1 )	frac.			
	3 µ-S19P24I9	19	0.37	24	0.43	9	0.20 1	1.2 0.6
	3 µ-S19P24I13	19	0.34	24	0.39	13	0.27 1	1.2 0.8
	3 µ-S19P24I16	19	0.32	24	0.37	16	0.31 1	1.2 1.0
	3 µ-S19P24I28	19	0,26	24	0.30	28	0.44 1	1.2 1.7

Table 1 :

 1 Hildebrand parameters for several solvents and the polymers used in this study.

		Hildebrand solubility parameter (MPa 1/2 )
	Chloroform	17,8
	Tetrahydrofuran	19,5
	Toluene	18,1
	Polystyrene	18,5
	Poly(2-vinylpyridine)	20,6
	Polyisoprene	16,3

Hashimoto, T., Nishikawa, Y. & Tsutsumi, K. Identification of the 'voided double-gyroid-channel': A new morphology in block copolymers. Macromolecules 40,

1066-1072 (2007).

H NMR spectrum of the carboxyl-end-functionalized hPI-COOH in CD2Cl2 is

Remerciements

II. End-functionalized polyisoprene homopolymer

The end-functionalized homopolyisoprene (hPI) chains were synthesized by anionic polymerization without any protection/deprotection step. For that purpose, a carboxylation was performed at the end of the synthesis of the living polyisoprene. 23,24 The general route for the synthesis of the end-functionalized hPI is presented in Figure 1. PI homopolymers with different molecular weights (9, 13, 16, and 28 kg.mol -1 ) were prepared using the same synthesis route. In the next part, the synthesis of the hPI having a molecular weight of 9 kg.mol -1 will be first described in detail. Results for the other PI homopolymers will be then presented.

Synthesis of a carboxyl-end-functionalized polyisoprene homopolymer model

The anionic polymerization of the PI homopolymer are conducted in THF at -30°C using sec-BuLi as initiator. For that purpose, THF (40mL) was introduced in a flame dried round 250 mL flask equipped with a magnetic stirrer. 25 The solution was cooled down to -30°C. Secbutyllithium (0.45 mL, 0.0007 mol) was charged followed by the addition of isoprene (10 mL, 0.1 mol). 16,17 The slightly yellow reaction mixture was stirred for 3 hours. After complete conversion, the living polyisoprene was end-capped with carbon dioxide. The solution became colorless immediately. To ensure a complete end-capping of the polyisoprenyl anion, the solution was stirred at room temperature for 10 minutes. The reaction was then terminated by adding dried methanol in the flask. After concentration of the mixture, the hPI chains were precipitated in methanol and dried in an oven at 35°C. The concentration of carboxylic acid chain ends was determined by titrating a solution of 0.2 g of polymer in 20 mL of toluene with 0.01 M KOH in methanol with phenolphtalein. The resulted hPI-COOH was characterized by 1 H NMR (400 MHz, CD2Cl2). II. Thin film (4.6.12) Archimedean tiling patterns Thin film morphologies of 3 µ-SPI (S:P:I = 1:1.2:0.6) and 3 µ-SPI (S:P:I = 1: 1.2: 1) were studied. For that purpose, a 2 wt. % polymer solution in toluene was spin-coated on smooth silicon substrates. The 3 -SPI self-assembly was promoted by exposing samples to a continuous stream of a CHCl3 or THF vapor produced by bubbling nitrogen gas through the liquid solvent as described previously. 11,12 The morphology of the solvent-annealed 3 -SPI thin films was frozen by quickly removing the lid of the chamber. The solvent annealing process under a vapor of either CHCl3 or even THF favors the formation of a PI top surface layer. A fluorine-rich plasma was therefore applied to remove this low surface energy layer which revealed the thin film morphology (plasma conditions are 40 W, 17 sccm CF4 and 3 sccm O2,

s).

In this chapter, we will first described the morphologies obtained from the self-assembled 3 µ-SPI (S:P:I = 1:1.2:1) thin films under a chloroform vapor. The microphase-separation of 3 µ-SPI (S:P:I = 1:1.2:0.6) thin films placed under a THF vapor will be then discussed.

1) Solvent annealed 3 µ-SPI (S:P:I = 1:1.2:1) under a CHCl 3 vapor In this part, the self-assembly of the 3 µ-SIP chains having a quasi-symmetric composition (S: P:I = 1:1.2:1) will be studied. In this case, the thin film was treated by a CHCl3 vapor for 2 hours. The thickness of the film was determined to be 80 nm by light reflection using a Filmetrics apparatus. The AFM topographic image of the resulting structure is presented in Figure 1. Here, PI (dark brown) occupying the inner part of the structure is surrounded by an alternation of PS (yellow) and P2VP (brown) domains. The structure exhibits an out-of-plane columnar structure ordered into a hexagonal array. The 2D-FFT presented in Figure 1 confirms the p6mm symmetry of the array having a single grain orientation since six first-order spots are clearly visible. PI domains have a period of 41 nm according to the 2D-FFT while PS and P2VP domains have a similar period of 24 nm. Both the array symmetry and the distribution of periodicities are in accordance with the formation of (4.6.12) Archimedean tiling pattern as illustrated by the schematic representation of the structure showed on the bottom right corner of the AFM image. From this representation, PS, PI and P2VP occupy the blue, orange and red regions, respectively, of the (4.6.12) Archimedean tiling pattern.

