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My greatest appreciation also goes to Prof. Zhao-Tie Liu, Prof. -III- Ensuite, les dérivés de PPFS donneurs de liaisons H ont été utilisés en partenariat avec le P4VP pour élaborer avec succès de nouveaux films multicouche dont la force motrice est l'établissement de liaisons H. L'influence de nombreux paramètres relatifs à la structure des polymères donneurs (DS, structure chimique du groupement associatif), au type de modification chimique subie par le substrat sur lequel est élaboré le film multicouche (monocouche auto-assemblée vs. polymère greffée en conformation de type brosse) ou encore des paramètres expérimentaux liés aux conditions de dépôt (concentration des solutions de dépôt, nature du partenaire adsorbé en premier) a été étudiée. Plus particulièrement, le mécanisme de croissance ainsi que les caractéristiques de surface du film ont été évalués.
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General Introduction

The modification of inorganic surfaces by multi-component polymer films is meeting a broad and profound interest in the nanomaterial science. The interest is twofold: such thin films and their formation mechanism are very relevant from fundamental interest together with a high potential to impart various specific functionalities to the substrate (antireflection or anti-corrosive properties, bioactivity, superhydrophobicity…) thanks to both the chemical nature of the used polymers and the internal and surface organization. Bottom-up approaches were widely used to functionalize surfaces. In this frame, the self-assembly by layer-by-layer (LbL)

deposition of polymers able to develop specific interactions has emerged as a powerful, versatile and simple technique for the construction of multilayer films with precise control of the thickness, the architecture and the composition at the nanoscale. Initially, the LbL technique was used to produce polyelectrolyte multilayers (PEMs) stabilized by electrostatic interactions. Then, the LbL assembly has been successfully extended to various attractive forces including hydrogen bonds (H-bonds). H-bond presents incontestable assets such as (i) its strength which is higher than most of non-covalent interactions but still reversible and tunable by many parameters and (ii) the large panel of polymers able to develop H-bonds.

This basic research thesis, funded by the China Scholarship Council (CSC)

program, is inscribed in this frame. Indeed, in the continuing challenge to develop new tailor-made multilayer films mediated by H-bonds, we were interested in the design of a library of novel H-bond donor copolymers based on poly(2,3,4,5,6pentafluorostyrene) (PPFS). As a styrenic derivative, not only PPFS presents the advantage to be hydrophobic in nature and immiscible with most other families-based polymers but it is well known that the para-fluorine substituent of pentafluorophenyl groups is labile and can be substituted by a panel of nucleophiles, such as amines, thiols and alcohols. The strategy that we considered to access novel H-bond donors relies in the chemoselective post-modification of PPFS with different mercaptoalcohols: hydrogenated alcohols bearing one or two hydroxyl groups and a polyfluorinated mercaptoalcohol. The change of the chemical structure of the tethered mercapto moiety as well as the degree of substitution (DS) allows for tuning the H-bond donation capability of the PPFS derivatives. In order to well control the development of H-bond interactions, the ability of the PPFS derivatives to undergo H-bonds with different Hacceptor partners such as poly(4-vinyl pyridine), poly(ethylene oxide) and poly(n-butyl acrylate) in organic solution was undertaken. As a function of the strength and extent of the interchain H-bond interactions, different cases can be faced such as the formation of immiscible blends, miscible blends or interpolymer complexes. The investigation of the interaction capability of polymer mixture in solution constituted a key prerequisite to elaborate the targeted multilayered films by LbL technique. The general strategy is depicted in the Scheme GI-1.

Scheme GI-1: General strategy and methodology used in this thesis This manuscript will be organized in three different parts. The first bibliographic chapter will aim at drawing the context of this work. Thus, this chapter will be divided into two main parts: one which will report on the use of hydrogen bond as a powerful tool to promote the miscibility between two polymers (in solution and in bulk). Especially, efforts will be devoted to the presentation of the various blends based on the use of hydroxyl-containing polymers as H-bond donor partners, to the description of the synthetic routes to design such hydroxylated (co)polymers and to the main parameters which can impact hydrogen-bond interactions. The second part will deal with multilayered films constructed through H-bond by using the layerby-layer technique. After a summary of the main assets of this surface functionnalization technique, an overview of the different polymer combinations mentioned in the literature will be presented and a focus on the means to tune the films features through a variation of external or internal parameters will be exposed.

Finally, the films resulting from the use of hydroxylated polymers will be developed.

The second chapter will be relied on two complementary publications. To better settle the objectives of the thesis, a general introduction will present (i) the envisaged chemical strategy which allowed for designing three different hydroxylated PPFS-based differing in the chemical structure of the H-bond donor modifier and in the degree of substitution value and (ii) the methodology followed to in-depth investigate the H-bond formation in organic solvent. The first article will deal with the chemoselective post-modification of PPFS with two different mercapto-alcohols presenting either one or two hydroxyl groups to design PPFSME and PPFSMPD derivatives. The kinetics of the grafting reaction will be investigated as a function of experimental parameters in order to better understand the reaction and to tune the degree of substitution of the resulting modified PPFS. The ability of these copolymers to develop hydrogen interactions will be assessed by taking benefit of the strong Hbond acceptor character of poly(4-vinyl pyridine) (P4VP). In particular, the possibility to obtain immiscible blends, miscible blends or IPC will be discussed. The second article will be focused on the synthesis and the H-bond capability of a third PPFSbased H-bond donor copolymer (PPFSOH) resulting from the use of a polyfluorinated mercaptoalcohol. Its propensity to develop H-bonds will be compared in details with the one of PPFSME and PPFSMPD derivatives in conjunction with poly(4-vinyl pyridine), poly(ethylene oxide) and poly(n-butyl acrylate) as H-bond acceptors.

The third chapter will focus on the preparation and characterization of multilayer films mediated by H-bonds by using the various PPFS derivatives in combination with P4VP. First, a general introduction aiming at emphasizing the objectives of this part will be exposed. The preparation of the two different functionalized substrates on which the multilayer films are deposited will be then presented. Finally, the feasibility to construct such a film will be proved and the influence of various parameters such as the influence of the DS, the order of the deposited polymers, the chain concentration, the chemical structure of PPFS derivatives and the nature of the substrates will be investigated in terms of growth mechanism, internal organization, deposited amount and surface topography.

Chapter 1
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Chapter 1: Reviews on Bibliography

The objective of this work is to prepare new multilayered films mediated by H-bond interactions through the use of layer-by-layer deposition technique. In this view, as it will be presented in the second chapter, novel H-bond donor copolymers were synthesized through "quasi-click" coupling and their ability to develop H-bonds with various H-bond acceptor partners was investigated. Thus, it is required to expose the state of art linked to this scope by giving a bibliographic overview dealing with the development of H-bonds in polymer blends and with multilayered films constructed through H-bonds.

This first chapter will be divided into two parts. The first section will be dedicated to the exploitation of H-bonds in polymer blends to improve the miscibility, with more particularly a focus on the use of hydroxylated polymers as H-bond donor partners, their synthesis and the main parameters which dictate the final properties of the blends. In the second part, multilayered films built by H-bonds by using the layerby-layer technique, with in particular, the influence of external and internal parameters will be discussed. Also, hydroxylated polymers for the preparation of assembled films will be presented.

H-bond interactions in polymer blends to improve the miscibility

The giant versatility and special properties of polymer materials have definitely established their important status in the field of materials science. However, as only few monomers are commercially available, many efforts have been devoted to the development of suitable chemical strategies in order to design new polymers with novel properties. Another strategy consists in blending two or more dissimilar polymers aiming at generating new materials with improved properties, superior to those of the individual components. This method appears as a relevant approach since it is easier, cheaper and less time-consuming than the development of new monomers or new polymerization systems. In addition, the properties of materials resulting from polymer blending can be finely tuned by the polymer chemical structures and/or the adjustment of the blend composition.

In essence, polymer blends are commonly prepared by solution blending in research laboratories. The two polymers are separately dissolved in a common solvent, and the two polymer solutions are subsequently mixed. In most of cases, immiscible blends are encountered as compared to miscible ones. Indeed, from a thermodynamic point of view, the high molecular weight of polymer leads to negligible mixing entropy and the miscibility becomes strongly dependent on the contribution of the enthalpic term. For some systems, the components in the blend are prone to separate into phases containing predominantly their own kind, and thus, a sharp interphase is obtained within the blend. The poor adhesion and physical attraction forces between the two polymers usually give rise to systems which are useless for material applications. Two different polymers are likely to be miscible with each other if they possess specific interacting groups allowing for overcoming the initial intrinsic repulsion. Thus, when solution blending is envisioned different cases can be faced: (1) immiscible blends for which the solution mixture is transparent and no interaction is formed after solvent evaporation; (2) miscible blends for which the solution mixture remains transparent but interactions exist after solvent evaporation; (3) interpolymer complexes (IPC) which leads to the formation of precipitates obtained directly after the mixture of the two polymers, due to the formation of strong and numerous interactions. The formation of IPC indicates that polymer-polymer interactions are stronger than polymer-solvent ones, and the two polymers coprecipitate as highly associated materials (see Scheme 1-1). It is well-known that by progressively increasing the number of interacting groups attached to the polymers, a transition of polymer blends from immiscible to miscible, and then to IPC can be reached [1]. The degree and kinetics of supramolecular association between the polymers is strongly dependent on the nature of the solvent, the temperature and also on the number, the distribution and the chemical structure of the interacting groups. [2] Scheme 1-1: Schematic presentation of different types of blends prepared in solution

In order to improve the compatibility between components in the blends, it appears necessary to develop controllable specific intermolecular interactions between them. Generally, to well match the intermolecular interactions between two dissimilar polymers, one polymer has to possess donor sites, and the other one, heterocomplementary acceptor sites. For that, different physical interactions can be used, such as ion-dipole, π-π, charge transfer or H-bond interactions [3][4][5][6][7][8][9].

In this bibliographic part, we will mainly focus on H-bond interactions as the driving forces for polymer compatibilization, and giving this kind of interaction is also the objective of this PhD work. Moreover, the introduction of H-bond interacting groups onto polymers generally does not affect much the global properties of the starting materials (contrary to the introduction of charges for electrostatic interactions, for example).

Free energy of mixing for polymer blends: impact of H-bonds

A hydrogen bond involves an electron-deficient H atom which is generally covalently bonded to a highly electroattractive element X, and another electroattractive element Y bearing one or more lone pairs of electrons, namely, X-H…Y type (see Scheme 1-2). The energy of a hydrogen bond is generally in the range of 1 to 10 kcal/mol, which is much weaker than covalent bonds or ionic bonds (around 50 kcal/mol) but much stronger than van der Waals attraction (around 0.2 kcal/mol). Since the first mention of hydrogen bond by Moore and Winmill in 1912 [10],

it has been one of the hottest scientific research fields not only in chemistry community but also in life science. Especially for polymer scientists, intermolecular H-bond is a powerful tool to promote the compatibility between polymers.

For H-bonded polymer blends, the degree of inter-associated H-bonds is a key factor which controls the miscibility within the blend. In order to take into account the presence of specific interactions between polymers in a blend, Painter and Coleman [11,12] added an additional term to the classical Flory-Huggins equation related to the free energy linked to H-bonds between the two polymer partners.

This theory is based on the assumption that "weak" or "physical" forces and "strong" or "chemical" forces contribute to the free energy of mixing (ΔG m ). Thus, the revised equation for a pair of polymers A and B is given by Equation 1-1:

ΔG m / RT = ϕ A ln(ϕ A ) / N A + ϕ B ln(ϕ B ) / N B + χ ϕ A ϕ B +ΔG H / RT (Equation 1-1)
where R is the gas constant, T is the temperature, ϕ and N are the volume fraction and polymerization degree of polymer A or B. The first two terms represent the combinatorial entropy due to polymers A and B, which are usually favorable but very small for polymers with high molecular weight. Therefore, ΔG m is dominated by the balance between the third and the fourth term of Equation ( 1). The former one (χϕ A ϕ B ) involving the Flory parameter χ which is calculated for non-hydrogen bonded system, refers to the unfavorable "physical" forces. It positively contributes to the mixing enthalpy and is thus unfavorable for the mixing. The latter one (ΔG H /RT) corresponds to the negative contribution from favorable "chemical" forces which can be determined from equilibrium constants and enthalpy changes of H-bond formation.

Therefore, two important aspects which are dependent on this term should be kept in mind: (1) the relative extent of inter-association between polymers A and B when compared to the A/A or B/B self-association. In particular, this is highly critical when OH groups are considered as the interacting groups, as they tend to strongly selfassemble [12]. If the strength of inter-association between two dissimilar polymers is stronger than the self-association, the value of this term is then favorable for the where B n refers to n-mers of B units. The equilibrium constants for self-association (K BB ) and inter-association (K AB ) are defined as:

K BB = n ϕ Bn+1 / (ϕ Bn ϕ B1 (n+1)) K AB = n r ϕ BnA / (ϕ Bn ϕ A1 (n+r))
where ϕ A1 and ϕ B1 represent the volume fraction of polymer A and B, respectively which are not involved in the hydrogen bonded association, and r is the ratio of the molar volume of A and B. Therefore, if the inter-association is strongly favored over the self-one (K AB > K BB ), the polymer blend is expected to be miscible. Thus, the ratio between K AB and K BB provides a quantization of the H-bond inter-association between polymer A and B and it can be used to assess the effects of various factors, such as the chemical structure, the temperature, the nature of solvent, on the formation and the strength of H-bonds. In the methodology of Coleman et al. [12], K BB for polymers containing hydroxyls are assumed to have the same values as those calculated from the FTIR study performed on resembling model compounds. In general, K BB can be derived directly from IR studies of the single-phase blends. Then, the K AB /K BB ratio can be determined, according to the corresponding value, the phase behavior of the blends becomes predictable. The following parts in this chapter will deal with the impact of these various factors.

Besides the K AB and K BB parameters, the glass transition temperature (T g ) is sometimes considered as a relevant and accurate measurement of the interaction strength between the constituents of the blend. Generally, the detection of only one single T g reflects a good miscibility between the components. Many equations have been proposed to describe the T g evolution in miscible polymer blends, including the Fox [13], Gordon-Taylor [14], Couchman-Karasz [15][16][17][18], Braun-Kovacs [19] and Kwei [20] equations. Among them, the Kwei equation (Equation 1-2) has been much used:

T g = + qW 1 W 2 (Equation 1-2)
where T g , T g1 and T g2 are glass transition temperatures of polymer blend, polymer 1 and polymer 2, respectively. W 1 and W 2 are weight fraction of polymer 1 and polymer 2, respectively. Both k and q are empiric parameters. These values can be determined by fitting experimental data and calculated T g values. For most of used least square fittings, the k value is 1, and thus, the q value is a measurement of the interaction between the two components, corresponding to the strength of hydrogen bonds.

Regarding the T g of the blends, many cases can be faced (see Figure 1-1). When Hbonds are formed, a T g increase can be observed, because the inter-association leads to a restriction of the polymer motion. Generally, the T g value for blends is higher than those expected by using a linear rule with k=1 and q=0 in the Kwei equation breaking of the self-association (AA and BB) and the formation of the inter-associated H-bonds (AB). Thus, the higher the q value is, the stronger inter-associated H-bond interaction is. 

Hydroxylated polymers as H-bond donors

The elucidation of the role of H-bond interactions on the miscibility in polymer blends is one of the most important advances in the field of polymer blending materials. There are plenty of experimental reports that have proved that the formation of H-bonds between two partners plays a key role in the enhancement of the miscibility of polymer blends. Among H-bond donor polymers, the polymers bearing hydroxyl groups are very relevant candidates for such purpose. Indeed, the access to hydroxylated polymers is relatively easy. The availability of OH-repeating unit is good, and finally, a large panel of acceptor polymers can be used to form strong Hbond interactions with hydroxylated polymers such as polyesters, poly(meth)acrylates, polyethers, polyamines, polyketones, polyurethanes, poly(vinyl pyrrolidone), polyacrylamide, and so on. As can be seen in Table 1-1, a large panel of hydroxylated donor polymers with various chemical structures was used in H-bonded polymer blends. In order to well investigate and to control the H-bond interactions between donor polymers and acceptor polymers, many parameters should be taken into account. First, the composition of polymer blend can affect the miscibility, as detailed above. Second, most of hydroxylated donor polymers in Table 1-1 are copolymers in which only OHcontaining units can be seen as the donor, thus the degree of substitution (meaning the molar or weight percentage of OH-containing units in the copolymer) is a key parameter in the formation of hydrogen bonds. Third, the Lewis acidity of donor polymers reflects the capability of forming H-bonds. Therefore, the chemical structure (chemical nature, flexibility, steric hindrance, etc.) of OH-containing units of donor polymer strongly impacts the H-bonds strength. Fourth, the blending conditions such as the temperature, the solvent, etc. are important experimental parameters which need to be well-considered. All these main parameters will be discussed in the following parts.

Firstly, to well understand the importance of the chemical structure on the hydrogen bonding interaction, the next part will detail the different possible synthetic pathways to design hydroxylated donor polymers.

Chemical routes for OH-containing donor polymers

It is well-known that natural polymers such as polysaccharides contain multiple OH groups on the polymer backbone by nature, which can be used as Hbond donors in polymer blends. However, besides this kind of donor polymers, OHcontaining donor polymers can be synthesized. Synthetic strategies of hydroxylated polymers not only provide a practical guide for compounding miscible blends from existing known polymers but also open a door in the research of miscibility enhancement in polymer blends. From a chemical point of view, most of the reported methods in the literature can be divided into three categories: (1) chemical derivations;

(2) (co)polymerization of monomers bearing OH-donating groups; (3) combination of (co)polymerization and chemical derivations (see Scheme 1-3).

Scheme 1-3: Synthetic strategies for OH-containing polymers

I. Chemical derivations

The chemical derivation methods to obtain H-donor polymers mean that hydroxyl groups must be introduced onto a presynthesized polymer backbone through a chemical reaction, which provides the possibility to tune the degree of substitution of hydroxyls by controlling the conversion of the chemical reaction. For example, poly(vinyl alcohol) (PVA) mentioned above is obtained by partial or complete hydrolysis of poly(vinyl acetate) (PVAc) (see Scheme 1-4). Homo-PVA (complete hydrolysis) or P(VA-co-VAc) copolymer (partial hydrolysis) were prepared, and some works reported on their blend with poly(ethylene oxide) (PEO) [43],

poly(acrylonitrile-co-acrylamide-co-acrylic acid) [P(AN-co-AM-co-AA)] [44] and poly(3-hydroxybutyrate) (PHB) [45] as H-bond acceptors. 

II. (Co)polymerization

Most of hydroxylated H-bond donor polymers are synthesized by a (co)polymerization of monomers in which hydroxyls can be seen as the H-bond donor sites. In this method, most of monomers are commercial agents such as hydroxyalkyl (meth)acrylate. Through conventional radical copolymerization, hydroxylated H-bond donor homopolymers can be obtained. For example, poly(2-hydroxyethyl methacrylate) and poly(3-hydroxypropyl methacrylate) [47] are easily synthesized.

The homopolymers mentioned above contains a large number of OH groups, as each repeating unit bears one OH interacting site. However, to tune the amount of OH groups per polymer chain and thus the miscibility in polymer blends, copolymerization appears as a relevant strategy. For example, Djadoun et al. [46] prepared poly(styrene-co-2-hydroxyethyl acrylate) containing 16 and 33 mol. % of 2hydroxyethyl acrylate by using free radical polymerization at 60 o C in dioxane, and then, the copolymers were blended with poly(styrene-co-4-vinylpyridine) to develop H-bonds.

In some cases, the synthesis of hydroxylated monomers with peculiar structure is required to finely tune the interaction capability of the H-bond donor partner. In order to enhance the H-bond donor capability of hydroxyl groups, Jiang et al. [38] synthesized the monomer p-(1,1,1,3,3,3-hexafluoro-2-hydroxypropyl)-αmethylstyrene (HFMS) by introducing two -CF 3 groups in α-position of the OH. This work was motivated by the encouraging results of Pearce and Kwei, who showed the potential of such (CF 3 ) 2 OH groups for controlling miscibility of polymer blends [39].

Moreover, by considering that α-methylstyrene is difficult to be free-radically Poly(styrene-co-vinyl phenol) [P(S-co-VPh)] copolymer was synthesized by Kuo et al. [31] and used in blends with poly(vinyl phenyl ketone) (PVPK). It is difficult to synthesize poly(vinyl phenol) through direct polymerization of vinyl phenol because of the occurrence of side reactions involving the OH group during polymerization. As a result, a poly(styrene-co-4-tert-butoxystyrene) copolymer was synthesized by copolymerization of styrene and 4-tert-butoxystyrene. After deprotection, the P(S-co-VPh) copolymer was obtained (see . Through an adjustment of the feed ratio between the two monomers during the copolymerization, the OH-content of the resultant copolymer can actually be tuned. To summarize, whatever the synthetic pathway is, it is possible to obtain OH donating sites onto the polymer backbone. In particular, through copolymerization, the amount of OH groups can be tuned. However, these methods all focus on the chemical structure modification of monomers and even require complex and timeconsuming multiple synthesis steps. To the best of our knowledge, few literatures focused on simplifying the synthetic process to overcome these drawbacks.

Parameters influencing the H-bond interactions

As H-bond is a directional attractive interaction between electron-deficient hydrogen and electron-rich atoms, the strength of H-bond is related to various factors including internal parameters (acidity of donor, accessibility of the OH interacting groups, etc.) and external ones (mixture composition, temperature, solvent, etc.). Thus, to improve the strength of H-bonds in polymer blends, it is necessary to well evaluate the effect of each factor on the H-bond interaction. In the following part, the main reported parameters influencing the H-bond interactions are discussed.

I. Effect of the mixture composition

The mixture composition between donor and acceptor groups in polymer blends can be tuned in two ways: (1) by changing the molar percent of interacting groups per polymer chain (either donor/acceptor or both partners) for a given molar ratio of donor groups compared to acceptor ones; (2) by changing the molar ratio of donor compared to acceptor groups for a given chemical structure of polymers (the degree of substitution (DS) does not vary).