V. AFM Characterization

To characterize the structure of the self-assembled polymeric thin films, the atomic force microscopy (AFM) was mainly used. The AFM is a high-resolution type of scanning probe microscopy (SPM), with demonstrated resolution in the nanometer scale. Until now, TM AFM (Tappingmode or intermittent contact mode atomic force microscopy) has been the most often applied direct imaging technique to characterize the thin film morphology. In Tappingmode, the cantilever is oscillated up and down at or near its resonance frequency, in a direction normal to the sample surface. The frequency and amplitude of the driving signal are kept constant, leading to a constant amplitude of the cantilever oscillation as long as there is no drift or interaction with the surface. Typical amplitudes of oscillation are in the range of tens of nanometers. The Tappingmode does not measure a direct force, but short range repulsive and long range repulsive forces. The general operation is shown in Figure 7a. In our case, the TM allows for a good contrast between PI and other blocks, but does not allow enough contrast between the PS and P2VP blocks to determine their relative position in the structure. To overcome this lack of contrast, we tried another mode called PeakForce Tapping (PFT). Similar to TM, in PFT, the AFM tip is brought intermittently into contact with the sample surface. In contrast with Tappingmode, the PFT operates in a non-resonant mode.

The PFT oscillations are performed at frequencies well below the cantilever resonance.

Moreover, the z-position is modulated (by a sine wave or triangular one) to avoid unwanted

Synthesis of linear and star miktoarm ABC terpolymers and their self-assembly in thin films

The first objective of this work was to develop a synthesis method enabling the preparation of linear and star ABC terpolymers. The molecular weights of the A and B (PS and P2VP) blocks were kept constant while the size of the C (PI) block was varied to achieve different morphologies. The second objective of this work was devoted to the study of the self-assembly of linear and star ABC terpolymer thin films. A synthesis route combining the anionic polymerization with a coupling method was developed. The PS and P2VP blocks were synthesized by a sequential anionic polymerization. The PI block separately synthesized by anionic polymerization was then coupled to the PS-b-P2VP diblock via a Steglich esterification. This method revealed to be efficient since it is a catalyst metal-free reaction enabling to achieve well-defined terpolymers with a dispersity below 1.1

The study of star and linear ABC terpolymer self-assembly led to new morphologies in thin film. A solvent vapor annealing treatment was used to promote the mobility of the polymeric chains. A core-shell double gyroid structure was produced from the self-assembly of linear PS-b-P2VP-b-PI thin films. Four different crystallographic planes were observed depending on the film thickness. Moreover, the self-assembly of star ABC terpolymer chains into a thin film (4.6.12) Archimedean tilling pattern was demonstrated for the first time. Here, the PS and PI blocks occupied different places within the (4.6.12) tiling pattern depending on the PI volume ratio and the solvent selected to swell the film.

Synthèse de terpolymères ABC linéaires et en étoile et étude de leur auto-organisation en films minces

L'objectif premier de ce travail a été de trouver une méthode de synthèse permettant de préparer des terpolymères ABC linéaires et en étoile en gardant la masse molaire des blocs A et B (PS et P2VP) constantes, tout en faisant varier la masse molaire du bloc C (PI) de sorte à avoir accès à différentes morphologies. Le deuxième objectif consistait en l'auto-assemblage des terpolymères synthétisés sous forme de films minces.

Afin de répondre au premier objectif de cette thèse, une voie de synthèse, combinant la polymérisation anionique avec une méthode de couplage, a été mise au point. La polymérisation anionique séquentielle des blocs PS et P2VP a donné lieu à des chaînes PS-b-P2VP fonctionnalisées qui ont été ensuite couplées à différents blocs PI via une estérification de Steglich. Cette méthode de synthèse s'est révélée pertinente car des terpolymères ABC linéaires et en étoile très bien définis (c-à-d ayant une dispersité inférieure à 1.1) ont pu être synthétisés. De plus, la méthode de couplage, ayant un rendement proche de 100%, ne met pas en jeu l'utilisation de métal en tant que catalyseur.

Dans un deuxième temps, l'auto-organisation des terpolymères a permis d'obtenir de nouvelles morphologies sous forme de films minces. Un recuit par vapeur de solvant a été utilisé pour apporter de la mobilité aux chaînes terpolymères. Ainsi, nous avons montré que l'autoorganisation de chaînes terpolymères linéaires (PS-b-P2VP-b-PI) permettait la formation d'une phase double gyroid coeur-écorce en film mince. De plus, l'auto-organisation des terpolymères en étoile (3 µ-ISP) a permis d'obtenir un pavage d'Archimède de type (4.6.12) pour la première fois en film mince. Dans ce cas, nous avons aussi montré que varier la masse molaire du bloc PI ainsi que la nature du solvant de recuit permettait une rotation des domaines au sein la structure. Typiquement le coeur de la structure peut être occupé soit par le PI ou bien le PS.