For the first case, Kuo [31] investigated by DSC and FT-IR blends involving poly(styrene-co-vinyl phenol) [P(S-co-VPh)] and poly(vinyl phenyl ketone) (PVPK) by focusing on the effect of vinyl phenol content in the given copolymer. It was found that P(S-co-VPh) copolymers with at least 22 mol. % of VPh units lead to miscible blends with PVPK (50/50 wt. %) as DSC thermograms exhibit only one T g [see wt. % blends in which the VPh content in the copolymer was varied. As can be seen, the C=O stretching bands are broadened when the VPh content increases. This large signal stands for both free (at 1680 cm -1 ) and hydrogen-bonded C=O groups (at 1660 cm -1 ), respectively. The fraction of hydrogen-bonded C=O groups increases with the VPh amount increase. It appears that a large number of H-bonds in the polymer blend yields to a miscible phase, with a single T g . particularly interested in the surface properties as analyzed by X-ray photoelectron spectroscopy (XPS) [28,29]. By increasing the VPh content in the P(S-co-VPh) copolymer, the blends can undergo a transition from immiscible to miscible and finally interpolymer complex (IPC). For the immiscible blends, as obtained with P(Sco-VPh) copolymer containing 3 mol. % of VPh units, an excess of P(S-co-VPh) was found on the surface. This seems to be coherent since this copolymer has a much lower surface free energy than P(S-co-4VP) [50]. While VPh content increases in the copolymers (9 mol. % and 16 mol. % of VPh), an unexpected result was observed: the surface enrichment in P(S-co-VPh) is higher for miscible blends than for immiscible ones. The authors ascribed this behavior to the formation of strong self-associated OH/OH H-bonds between different P(S-co-VPh) chains. Indeed, self-association of P(S-co-VPh) increases with the VPh content rise up to 16 mol. %. When the VPh content increases to 21 mol. % higher, interpolymer complexes (IPC) start to be formed. It was found that the surface excess of P(S-co-VPh) dramatically decreases, indicating that there is no obvious difference in composition between the surface and the bulk blend as intermolecular H-bonds are strong enough to prevent from any reorganization to occur at the surface. In the IPC, the two components form a new supramolecular species that behaves like a single pure polymer. The illustration can be shown in Figure 123. Besides by tuning the amount of interacting groups in the polymer backbone, a second way resides in tuning the donor to acceptor molar ratio while the chemical structure of each partner is constant. Panayiotou et al. [30] prepared a series of blends involving poly(styrene-co-4-vinyl phenol) [P(S-co-VPh)] with 25 mol. % of VPh units with various weight amount of poly(vinyl pyrrolidone) (PVP). Figure 1234presents the magnification in the OH region of the FTIR spectra for the different blends. In the spectrum of pure P(S-co-VPh), the sharp peak at 3540 cm -1 is attributed to free hydroxyl groups whereas the peak at 3415 cm -1 stands for the OH/OH selfassociated hydroxyl groups. Upon blending with PVP, as the amount of PVP increases, there is a disappearance of both peaks at 3540 and 3415 cm -1 . Concomitantly, there is a gradual increase of an additional bump at 3250 cm -1 attributed to H-bonds between OH groups and pyrrolidone units (hetero-association). These changes reflect the promotion of intermolecular H-bonds between P(S-co-VPh) and PVP by tuning the mixture composition. Goh et al. [22] studied blends of PVPh and poly [2-(dimethylamino)ethyl methacrylate] (PDMAEMA). The carbonyl region on FTIR spectra shown in Figure 1-5 was used to evidence the formation of H-bonds. The carbonyl band of PDMAEMA is centered at around 1731 cm -1 . Upon mixing with PVPh, a shoulder at 1705 cm -1 gradually appears with the PVPh content increase, indicating that some carbonyl groups of PDMAEMA are involved in H-bonds with the hydroxyl groups of PVPh. In addition, X-ray photoelectron spectroscopy (XPS) was used to investigate the intermolecular H-bonds. Figure 1-6 shows the N1s spectra of PDMAEMA and some PVPh/PDMAEMA complexes and blends. The N1s spectrum of PDMAEMA features a symmetrical peak at 399.2 eV with a full width at half-maximum of 1.6 eV.

However, the N1s peaks of both complexes and blends are broader and asymmetric.

Two different nitrogen environments can be discerned using the curve-fitting. The low-BE component at 399.2 eV is characteristic of neutral nitrogen in pure PDMAEMA, and a high-BE component at around 400.2 eV is developed in the complexes and blends. Therefore, the XPS results demonstrate that the nitrogen atoms in PDMAEMA also participate in H-bonding interaction with PVPh. According to the q value, the relative hetero-associated H-bonds strength is in the order phenolic/PCL > PVPh/PCL > phenoxy/PCL, which is in agreement with the respective acidity of the OH groups.
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The experimental results showed that 9-56 mol. % of silanol functional groups in the P(S-co-VPMPS) copolymers induce miscible blends with PBMA. The authors also used another silanol type functional copolymer, poly(styrene-co-4vinylphenyldimethylsilanol) [P(S-co-VPDMS)] (Scheme 1-14) as the H-bond donor, and they showed that the miscibility window with PBMA was shifted to a higher silanol composition compared to P(S-co-VPMPS). Thus, the steric shielding and electron-withdrawing effects of the phenyl substituent bound to silicon both strongly impact the miscibility. An electroattractive and bulky substituent such as a phenyl group can increase the acidity of the silanol and thus reduce the OH/OH selfassociation. These factors explain that the P(S-co-VPMPS) copolymer is a more efficient H-bond donor compared to P(S-co-VPDMS). This trend was confirmed by comparing the difference in stretching frequency of the carbonyl group (Δv), defined as the difference between the v of the free carbonyl (in pure PBMA) and the one of the associated carbonyl with either P(S-co-VPMPS) or P(S-co-VPDMS). The rational is the higher Δv value is, the stronger the inter-associated H-bond is. In these particular examples, the Δv for the blend of PBMA/P(S-co-VPMPS) is 107 cm -1 , while for the blend of PBMA/P(S-co-VPDMS) is 94 cm -1 .

Scheme 1-14: Chemical structure of P(S-co-VPMPS) and P(S-co-VPDMS)

III. Effect of the accessibility of the OH interacting groups

The accessibility of the OH interacting groups of donor polymers plays an important role on the strength of H-bond interaction. Thus, the effect of bulky side groups on the OH donor capability in H-bonds has been investigated. To quantify the extent of intermolecular H-bonds, the difference in the stretching frequency of the hydrogen-bonded hydroxyl band (Δv) in the pure styrenic polymer and the stretching frequency of the H-bonded hydroxyl in the blends was considered (see Table 1-2). When the polyether chain becomes more rigid (ethylidene-7,9 < methylene-7,9 < DHMS-7,9), the extent of intermolecular hydrogen bonds decreases. Kuo et al. [54] compared the capability of poly(2-vinyl pyridine) (P2VP) and poly(4-vinyl pyridine) (P4VP) to develop H-bonds with the hydroxyl groups of a phenolic H-bond donor. This example aimed at studying the influence of the position of the nitrogen atom in the pyridine ring. The FT-IR data indicated that P4VP has a greater ability to interact with phenolic than P2VP. Moreover, the inter-association equilibrium constant for the blends with P4VP was much higher than the one with P2VP. These results can be reasonably ascribed to the steric hindrance of the nitrogen atom in P2VP which may affect the formation of intermolecular H-bonds.

IV. Effect of temperature

As a function of the used polymers and of their thermo-dependent behavior, the effect of the temperature on the H-bond association can be completely different.

Kuo et al. [55] studied the H-bond interactions between Novolac phenolic resin as Hbond donor and poly(acetoxystyrene) (PAS) as the acceptor (see Figure 1-8 for chemical structures) at temperatures ranging from 25 to 180 o C by FT-IR in bulk samples. The carbonyl stretching frequency splits into two bands at 1760 cm -1 (free carbonyl) and 1730 cm -1 (H-bonded carbonyl), respectively. As can be seen in Figure 1-8, the fraction of the free carbonyl groups increases when temperature increases, reflecting that the extent of H-bonds decreases with the temperature. Conversely, Dong et al. [23] investigated the effect of temperature on PVPh/poly(methyl methacrylate) (PMMA) blend by FTIR in bulk. When the temperature of the 50/50 wt. % blend reaches 170 o C, the intensity of band near 1707 cm -1 corresponding to the H-bonded carbonyl groups increases. To quantify this phenomenon, the authors calculated the percentage of C=O groups bonded with the OH groups as a function of the temperature, as shown in Figure 123456789. With the temperature increase, an intermixing might be enhanced as a consequence of molecular motion of the side chain and backbone chain, which would benefit to form H-bonds. At the same time, one might expect that dissociation would occur between the inter-associated hydrogen bonds within the miscible phase as the temperature is raised. In this particular case, the authors assumed that, as a whole, the newly formed H-bonds between the non-bonded ester and OH groups are counterbalanced by the ones which disappear: as a consequence, no significant change is observed for a temperature below the T g of PMMA. In the contrary, more intimate mixing is observed by FT-IR for temperatures above the T g of PMMA: it appears that the balance between the two opposite effects cited-above is actually in favor of the promotion of H-bonds as a consequence of enhanced molecular motion of the partners. Chapter 1
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V. Effect of solvent

The nature of the solvent plays an important role on the strength of H-bond interactions. For example, Kuo et al. [56] IPC in both methanol and ethanol. However, a solvent as DMF disrupts H-bonds to such an extent that IPC cannot be obtained any more [58].

Besides to the effect of solvent on the H-bond interaction in solution state, Tang et al. [25] studied the miscibility of poly(vinyl phenol) (PVPh)/poly(ethylene oxide) (PEO) blends after solvent casting from solutions in acetone, tetrahydrofuran, isopropyl acetate, n-butanol and cyclohexanone. Bulk samples with various compositions were studied by DSC after solvent evaporation. For all solvents used for the initial solubilization, when the PVPh content is less than 30 wt. %, the melting peak of PEO can be detected, while for PVPh content higher than 40 wt. %, crystallization of PEO is totally suppressed. This is due to the increase of H-bonds:

for a given blend composition, the lower melting enthalpy (ΔH m ) is, the stronger Hbond formation is. To evaluate the effect of solvent on the H-bond formation, the melting enthalpy of PEO for a constant blend composition was compared (see Table 1-3). When cyclohexanone, n-butanol or THF were used as the casting solvent, lower comparable ΔH m values were found. Therefore, they are regarded as the more efficient solvents for which the highest degree of suppression of PEO crystallinity was observed, related to the strongest H-bond associations. However, isopropyl acetate seems to be relatively inappropriate because of the high ΔH m value (128 J/g). The authors did not explain how casting solvent affects the miscibility of the resulting polymer blends. 

Conclusion

In summary, the development of H-bonds in polymer blends is an interesting and important subject of research as it usually enhances the miscibility of the blend.

Among the H-bond donor polymers, hydroxylated polymers are mostly used. The chemical pathway to prepare OH-containing polymers is mainly based on chemical derivations, (co)polymerization or a combination of these two routes. H-bond interactions in polymer blends can be finely tuned by various parameters such as the mixture composition, the nature of interacting groups, the temperature and the solvent.

These factors must be taken into account for the investigation of polymer blends based on H-bonds. Moreover, a study of H-bonds formation between polymers in solvent or in bulk provides important prerequisites for a subsequent polymer film elaboration through the layer-by-layer deposition technique.

Multilayer thin films via layer-by-layer (LbL) self-assembly mediated by H-bond interactions 1.2.1 General presentation of LbL technique

Among the surface-coating techniques, depending on the interaction type developed between the macromolecules and the substrate, two types of strategies can be distinguished: (1) one for which the (macro)molecules constituting the coating interact with the substrate by physical forces; (2) the other one for which (macro)molecules are attached to the surface by chemical bonds ("grafting-from", "grafting-onto" and electrografting) [59].

A large number of techniques relying on physical interactions between the deposited molecules and the substrate exist, including painting/droplet evaporation, spray-coating, spin-coating, dip-coating, etc. [59]. In contrast to these rather empirical processes, more sophisticated coating techniques have been developed, including

Langmuir-Blodgett technique [60] and layer-by-layer (LbL) technique [61].

Especially, over last decades, the LbL assembly technique has been demonstrated as a powerful and versatile platform for the construction of materials layered at the nanoscale with varying surface morphology, composition, porosity, response properties to environment-stimuli. Therefore, a plethora of applications has been targeted such as (1) biomaterial coatings [62][63][64][65][66]; (2) electronic devices and energy conversion set-ups [67][68][69]; (3) membrane for fuel cells, separations and biosensors [70][71][72]; (4) ultra-strong coatings [73]; (5) control of drug delivery and protein or cellular adhesion [74]; (6) antibacterial coatings [75][76][77]; (7) anticorrosive coatings [78].

The first work on LbL was reported in 1966 by Iler et al. who described the fabrication of multilayer films by an alternating deposition of positively and negatively charged colloidal particles [79]. However, the real pioneers in the polymer field are Decher et al. in the beginning of 1990s, who showed that the anionic and cationic bipolar amphiphiles or polyeletrolytes could be consecutively adsorbed on a charged surface to generate multilayered films [80][81][82]. Initially, the LbL research by Decher et al. [80][81][82] was mainly focused on the use of commercially available polyelectrolytes, the electrostatic interactions being the primary driving forces for the construction of LbL multilayered films. The electrostatic LbL self-assembly requires water soluble and multi-charged species. A schematic diagram illustrating the classic electrostatic LbL self-assembly by using dipping method is shown in Scheme 1-17.

Scheme 1-17: Schematic fabrication of LbL self-assembly multilayered films on a solid substrate [61] A solid substrate bearing, for example, positive charges is initially immersed in a solution of polyanion (1). In the following step (2), the excess of molecules physically adsorbed on the surface is removed by rinsing the substrate in a clear solution for a given time. Then, the substrate possessing the first anionic layer attached by electrostatic interactions is subsequently dipped into a polycation solution

(3). After the same washing treatment in a rinsing solution to remove the ineffectively attached molecules on the surface, the second cationic layer covers the previous anionic layer through electrostatic interactions (4). Therefore, the sequential multilayer deposition can be carried out by repeating the process stated above n-times.

Since the first reported work on polyelectrolytes by Decher et al., the LbL approach has opened a door for surface modification due to the large number of advantages compared to other surface functionalization methods. The first important feature of LbL deposition is the precision with which each layer's architecture and thickness can be well controlled at the nanoscale through varying (1) the building block used, for example, small organic molecules or inorganic compounds [80,[83][84][85][86],

macromolecules [87][88][89][90], biomacromolecules such as protein or deoxyribonucleic acid (DNA) [91][92][93][94], colloids (metallic or oxidic colloids or latex particles) [95][96][97][98];

(2) the number of deposited layers; (3) the conditions of deposition, for example, the temperature of adsorption [99], the solution ionic strength [100] and the solvent polarity [100,101]. All can tailor the thickness of each adsorbed layer at the nanometer scale. In addition, the LbL technique can also be readily transferred from planar to colloidal substrates [Scheme 1-18(a)], as it is independent on the geometry of the initial surface. This advantage has been used to prepare the so-called core-shell particles, and following dissolution of the core, hollow capsules [Scheme 1-18(b)].

Given these relative easy and feasible profiles of the LbL method, it represents an excellent and powerful ability to prepare highly functional surface coating films in the field of advanced functional materials. biorecognition [109][110][111]; (7) covalent chemical reactions [112][113][114]; (8) donoracceptor interactions [115][116][117]; (9) adsorption/drying cycles [118,119]; (10) surface sol-gel process [120][121][122]; (11) coordination interaction [123,124]; (12) "click" coupling [125]. The growth of ACHI/THUA and ACHI/unmodified hyaluronic acid (HA) films was investigated by Quartz Crystal Microbalance (QCM). As can be seen in Figure 1-10, in the case of the ACHI/THUA pair, a linear growth of frequency change was observed with the successive adsorption of ACHI with THUA. In comparison, the linear growth was much smaller when ACHI was co-deposited with unmodified hyaluronic acid (ACHI/HA). As an illustration, the thickness derived from QCM measurements of resulting 4-bilayers film of ACHI/THUA system (5.75 nm) is higher than that of ACHI/HA system (1.44 nm). These results indicated that the interactions between adenine and thymine control the multilayer assembly through H-bonds, and allow for a deposition of a higher amount of polymers. THUA and HA for the former and latter systems, respectively [144] Rubner et al. [143] investigated a new type of LbL multilayer films of polyaniline with a variety of different nonionic water soluble polymers such as PVP, PVA, PEO and PAAm (see Table 1-4 for the chemical structures). ATR-FTIR spectra confirmed that H-bonds exist between polyaniline and the nonionic polymers. The UV-Visible absorbance of a film at 630 nm (excitonic absorption band of polyaniline)

was measured after each bilayer deposition. Figure 1-11 shows these measurements for four different polyaniline/H-bond acceptors bilayer systems. In comparison, the multilayer buildup of polyaniline with sulfonated polystyrene (SPS) via electrostatic self-assembly is also included in Figure 1-11. As can be seen, for all systems, a linear variation of absorbance vs number of deposited bilayers is observed, indicating that the amount of polyaniline deposited for each bilayer is the same. Moreover, it is noticeable that the amount of polyaniline adsorbed per bilayer (indicated by the slope of the curves in Figure 1-11) is actually greater when H-bond interactions are used as driving forces compared to electrostatic interactions. This indicates that polymers adsorb onto polyaniline with a greater density of loops and tails through H-bonds, and form highly interpenetrated bilayers with a high polyaniline content. Also, it is important to note that the slope is strongly dependent on the nature of the H-bond acceptor polymer. 

Examples of H-bonded multilayer films based on weak polyacids (as donors)

In this part, we mainly focus on some examples of H-bonded multilayer films including weak polyacids as donors to discuss the parameters influencing the LbL deposition. Some possible applications of these films are subsequently presented.

I. Influence of the nature of the multilayered components: polymer type and molecular weight

Similarly to electrostatic interactions-mediated films, the bilayer thickness in H-bond multilayered films was also found to be correlated with the number and strength of the interpolymer binding points, which are closely related to the chemical structure of the polymer.

For example, for neutral polymers of comparable molecular weight, the LbL multilayered films of poly(methacrylic acid) (PMAA) with various partners such as poly(ethylene oxide) (PEO), poly(vinyl methyl ether) (PVME), poly(acrylamide) (PAAm), poly(2-hydroxyethyl acrylate) (PHEA), poly(N-vinyl caprolactam) (PVCL), poly(N-isopropylacrylamide) (PNIPAM) and poly(N-vinyl pyrrolidone) (PVP) were investigated [103].

As can be seen in The influence of molecular weight on the thickness of a bilayer was shown to be different for strongly and weakly associated polymer pairs. For example, Hammond et al. [131] studied the effect of molecular weight of PEO when assembled with poly(acrylic acid) (PAA), qualified as a weakly interacting system. It was found that the thickness increased upon 7-fold when M w of PEO increased from 1,500 to 20,000 g/mol. Similarly, Rubner et al. [61] also studied another weakly interacting PAA/PAAm system. They found that thicker films were obtained for PAAm of 5,000,000 g/mol, compared to the relatively "shorter" PAAm (800,000 g/mol). On the contrary, for strongly interacting systems such as PVP/PAA, Guan et al. [136] reported on that the molecular weight had a significant effect on the film thickness only when the molecular weight of PVP and/or PAA was lower than 40,000 g/mol.

Sukhishvili et al. [127] demonstrated that a similar multilayer thickness was obtained when M w of PVP in PMAA/PVP system was varied from 55,000 to 1,300,000 g/mol.

Such independence of the bilayer thickness with molecular weight is caused by the high density of intermolecular H-bonds. The strong inter-associated H-bonds induce a "flattening" of polymer chains, which is also consistent with smaller values of bilayer thickness.

II. Influence of the self-assembly conditions: pH, ionic strength, concentration of the solution and deposition method (1) Examples with the effect of pH

H-bonded films are typically formed by an assembly of a weak polyacid with various H-bond acceptors [145]. In such systems, when the pH reaches the pK a (critical point) of the polyacid, the carboxylic acid groups are deprotonated, disrupting the H-bonds. For any H-bonded LbL film involving either a strongly or weakly associated polymer pair, the bilayer thickness drastically decreases as the pH value is close to this critical point. The pH value of the polymer solutions thus impacts the construction of H-bonded films and the bilayer thickness can change from several angstroms to hundreds of nanometers. For instance, for PAA/PEO multilayered LbL films, the thickness drastically decreases when the pH of deposition solution varies from around 2.8 to 3.5, and the films are not formed when pH is higher than 3.5 due to the increase of the ionization of the polyacid (the pK a of PAA is 4.75) [131]. For PMAA/PEO system, the critical pH value shifts a little bit to higher value [131], and for more strongly associated PAA/PVP [135] and PMAA/PVP [103] systems, the films cannot be deposited at a pH higher than 4 and 4.5, respectively. In addition, the effect of extremely low deposition pH on PAA/PVP multilayered LbL films was also investigated [135]. It was found that films deposited from solutions of pH = 0.2 to 1.0 are very rough and thick (around 48 nm for bilayer). This very large bilayer thickness could be explained by the PAA chains collapse into dense and less water soluble globules made of completely uncharged PAA.

(

2) Examples with the effect of ionic strength

The effect of salt concentration on the growth of hydrogen bonded LbL films is not so trivial and is closely dependent on the nature of both polymer components and salt. For example, PAA/PEO multilayered films system built in water with increasing concentration of LiCF 3 SO 3 was studied (see Figure 1-13). The thickness firstly increases up to a concentration of lithium triflate of 0.5 M, followed by a thickness decrease. The rise of thickness in PAA/PEO might be ascribed to a relative reduction in the chain density of PEO H-bonding sites, due to the sequestration of Hbonding ether oxygen by lithium cations (competitive interaction). Moreover, the addition of salt is accompanied by a PEO dehydration which disrupts the hydration layer around the polymer chain, leading to a more compact solution conformation. At even higher ionic strengths, PEO dehydration and the competitive PEO/salt interaction become too severe, which dissociate the H-bond interactions between PEO and PAA. Thus, film formation is reduced and finally prohibited [131]. Meanwhile, if both polymer pairs are uncharged, the increase of salt concentration involves dehydration and the resulting multilayered films are thinner than electrostatically assembled systems. For instance, in the case of PMAA/PVP system, the film thickness increases by only around 10 % when the LbL self-assembly deposition occurs in a 0.5 M NaCl solution [103]. It is worth noting that a relatively strong salt effect on H-bond was reported for the case of an amphiphilic poly(styrenealt-maleic acid) (PSMA) copolymer associated with PEO [146]. In particular, the films deposited from a 0.2 M NaCl solution are characterized by a higher thickness and roughness compared to those obtained from a 0.02 M NaCl solution. The authors ascribed this behavior to a pronounced salt effect on PSMA: a high Na + concentration leads to the deprotonation of some carboxylic acid groups and therefore reduces the number of COOH groups available to interact with PEO through H-bonds. This would result in a greater mass of PSMA being adsorbed to "compensate" the available Hbonding groups on the underlying PEO layer.

(

3) Examples with the effect of polymer chain concentration

Besides the parameters stated above, the concentration of the polymer solutions, similarly to the electrostatically mediated films, also plays a key role on the thickness and growth of the multilayered LbL films [136]. For instance, in the case of PAA/PVP system, Guan et al. used Fabry-Perot fringes to calculate the thickness of films by UV-Visible sprectroscopy. As can be seen in Figure 1-14, the higher the concentrations are, the thicker the films are for a given number of bilayers. In other words, a high concentration of each partner solution promotes the deposition kinetics, making the film thicker [136]. LbL films, respectively) was calculated from the slope of the linear portion of both spin-and dip-assisted films. In addition, as can be seen in Figure 1-15(b), grainy films were obtained when the dipping process was used, while smoother films were formed by spin-coating. attractive interactions between polymer pairs, resulting in lower thicknesses. However, in the case of H-bonding LbL systems, the effect of water screening is less significant thanks to the short range order of the interactions between the H-bonding polymer pairs. When the intermolecular interactions between an adsorbing pair are shortranged, the shear force imposed during the spin-coating is so strong that it displaces many adsorbing chains, which decreases the layer pair thickness. In the work of Char et al., spherical HM-PEO micelles are deformed into pancake-like structure under the strong shear applied during the spinning process, resulting in much lower bilayer thickness of 21 nm compared with the case of dip-assisted layers. Moreover, the small surface roughness of the spin-assisted films suggests that the temporary networking and merging of HM-PEO micelles through hydrophobic interactions are disrupted during the spin-assisted LbL deposition.

The difference in surface morphologies was also reflected in the wettability behavior of the films. As can be seen in Figure 1-16(a), for films obtained by dipping deposition, initially, both the advancing and receding water contact angles increase with the increase of deposited bilayers. Then, the water contact angle reaches a maximum (at 26 bilayers) and then decreases at a higher number of bilayer, eventually reaching an angle of < 10 o at 52 bilayers. In contrast, the advancing water contact angle for the spin-assisted multilayer films is almost constant, up to a very large number of deposited bilayer [see Figure 1-16(b)]. This indicates that the drastic change in contact angle for the dip-assisted PAA/HM-PEO multilayers is directly related to the surface morphology or roughness. It is well-known that the surface roughness and heterogeneity can have a significant effect on wettability. Above the critical number of bilayers, the water droplet is wicked into the rough, hydrophilic surface roughness; this effect is amplified with increasing bilayer number as the surface structure grows [149,150]. 

III. Applications of H-bonded multilayered films

A great deal of reports has focused on the development of H-bond multilayered films as materials with promising properties for biomedical and engineering applications due to peculiar features when compared to conventional electrostatically driven assemblies.

(

1) Loading/releasing of active compounds

The LbL multilayered films deposited on a planar surface provide a matrix to load and release functional compounds "embedded" within the film. Moreover, the subsequent release of incorporated compounds can be exactly triggered by changing (

2) Humidity sensors

The large changes in the LbL multilayered films in response to the change of the environmental humidity were exploited to prepare humidity sensors. Yang et al.

[137] prepared H-bonded PAA/poly(vinyl pyrrolidone) (PVP) films at pH = 2 which contain only 4 wt. % of water. Then, through alternating heating and humidifying cycles, the films showed highly reversible changes in optical thickness. When they were dehydrated at 80 o C and then incubated at 25 o C under a relative humidity environment ranging from 30% to 75%, a linear change of optical thickness of the PAA/PVP films versus the ambient humidity was emphasized.
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) Ion-transport membranes for fuel cells

It was found by Hammond et al. [132] that the H-bonded multilayered films demonstrate good performance as ion and proton exchange membranes for fuel cell applications. Among these, PAA/PEO films showed a high proton conduction partly because of the hydrophilic nature of the polymers [131,151]. The PAA/PEO films suspected to bear a strong potential as dry polymer electrolytes because of the PEO transporting ions through segmental motion (T g = -56 o C). The ionic conductivity of PAA/PEO films formed at pH = 2.5 and 25 o C and exposed to lithium triflate during the assembly process is 10 -10 S•cm -1 . The PAA/PEO films showed a single glass transition temperature of 38 o C, which reflects a strongly molecular inter-associated blend [132]. Subsequently, the PAA/PEO membranes with high conductivity were used as hydrogen fuel cells. The cell was prepared as a 10 μm composite material of a nucleopore membrane, and the reported conductivity was as high as 2.4×10 -4 S•cm -1 .

As a matter of comparison, this value of conductivity was obtained with a five times thicker membrane prepared by traditional Nafion [132].

(4) Control of protein and cell adhesion

The H-bond mediated multilayered films are also attractive candidates for biology applications. Rubner et al. demonstrated that the cross-linked hydrogen bonded LbL films of PAA/PAAm and PMAA/PAAm show specific resistance toward mammalian cell adhesion even on the surface with only one single bilayer [128].

These films are also inert to fibronectin adhesion and serum-containing media, which has demonstrated the feasibility to elaborate a complex cytophobic/cytophilic surface [128].

Examples of H-bonded multilayered films based on hydroxylated polymers (either as donor or acceptor partner)

In addition to the main examples involving weak polyacids, only few examples are based on the use of hydroxylated polymers as H-bond donors. We can cite the use of PVPh, PVA and hydroxyl-containing polystyrene derivatives.

Zhang et al. [141] investigated PVPh/P4VP LbL films based on H-bonds. The authors also investigated the effect of solvent on the PVPh/P4VP multilayer construction by using various ethanol/DMF mixtures. Figure 1-19 shows the absorbance of polymers at 230 nm as a function of the number of bilayers for deposition solutions at various DMF contents. It can be seen that a linear relationship is observed for a given solvent mixture. Moreover, the amount of adsorbed polymers decreases with the increase of DMF content in the mixture, indicating that H-bonded multilayer structures can be tuned by varying the solvent composition. It is notable that when the volume fraction of DMF is above 45%, the multilayer cannot be obtained anymore. This behavior is ascribed to the change of polarity of the solution:

multilayer films tend to desorb more in more in polar organic solvents, and corroborates the results obtained in solution when blending PVPh and P4VP, indeed, IPC forms in ethanol, but not in DMF [152]. The same group [140] also synthesized a copolymer of p-(hexafluoro-2hydroxylisopropyl)-α-methylstyrene and styrene (PSOH-X, X means the content of hydroxyls in mol. %, see Table 1-4 for the chemical structure) to fabricate multilayer thin films in chloroform on the basis of H-bonds with P4VP. The authors evidenced that PSOH is able to form a macromolecular H-bonded IPC with PMMA and P4VP in chloroform solution [153][154][155][156]. The FTIR spectra of PSOH/P4VP films confirmed that H-bonds are the driving forces. The UV-Visible absorption at 256 nm of PSOH/P4VP multilayer films was also used to monitor the film growth. As can be seen in Figure 1-20, the higher the content of the hydroxyl is, the larger the slope is, which suggests that the amount of polymers deposited in a PSOH-20/P4VP film is more than that of either PSOH-8/P4VP or PSOH-3/P4VP. This is related to the extent of H-bonds that increases upon the increase of the hydroxyl content per polymer chain. It means that the higher the content of hydroxyl group is, the larger the roughness is. Rubner et al. [130] prepared multilayer films composed of PVA as the acceptor polymer and weak polyacids such as PAA and PMAA as donors. The authors first studied the IPC formation in aqueous solution between the interacting partners: a variety of PVA samples with different molecular weights and degrees of hydrolysis and complementary PAA and PMAA were used. For the PAA/PVA system, IPC was observed only for partially hydrolyzed PVA with high molecular weight when pH was 2. When the pH increases, the H-bonds extent decreases due to the PAA chains ionization: as a consequence interpolymer complexes were not formed anymore. For the PMAA/PVA system, all solutions become turbid when pH reaches 2, reflecting the presence of IPC induced by the formation of more stable and strong interactions compared to PAA/PVA association. The authors concluded that the PVA hydrolysis extent effect is more significant for weakly interacting polymer pairs such as PAA/PVA than for more strongly interacting ones such as PMAA/PVA.

As predicted by blend study in solution involving PAA, the film growth is dramatically dependent on the molecular weight and degree of hydrolysis of PVA. For PAA/PVA multilayers assembled at pH = 2 with fully hydrolyzed PVA, very small increments of thickness were observed. In sharp contrast, a large film growth was observed when partially hydrolyzed PVA with high molecular weight (PVA P3 ) was used (see . As predicted by the solution complexation analyses, since the degree of hydrolysis determines the density of hydroxyl groups along the chain, it also affects the capability to develop H-bonds. Moreover, the authors also compared the growth profile by using dipping and spraying method. As can be seen in Figure 1-23, the multilayers assembled by dipping exhibit a larger thickness (54.7 nm) per bilayer compared to films assembled by spraying (20.6 nm) for PAA/PVA P3 . The authors anticipated that further optimization of the spray assembly process will result in more comparable films.

In the case of PMAA/PVA multilayer systems, reasonable multilayer growth was obtained for all PVA samples whatever their degrees of hydrolysis are, as predicted by the study in solution (see . The use of a more strongly interacting polyacid PMAA results in thickness increments comparable to the best PAA/PVA P1 system. 

Conclusion

In summary, H-bonded LbL multilayered films have become attractive for advanced materials with promising properties. In order to adjust and/or control the properties of H-bonded LbL films, the parameters influencing the strength of H-bonds should be taken into account, such as molecular weight, chemical structure of the polymers, pH, ionic strength, concentration of deposition solution, deposition method, etc. Among the donor polymers for construction of LbL multilayer films, hydroxylated polymers appear as interesting ones. However, only few reports mentioned the use of such derivatives.

General conclusion

The progressive elucidation of the effect of specific interactions on the 

General introduction

In the bibliographic chapter, some major structural factors that tremendously affect the H-bond donation of hydroxylated-polymers used as partners in polymer blends were presented. The density of OH groups per chain, on the one hand, and the steric hindrance around the OH group (which can disfavor the self-association and indirectly promote the inter-association), on the other hand, appear as the relevant chemical structural parameters that govern the possible interactions that might be developed with a selected partner. In particular, tuning both the density and/or the chemical structure of the interacting OH groups allows one to finely control the immiscibility-miscibility-complex transition for a given binary blend. From a synthetic point of view, this has been mainly faced in the literature through random copolymerization of two monomers, one bearing the OH group (protected or not).

Moreover, introducing an H-bond group with a peculiar structure generally requires the synthesis of the corresponding polymerizable monomer, subsequently involved in the copolymerization step which itself needs to proceed such that the global distribution and/or composition is relatively well-controlled or, at least, tunable.

While efficient, this chemical strategy generally involved many steps, and thus the use of a more versatile chemical path such that post-modification via selective chemical grafting appears as attractive. In particular, using a coupling reaction of a functional molecule bearing the OH group on a given platform could have the following benefits:

it would allow tuning the density of OH groups through the degree of substitution (DS), defined as the percentage of modified repeating units;

through the careful selection of the modifier, it would allow tuning the distribution per anchoring points and relative strength of OH groups;

through the use of one given polymer backbone as a platform, it would allow emphasizing one given chemical structural effect while maintaining all the other ones (molecular weight, PDI…) as constant.

In this context, poly(2,3,4,5,6-pentafluorstyrene) was selected as a versatile platform, as the para-fluorine substituent of the pentafluorophenyl groups is highly labile and can be displaced with a variety of functional groups such as amines, thiols, alcohols, phosphines… When thiols were used as nucleophiles, the coupling has been referred as a "click-type" reaction due to its characteristics such as high efficiency, regioselectivity and high yield, but the chemoselectivity of the reaction has not been proven so far.

In particular, we evaluated the possibility to prepare novel hydroxylatedpolymers through thiol-para-fluoro coupling with using unprotected heterofunctional thiols bearing OH group(s) as modifiers. This chemoselective post-modification represents a simplified strategy to prepare a library of novel H-bond donors, without using any protecting groups. Moreover, as the polymer backbone is a fluorinated styrenic-based one, it is likely to be immiscible with almost all other families of polymers, which thus opens the door to an infinite number of possible blends.

We were first interested in demonstrating the feasibility and the versatility of such approach with using three mercaptoalcohols, which chemical structures are presented in Scheme 2.2-1. We also examined to which extent the H-bond donating capability of a given system can be tuned, by controlling the degree of substitution.

Consequently, a library of H-bond donor polymers which differ in both the DS and the chemical environment about the OH group were prepared. Then, we evaluated their blends with three various H-bond acceptor polymers, one considered as a strong one:

namely poly(4-vinyl pyridine) (P4VP), and two referred as weak ones: one being a semi-crystalline polymer, namely poly(ethylene oxide) (PEO), and the other being a totally amorphous low Tg polymer, namely poly(n-butyl acrylate) (PBA). The ideas here were twofold: first, to demonstrate that the behavior of blends involving these newly described hydroxylated PPFS derivatives could be tuned by chemical design and second, to identify which systems could be used to buildup multilayered films through the LbL deposition method. 

Introduction

In the development of novel polymer materials with improved properties, polymer blending has received large interest in the last decades. Two dissimilar polymers are likely to be miscible with each other if they can establish sufficiently numerous intermolecular supramolecular interactions to overcome their intrinsic repulsion, one of the most used ones being hydrogen-bond (H-bond). Commonly prepared by solution blending in research laboratories, different cases can be faced, from immiscible blends (no interaction) to miscible blends (when solution mixture remains transparent but interactions exist after evaporation of the solvent) and finally to so-called interpolymer complexes (IPC) when precipitates are obtained [1]. The formation of such complexes indicates that polymer-polymer interactions are stronger than polymer-solvent ones, such that the two polymers consequently coprecipitate as highly aggregated materials due to the cooperative effect of specific interactions leading to large sequences of associated groups. The extent and kinetics of supramolecular association strongly depend on nature of the solvent, temperature, and number, distribution and chemical structure of the interacting groups in both polymers [2][3][4][5][6][7]. From a chemical point of view, most of H-bond mediated systems reported in the literature can be divided into two categories according to the distribution or density of interacting sites along the backbone: one which density is maximum, meaning that in theory each repeating unit can be involved in the interactions [4,[8][9][10][11];

the other one which interacting sites are randomly distributed along the backbone [12][13][14][15][16]. Regarding the latter case, the synthetic strategy generally consists in random copolymerization of two monomers, one bearing the H-bond group [12][13][14][15]. This strategy requires a controlled process to ensure a homogeneous distribution of the repeating unit along the backbone, and also implies multiple syntheses with various initial ratios of monomers in order to modulate the molar fraction of the repeating unit of interest. Another strategy consists in the post-modification via chemical grafting [16], some of them being performed through "click" or "click-type" coupling reaction of a molecule containing the H-bond interacting sites [17,18]. This strategy allows finely tuning the ability and strength of H-bond through the type of modifier and/or the control of the degree of substitution (DS), defined as the percentage of modified repeating units.

In this context, it is well known that the labile para-fluorine substituent of pentafluorophenyl groups undergo nucleophilic aromatic substitution with a panel of nucleophiles, such as amines, thiols and alcohols. This reaction has been widely used in organic chemistry to modify (pentafluorophenyl)porphyrins [19][20][21][22][23], and has recently been employed in the polymer field to prepare new materials or new polymer architectures. In particular, hyperbranched polyfluorinated benzyl ether polymers were prepared from 3,5-bis[(pentafluorobenzyl)oxy]benzyl alcohol (A 2 B strategy), through the hydroxyl-para-fluoro reaction involving the use of sodium metal [24].

The experimental conditions were optimized such that on average one pentafluorophenyl end group per repeating unit was present, which allowed for subsequent chemical modification with a variety of alcohols to tune the physical and chemical properties of the material. Moreover, using these hyperbranched fluoropolymers, the same group prepared hyperbranched-linear copolymer networks with telechelic diamino-terminated polymers to elaborate coatings with variable properties [25][26]. aminopentanol under microwave irradiation [28]. The chemoselectivity of the aromatic substitution with the amino group was demonstrated, and the modified-PPFS were used as macroinitiators, either directly for ring opening polymerization of lactide or after derivation with isobutyryl bromide and further ATRP of oligo(ethyleneglycol) methacrylate (OEGMA). Regarding thiol-para-fluoro coupling, the same group modified P(PFS-co-OEGMA) random copolymers with thiophenol [29] in order to tune the cloud point of aqueous solution of copolymers hydrophobized by introducing phenyl rings to the side chains. In another paper, PPFS was modified with a protected thiol-glycoside, which was subsequently deacetylated to obtain glycopolymers [30].

In the latter cases, the thiol-para fluoro coupling was referred as a "click" reaction, as it verifies most of its characteristics and requirements [31] such as high efficiency, regioselectivity and yield. However, to the best of our knowledge, while hydroxyldecorated PPFS were prepared by thiol-para-fluoro coupling with using protected alcohols, the chemoselectivity of the reaction with unprotected heterofunctional thiols such as mercapto-alcohols has not been reported so far. Moreover, the potential of the so-called thiol-para-fluoro "click" coupling to finely tune the H-bond ability of modified polymers to be used as potential partners in H-bond supramolecular systems has not been yet evaluated.

Herein, we firstly report the chemoselective post-modification of PPFS with different mercapto-alcohols presenting either one (2-mercaptoethanol ME, R1SH) or two (3-mercapto-1,2-propanediol MPD, R2SH) hydroxyl groups without using any protecting group (Scheme 2.2-1). Furthermore the kinetics of the grafting reaction was examined and optimized such that very large DS can be attained in a reasonable timescale. The benefits of the reported strategy for the synthesis of H-donor polymers were evaluated with poly(4-vinyl pyridine) (P4VP), known as a strong H-bond acceptor polymer due to the nitrogen atom on pyridine ring [10,12,15]. By tuning either the DS for a given modifier on the one hand, or the structure of the modifier for a given DS on the other hand, a library of polymers with a continuous variation of the H-bond capability can be achieved; this represents an elegant way to progressively strengthen hydrogen-bond between otherwise immiscible polymers and thus face all the possible types of blends, namely immiscible, partially or totally miscible blends or IPC.

Scheme 2.2-1:

Post-modification of PPFS by R1SH (PPFSME) or R2SH (PPFSMPD)

Results and discussion

The synthetic approach to obtain designed grafted copolymers is presented in As stated above, the kinetics of the modification can easily be monitored by 19 faster with the mono-hydroxyl thiol derivative R1SH than with the bis-hydroxyl one R2SH. Moreover, for a given mercapto-alcohol, the reaction is all the more accelerated than the solvent is more polar, that is to say in the order ethyl acetate ( = 6.0) < tetrahydrofuran ( = 7.1) < methyl ethyl ketone ( = 18.4) considering the dielectric permittivity as the standard. While the reactions are far for being complete in ethyl acetate even after 4 days, reaching DS around 50% with using R1SH (ME) and 40 % with using MPD, the respective reactions are slightly accelerated when THF was used, with a DS of 60% with ME and 45% with MPD after the same time.

However, when methyl ethyl ketone is used, the reactions are much faster and actually limited by the precipitation of the modified-polymers in the medium, which occured after around 48 hours in both cases. With R1SH, a DS of 50% was reached after 4 hours and the reaction went up to 95% in 48 hours before precipitation occurred. With R2SH, a DS of 60% is attained in 24 hours, a value of which is already higher than the upper limit attained after 4 days when using ethyl acetate or THF as solvents.

Moreover, all these precipitated polymers can be recovered by using a protic solvent such as methanol (a non-solvent of the pristine PPFS), which indirectly attest for the extent of modification. We initially intended to use even more aprotic polar solvents such as acetonitrile ( = 37.5), DMF ( = 38.0) or DMSO ( = 47.0) but the pristine PPFS polymer having a hydrophobic end group (from the ATRP initiator) is not initially soluble in any of these solvents, even at elevated temperatures. The tremendous differences observed in the rate of reaction are not due to a relative acceleration of the thiolate formation in MEK when compared to ethyl acetate or THF.

Indeed, the selective acidobasic reaction involving the base (triethylamine) and the acidic proton of the thiol group is instantaneous in any of the probed solvents, as revealed by 1 H NMR performed right after the mixture was prepared. Not only the triplet corresponding to the proton of the SH function readily disappears, but the multiplicity of the signal around 2.6 ppm related to the methylene in -position of the thiol is also modified (multiplet to triplet for R1SH (ME) or to doublet for R2SH (MPD), respectively) (data not shown). A reasonable explanation resides in the lower nucleophilicity of the thiolate in THF or ethyl acetate due to the possible occurrence of hydrogen-bond between the given anion and the remaining hydroxyl group of the same (intra) or different (inter) molecules. These H-bonds might be drastically reduced in a more polar solvent such as MEK due to stronger OH/solvent interactions.

To confirm this assumption, FTIR was conducted on a mixture of mercapto-alcohol and triethylamine in THF, and the given spectrum shows a new bump at around 3155 cm -1 , at lower wavenumber than the one of hydroxyl band, which was previously reported to H-bond between thiolate and OH of a carboxylic acid [32] (see Figure 2.2-S4 in Supporting Information). The spectra of the same mixtures prepared in MEK could not be evaluated as a strong absorption band ascribed to the solvent exists in the same region.

Considering the relatively slow kinetics of the reaction and the need to use large excess of both thiol and base, this chemoselective thiol-para-fluoro coupling with unprotected mercapto-alcohols can be considered as a "click-type" reaction rather than a "click" one, even if these aspects are less crippling than in the case of polymer-polymer conjugation, as the hydroxyl-modified PPFS can easily be isolated by simple precipitation [33]. The extent of modification can be finely tuned in a reasonable timescale up to 95% for ME and up to 65% for MPD respectively, when using MEK as a solvent, by varying reaction time using the master curves presented in Figure 2.2-3. However, for very high DS, solubility of resulting OH-modified PPFS is only ensured in protic polar solvents such as alcohols, which are not relevant when supramolecular assemblies through H-bonds are to be formed in solution, as they generally act as efficient competitors [1]. While the synthetic strategy to obtain high DS and fast reaction rates was presented in the previous section, the following one will focus on the use of modified PPFS with relatively low DS (up to 30%), as they can still be efficient partners for supramolecular interactions through H-bond [15,34]. and 34%, and PPFSMPD ones with DS of 3%, 7%, 11%, 16% and 24%, were prepared. To evaluate the influence of the DS on the physicochemical properties of OH-modified PPFS, static water contact angles  H2O as well as hysteresis with water  were measured (Table 2.2-1) on films deposited by spin-coating on a silicon wafer. The water contact angle of PPFS is very high, as expected for a hydrophobic fluoropolymer. Moreover, the  value is extremely low, showing that the film is really smooth and attesting that the experimental conditions were adapted to probe the intrinsic polarity of the polymers and not the roughness of the deposited films. When considering OH-modified PPFS, the  H2O values are slightly smaller and the  ones higher than the ones obtained for PPFS. While remaining globally hydrophobic, the hydroxylated-PPFS are slightly more polar than PPFS is. Moreover, for a given modifier, the higher the DS is, the lower the  H2O and the larger the  hysteresis values are. These results attest that the interfacial interactions between hydroxyl groups from the polymer and water are enhanced, the polarity of OH-modified PPFS being promoted with increasing the DS. [4VP] ratio is 1:6, the peaks related to OH groups scarcely merge from the 3500-3000 cm -1 range. Moreover, PPFS and P4VP present some characteristics peaks in this region: both these statements explain why this domain was not exploited to probe any interaction. Still, when P4VP is involved in H-bond, a new vibration peak around 1000 cm -1 appears, and is related to bonded-pyridine rings [35]. However, chloroform also presents a peak in the 1025-975 cm -1 domain. As a consequence, the occurrence of any H-bond could not be probed by FTIR in CHCl 3 . Mixtures were analyzed by FTIR in solid state, after the solid blends were recovered by solvent evaporation at room temperature for at least 3 h and then dried in a vacuum oven for 24 h. Magnifications of the area of interest are presented in Figure 2.2-5. The peak at 993 cm -1 is assigned to an in-plane breath vibration of pyridine ring [34] and the ones at 960 and 980 cm -1 to the C-F aromatic stretching frequencies of PFS ring [36], respectively. It is important to remind that all the mixtures were prepared such that the [OH]:[4VP] molar ratio was 1:6, which lead to blends mainly composed of PPFS derivatives when the DS was quite low; as a consequence the in-plane breath vibration of pyridine ring at 993 cm -1 only appears as a bump for the corresponding mixtures. For blends which IPC was formed in solution, a new vibration peak at 1003 cm -1 is noticed, actually confirming that H-bond is the driving force of interpolymer interaction [35] (Figure 2.2-5d, 5f and 5g). This peak is absent from PPFSME(7.4%)-P4VP (Figure 2.2-5b), and thus proves that no H-bond occur for this mixture. For PPFSME(14%)-P4VP (Figure 2.2-5c), while the solution is transparent, a small bump merges at 1003 cm -1 , attesting that some H-bonds are developed in this mixture; some miscibility (either partial or total) exist in this blend, which will be revealed by DSC measurements (vide infra).

For PPFSMPD-based mixtures, it is noteworthy that the peak related to Hbonded pyridine rings is visible even for very low DS such as 3% (Figure 2.2-5e).

Because of the structure of MPD, the corresponding PPFSMPD(3%) derivative actually contains number of hydroxyl groups per chains comparable to PPFSME(7.4%), the mixture of which with P4VP does not present any H-bond as revealed by FTIR. For PPFSME derivatives only slightly modified, the distribution of proton-donating groups along the backbone is such that the hypothetical interactions are too punctual to sufficiently counterbalance the inherent repulsion of the two polymer backbones. For PPFSMPD with two hydroxyls per graft, it appears that the interaction is favored due to its strengthening promoted by multiple hydrogen-bond interactions per grafts (cooperativity). As anticipated, not only the global number of hydroxyl groups per chains is a relevant criterion, but the distribution of the interacting sites is also crucial to favor miscibility. The N1s spectrum of P4VP shows a single nitrogen environment at a BE of 398.8 eV. However, a bump at a higher BE can be discerned in the experimental N1s spectra of the two complexes, a signal of which can be deconvoluted in two different components. The major one at the lower BE is characteristic of neutral nitrogen of pyridine on the one hand, while the high BE component at 399.9 eV is associated to more electropositive nitrogen involved in H-bond on the other hand. Thus, FTIR and XPS unambiguously prove that the supramolecular interactions, when developed in some mixtures, are due to H-bonds between the pyridine ring and the hydroxyl functions of modified PPFS.

To conclude upon the type of miscibility (total or partial), the mixtures were analyzed by DSC and the corresponding thermograms are presented in Figure 2.2-7.

The curve obtained for mixture of pristine PPFS with P4VP ( (1 hour), then slowly cooled down to room temperature.

Polymers

PPFS [38] (M n (SEC) = 9300 g/mol, PDI = 1.35, M n ( 1 H NMR in CD 2 Cl 2 ) = 8900 g/mol) and P4VP [39] (M n ( 1 H NMR in CDCl 3 ) = 60700 g/mol) were synthesized according to literature.

Mercapto-alcohol grafting onto PPFS

The protocol is illustrated with THF as solvent. In a typical synthesis, a flask 

Preparation of modified PPFS-P4VP blends

A typical example is given based on the PPFSME(21.9%)-P4VP blend: 1 mL of PPFSME(21.9%) solubilized in anhydrous CHCl 3 (6 mg/mL) was added to 1 mL of P4VP in anhydrous CHCl 3 (4 mg/mL) such that the [OH]:[4VP] molar ratio was 1:6.

The mixture was stirred for 30 min and picture was taken. After slow evaporation of the solvent in glass dish at room temperature for at least 3 h, the solid sample was dried under vacuum for 24 h, and dedicated to FTIR analyses.

Conclusion

As a conclusion, a new strategy based on the regioselective and chemoselective reaction of unprotected mercapto-alcohols onto PPFS is demonstrated, and applied to the synthesis of new H-bond donor polymers. The effect of solvent polarity on the kinetics of the coupling was studied by 19 F NMR. With using a more polar solvent, the reaction is highly accelerated such that very large degree of substitution can be attained in a reasonable timescale. Thus, this "click type" coupling with heterofunctional thiol can be used without any protection group predicted by comparing the relevant H-bond parameters of model molecules.

Introduction

Progressive understanding of the parameters that govern miscibility of binary polymer blends has been a long-term research for decades, as it can conveniently lead to novel polymer materials with improved properties [1]. It is now well-admitted that the development of specific interactions favors the enthalpy of mixing and allows the two components to intimately mix. While various types of interactions might be considered, hydrogen-bonds (H-bonds) appear as most attractive [2,3] as the interacting groups can quite easily be introduced in a polymer backbone without affecting too much the inherent properties of the starting polymers. In this context, polymers containing hydroxyl groups are among the most relevant candidates in polymer blends, as the OH constitutes a strong proton-donor group which can develop physical interactions with a large panel of acceptor polymers such as polyesters [4][5][6],

poly(meth)acrylates [7,8], polyethers [9][10][11][12], polyamines [13][14][15][16], polyketones [17],

polyurethanes [18]… From the chemical structural point of view, OH-containing Hbond donor polymers can be divided into two categories: one which OH groups constitute an intrinsic part of the polymer structure, such as poly(vinylphenol) [19][20][21] or phenol-formaldehyde resin [22,23]. Important conclusions arose from the studies of their blends with various acceptors, in particular that the selection of the solvent used to mix the partners dramatically affects the properties of the blends. Indeed, depending on the solvent used, the mixture may either precipitate and be regarded as an interpolymer complex (IPC), or give a clear solution which lead to miscible blend after evaporation [19][20][21]24]. It was also demonstrated that the glass transition temperatures of the complexes were higher than the ones of the miscible blends, which makes it possible to adjust the properties of a given set of polymers at the same compositions by tuning experimental conditions.

The second category of OH-containing polymers corresponds to the ones which some OH groups were introduced in order to develop H-bonds. More particularly, through the careful design of the OH-containing partner, either by copolymerization and/or post-modification of pre-synthesized polymers, it has been possible to finely control the immiscibility-miscibility-complex transition in polymer blends, provided that sufficiently numerous and strong hetero-interactions between the two partners exist. Thus for the last decades, the use of H-bond donors with hydroxyls groups such as 4-vinylphenol [10,12,15,25], 2,6-dialkyl-4-vinylphenol [26],

vinyl-alcohol [27], 2-hydroxyethyl acrylate [28], 4-vinylphenylmethylphenylsilanol [8], p-(hexafluoro-2-hydroxyl-8-propyl) styrenic [29][30][31][32] units or 2,3,5,6-tetrafluoro-4[(2-hydroxyalkyl)thio]styrene [33] have been reported. Two major factors have appeared as critical [3]: one is the density of specific interactions between the two partners, which can be tuned by increasing the molar content of the OH-containing moiety in the H-bond donor. However, as the OH groups are not intrinsically heterocomplementary functions but can also be involved in OH/OH self-association, hydroxylated-copolymers with a high OH content were reported in some systems [14,17,25]. This conclusion points out that the relative strength of inter-association to self-association is the other major factor that governs miscibility, and implies that self-association is reduced by, for example, increasing the steric hindrance around the OH groups. This was nicely demonstrated in the pioneer work of Pearce and Kwei when using poly(styrene-co-(p-hexafluoro-2-hydroxypropyl)styrene) donor polymers [29][30], later confirmed by others with poly(styrene-co-(p-hexafluoro-2hydroxypropyl)-α-methyl styrene) copolymers [31][32], poly(2,6-dimethyl-4vinylphenol) [26,34] or poly(styrene-co-4-vinylphenylmethylphenylsilanol) [8]. In the particular case of the systems involving (CF 3 ) 2 OH modified polymers synthesized by copolymerization between styrene and the relevant comonomer [29][30][31][32], while the steric hindrance imparted by the trifluoromethyl groups was put forward to explain the propensity of these hydroxylated-derivatives to strongly interact through H-bond, the impact of the electron-withdrawing fluorine atoms in the H-bond donation of the OH was not considered. Indeed, it is actually well-known that polyfluorinated alcohols such as trifluoroethanol or hexafluoroisopropanol are often referred as Lewis acids since they act as electron acceptor either through proton release or H-bond donation [35][36][37][38][39]. As a consequence, the physical and chemical properties of the corresponding alcohols are dramatically affected when compared to more classical hydrogenated counterparts; in particular, nucleophilicity and hydrogen-bond acceptance are significantly decreased while Brønsted acidity and hydrogen-bond donation are both increased [35][36][37][38][39][40][41].

The major focus of this study is to emphasize the H-bond donation of OH groups as a major parameter that governs the ability of hydroxylated-polymers to develop miscible blends or IPC with selected partners. In this context, we first discuss 

Experimental

Materials

1,1-bis(trifluoromethyl)-4-mercapto-1-butanol (OH) was synthesized as previously described [42]. Other chemicals were purchased from Aldrich and were used as received. All solvents were carefully dried by 3 Å molecular sieves before use. 

Characterization methods

19 F and 1 H NMR spectra were recorded in CDCl 3 on a 400 MHz Bruker apparatus. FTIR spectra were recorded at room temperature on a Nicolet iS10 Thermo Scientific spectrometer. For bulk analyses, the product was mixed with KBr to prepare pellets, analyzed in transmission mode. In Attenuated Total Reflectance mode (ATR), a diamond crystal was used. Spectra were recorded at 4 cm -1 resolution, and 32 scans were collected for each sample. Differential scanning calorimetry (DSC) analyses were conducted on a thermoanalyzer system, model Q23 (TA Co. Ltd, USA) under a nitrogen atmosphere at a rate of 10 o C/min. Three scans (heat/cool/heat, separated by a 2 min isotherm) were realized for each blend. The glass temperatures (T g ) values reported here correspond to the onset temperature. In order to test the surface properties of the polymer, 0.1 mL of solution at a concentration of 20 g/L in chloroform (CHCl 3 ) or tetrahydrofuran (THF) was spin-coated on a 1×1 cm 2 silicon wafer, and then samples were dried at room temperature under vacuum overnight.

Advancing and receding contact angle measurements were carried out using a GBX Digidrop Contact Angle Meter equipped with a CDD2/3" camera with the sessile drop method and by using milli-Q-quality water as probe liquid. The results are the average of five measurements on different parts of a sample and each value was measured after 30 s. In order to perform atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) analyses, films were prepared onto silicon substrates by spin-coating from chloroform solutions (2500 rpm, 30 s), followed by drying during 24 h at room temperature under vacuum. AFM images were acquired in air at room temperature using a Nanoscope IIIa Multimode (Digital Instruments/VEECO, CA). Tapping mode was performed at a scan rate of 1 Hz.

Uncoated silicon probes with a resonant frequency between 280 and 405 kHz, a spring constant between 20 and 80 N/m, length of 115×135 μm, width of 30×40 μm and nominal tip radius of curvature less than 10 nm were used. Images were displayed and analyzed using the Nanoscope 6.14R1 software. X-Ray photoelectron spectroscopy (XPS) analysis of the surfaces was conducted on KRATOS AXIS Ultra DLD Spectrometer equipped with an aluminum K α X-ray radiation source (1486.6 eV). The pressure in the chamber was below 10 -9 -10 -10 torr before the data were taken, and the voltage and current of the anode were set at 15 kV and 3 mA, respectively.

The pass energy was 40 eV. The binding energy scale was fixed with setting the C1s peak maximum at 285.0 eV.

Synthesis of poly(pentafluorostyrene-co-(2,3,5,6-tetrafluoro-4[(4,4-bis(trifluoromethyl)-4-hydroxybutyl)thio]styrene) (PPFSOH)

In a typical synthesis, a flask was charged with PPFS (0.50 g, 2.6 mmol) in THF (18.2 mL), and then triethylamine (3.95 g, 39 mmol) and 1,1bis(trifluoromethyl)-4-mercapto-1-butanol (0.75 g, 2.6 mmol) were added. The flask was mounted with a condenser and placed in an oil bath at 50 o C. After a given time, the solution was precipitated into the solvent mixture (methanol/water, 1/1 vol/vol) twice until no residual mercaptoalcohol or triethylamine was revealed by 1 H NMR.

The solid polymers were recovered and dried at 180 o C under vacuum overnight.

The quantitative monitoring of the substitution reaction was directly carried out in an NMR tube by 19 F NMR using d 8 -THF as the solvent with the same [PFS units]:[Thiol]:[NEt 3 ] molar ratio as the reactions run in a flask. The tubes were placed in an oil bath at 50 o C and intermittently introduced in the spectrometer for analysis. 

Preparation of blends

Results and discussion

Initial statements: Comparison of empirical H-bond parameters of model molecules

Fluorinated alcohols are such strong H-bond donors that when used as solvents they can promote various reactions that do not occur in conventional hydrogenated alcohols [35][36][37][38]40,41,[46][47][48]. Moreover, their beneficial use as organocatalyst in controlled ring-opening polymerization of lactides using classical hydrogenated alcohols as initiators has recently been demonstrated [49]. Another specular feature of hexafluorinated alcohols is their strong ability to form supramolecular association with amines, such that several H-bonded adducts have been isolated and characterized by X-Ray diffraction [35,50,51]. In this study, in order to compare three hydroxylated-PPFS which differ in the chemical structure of their Regarding the Brønsted acidity, the pKa of EtOH equals 15.9 and that for 1,2propanediol equals 15.4, while values around 10 have been reported [35] for hexafluorinated alcohols, depending on the substituent (aromatic vs. aliphatic). While the relative Brønsted acidity of alcohols can quite easily be compared thanks to their pKa, their hydrogen-bond capability (either acceptance or donation) generally suffers from the lack of a well-accepted and unambiguous scale [52][53][54][55]. This is the reason why many empirical parameters are discussed, which separately illustrates the H-bond acceptance of the oxygen lone pair (β) [59] and H-bond donation of the OH group

(with E T (30) and AN (Gutmann's acceptor number) parameters) [56][57][58]. The corresponding values are gathered in Table 2.3-1. The Kamlet-Taft β parameter is defined from the UV-Visible solvatochromic shift of the longest wavelength * transition of a protic probe (4-nitrophenol) compared to a non-protic one (4nitroanisole) [59]. The scale ranges from 0 (no H-bond acceptor) to 1 (strong H-bond acceptor). As can be seen, the observed order EtOH ≈ 1,2-propanediol  n-Pr(CF 3 ) 2 COH demonstrates that no marked difference exists when considering monoalcohol and diol on the one hand, while trifluoromethyl groups significantly lowers the H-bond acceptance of the oxygen lone pairs of electrons on the other hand.

Regarding the H-bond donation, different parameters have been proposed as standards.

One concerns E T (30), which is defined as the solvatochromic shift of the charge transfer transition of betaine 2,6-diphenyl-4-(2,4,6-triphenyl-1-pyridino)-phenoxide due to the interaction between the oxygen atom present in the probe and the hydrogen-bond donor [56][57][58]. However, some deviations have been reported due to steric effect when bulky alcohols with phenyl or propyl substituents (such as n-Pr(CF3) 2 COH) were evaluated with the latter probe, which itself presents two bulky phenyl groups in the vicinity of the phenoxide [35]. As a consequence, the use of triethylphosphine oxide Et 3 PO is more adapted when considering bulky alcohols, as it is unhindered and thus less sensitive to steric effects [56][57][58]. Consequently, the Hbond donation is defined by AN, which is determined from the NMR chemical shift (δ) of the 31 P atom of Et 3 PO measured in the given alcohol relative to the shift in a nonpolar solvent (n-hexane). The rational is the stronger H-bond donation is, the higher the AN is. From the values reported in Table 2.3-1, it emerges that n-Pr(CF 3 ) 2 COH is a much stronger H-bond donor compared to hydrogenated alcohols, due to the strong electron-withdrawing effects imparted by the trifluoromethyl groups in the vicinity of the OH. Moreover, 1,2-propanediol is close to but still a better H-bond donor than

EtOH. This last observation may be a consequence of cooperativity, as a first H-bond can be slightly enhanced if a second one exists.

Synthesis and characterization of PPFSOH derivatives

From the previous statement, it is anticipated that hydroxylated derivatives with a trifluoromethyl-containing alcohol would present a very strong ability to interact with various H-bond acceptor polymers. As a consequence, we selected a fluorinated mercaptoalcohol, namely 1,1-bis(trifluoromethyl)-4-mercapto-1-butanol (Scheme 2.3-1, RSH = R3SH) to prepare novel hydroxylated-PPFS referred as PPFSOH via the direct thiol-para-fluoro coupling on PPFS without any protection/deprotection strategy. This fluorinated mercaptoalcohol was recently used as a ligand to modify gold nanoparticles through gold/sulfur bond, and allows nice tuning of the solubility in various solvents ranging from alcohols to alkanes by overcoating the particles with appropriate amines through H-bond [42]. We recently reported on the efficiency and versatility of direct thiol-para-fluoro coupling with hydrogenated mercaptoalcohols, leading to PPFSME and PPFSMPD derivatives with various DS [33]. The reaction turns out to be regioselective, and very high DS could be attained in a reasonable timescale. This reaction was rendered possible thanks to the use of a mild base which selectively deprotonates the thiol as a consequence of its larger acidity compared to the one of the hydroxyls.

With the polyfluorinated mercaptoalcohol, the thiol-para-fluoro coupling was carried out in THF at 50 °C, with using a [PFS]:[Fluorinated mercaptoalcohol] molar ratio of 1:1 with a large excess of triethylamine (NEt 3 ). The regioselectivity and chemoselectivity of the coupling were confirmed by 19 (multiplet to triplet, data not shown). The kinetics of the nucleophilic substitution was monitored by 19 F NMR in d 8 -THF (see Figure 2.3-S3 in Supporting Information). In the conditions stated above, the reaction is rather slow, with a conversion of around 20% after 7 days; this was already observed with hydrogenated mercaptoalcohols when the coupling was undertaken in THF, and was ascribed to a lowering of nucleophilicity of the thiolate due to possible intermolecular H-bonds that might involve the anion and the hydroxyl group [33]. According to the H-bond donor values discussed in Table 2.3-1, this effect might be even more favored when using the fluorinated mercaptoalcohol. Nevertheless, DS can be finely tuned up to 22.5% by varying reaction time using the master curve presented in Figure 2.3-S3 (see Supporting Information). Hence, polymers with various DS of 6.5%, 13%, 16% and 22.5% were successively prepared.

The peculiar physico-chemical characteristics of PPFSOH derivatives were evaluated by FTIR and wettability measurements, respectively. As an illustration, the results obtained with PPFSOH with a DS of 16% are discussed. The FTIR spectrum not only reveals a band at around 3400 cm -1 , assigned to H-bonded OH groups (selfassociation), but also a sharp peak emerging at 3595 cm -1 (see arrow in Figure 2.3-S2

in Supporting Information). The latter was absent from PPFSME or PPFSMPD [33].

In the literature, this peak has been attributed to the O-H stretching vibration when intermolecular H bonds with fluorine atoms exist [60]; however, such a sharp peak has also been assigned to "free" (non-associated) hydroxyl groups when sterically hindered alcohols were used [7,61]. For PPFSOH, the hydroxyl is flanked with two bulky groups containing very electroattractive fluorine atoms; as the H-bond acceptance of the OH is very low (see the  parameter value, Table 2 roughly the same number of OH groups per chain [33]; this result can be ascribed to the presence of the two additional CF 3 hydrophobic groups on the grafted PFS units at the film/air interface. Moreover, the corresponding Δθ = 30±3° is very high, and much larger than the ones reported for PPFSME(14%) (Δθ = 12±1°) and PPFSMPD(7%) (Δθ = 6±2°) [33], as the interfacial hydrogen-type interactions between water and the OH groups are much increased with PPFSOH(16%). The very large hysteresis value confirms the strong impact of trifluoromethyl groups in the vicinity of OH group on the polarity and the H-bond donation of the corresponding PPFSOH when compared to other hydroxylated PPFS.

Blends of PPFSOH with P4VP

In order to assess the influence of the trifluoromethyl groups on the H-bond ability of the vicinal OH, PPFSOH derivatives with various DS (6.5, 13, 16 or 22.5%)

were evaluated with P4VP. Accordingly, chloroform solutions were separately prepared then mixed such that the [OH]:[4VP] molar content was 1:6, and the corresponding pictures are presented in Figure 2.3-1. Interestingly, whatever the DS value of the PPFSOH used in this work is, mixtures result in so-called interpolymer complexes as turbid solutions were systematically observed (Figure 2.3-1b to 1d). This is a consequence of strong interactions between the two partners which overcome the intrinsic repulsion of the two polymer backbones when PPFS is not modified (as confirmed by the transparency of the corresponding mixture, Figure 2.3-1a, and the results of FTIR-vide infra). These results are totally different from the ones obtained when PPFSME was used [33]. Indeed, a transparent solution with P4VP was observed with PPFSME(7.4%) and PPFSME(14%), while a turbid solution was observed when the DS was increased up to 21.9%. With PPFSMPD bearing two OH groups per graft, a turbid solution was obtained with PPFSMPD(7%), while a transparent solution was found with PPFSMPD(3%), that is to say with roughly the same number of OH groups per chain than PPFSOH(6.5%). Another way to emphasize the stronger ability of PPFSOH to interact with P4VP is to prepare a mixture which composition is even poorer in H-bond donor PPFSOH. With a 993 cm -1 is assigned to an in-plane breath vibration of pyridine ring [60], while those at 960 and 980 cm -1 are characteristic of the C-F aromatic stretching frequencies of PFS ring [62], respectively. As can be seen, a new wide vibration peak centered at 1010 cm -1 , previously assigned to H-bonded pyridine [63], is noticed for blends involving PPFSOH: this result further confirms that intermolecular association leading to interpolymer complexation is driven by H-bonds. It is important to remind that the composition of each mixtures was fixed by the [OH]:[4VP] = 1:6 molar ratio:

this means that blends are mainly composed of PPFS when the DS is low, and further explains why the in-plane breath vibration of pyridine ring comes out only as a bump in the corresponding spectra. 

X-ray photoelectron spectroscopy (XPS) is a powerful technique which allows

determining the type of supramolecular interactions for blends involving P4VP [64].

Herein are reported the XPS analysis of the P4VP alone (as a reference) and PPFSOH(22.5%)-P4VP mixture (Figure 2.3-3); indeed the intensity of the shifted contribution is more pronounced for this mixture due to more numerous interactions.

The corresponding XPS wide spectra confirm that the two partners are probed, as sulfur (S2p at a binding energy (BE) around 163.5 eV) and fluorine (F1s at around 687.7 eV), arising solely from the PPFSOH derivative, are detected in conjunction with the nitrogen, characteristic of the P4VP partner (data not shown). While the N1s core-level spectrum of P4VP presents only one peak at a BE of 398.8 eV related to free pyridine units (Figure 2.3-3a), a second peak emerges at a higher BE for the complex, the signal of which can be reasonably deconvoluted into two main parts (Figure 2.3-3b). The major one is related to neutral nitrogen (BE=398.8 eV), while the minor one is associated to H-bonded nitrogen, which is rendered comparatively more electropositive than the free N and thus appears at a BE of 399.9 eV [64]. An interesting result was observed on films of PPFSOH(22.5%)-P4VP annealed at high temperature (180 °C) for 1 hour, then slowly cooled down to room temperature (Figure 2.3-3c). As can be seen, the experimental N1s spectrum is even more dissymmetric, as another bump arises at a high BE. The spectrum cannot be fitted anymore with using only the two contributions discussed above with the same fitting parameters (full width at half-maximum, peak position), and a third contribution has to be taken into account. This one appears at a BE of 401.0 eV and arises from protonated nitrogen (pyridinium ion) [64]. This result is totally different from the ones obtained with PPFSME(21.9%)-P4VP or PPFSMPD(16%)-P4VP, where XPS spectra presented only two contributions when the same thermal treatment was applied [33]. This is a consequence of the higher Brønsted acidity of the OH group, which upon heating can favor ionic interactions to occur.

All these results confirm that PPFSOH derivatives are strong H-bond donors, and that they might develop specific interaction with much weaker H-bond acceptor polymers than P4VP.

Blends of PPFSOH, PPFSME or PPFSMPD with PEO

Polyethers appear as relevant candidates for this purpose; indeed, many blends involving hydroxylated polymers and polyethers have been reported in the literature, such as cellulose/poly(ethylene oxide) PEO [65], poly(vinyl alcohol)/PEO [9], poly(4vinylphenol)/PEO [66], poly(styrene-co-vinylphenol)/7,9-copolyethers with various rigidity [10], poly(styrene-co-4-hydroxystyrene)/poly(vinyl methyl ether) PVME [12].

While being H-bond acceptor partners (due to the ether oxygen), polyethers can comparatively be referred as weak ones, as no IPC is generally observed upon mixing with hydroxylated polymers. In this context, we selected a semi-crystalline polyether, namely PEO, as miscibility with H-bond donors can simply be compared using melting temperature (T m ) and crystallinity degree ( C ) depressions (revealed by DSC)

as well as a redistribution of crystalline and amorphous vibrations bands (revealed by FTIR), as a consequence of heteroassociation involving the two partners. Thus three different hydroxylated-PPFS presenting roughly the same number of OH per chain (PPFSME(14%), PPFSMPD(7%) and PPFSOH(16%)) were mixed with PEO such that blends with similar composition (i.e.

[OH]:[ether link] molar content of 1:6) were prepared, and their resulting characteristics were compared. As anticipated, solutions remained transparent whatever the graft structure is, as no IPC was obtained (data not shown). Blends were then analyzed in solid state. First, the FTIR results and in particular the CH 2 wagging region (1320-1380 cm -1 ) of the pure PEO and its blends with pristine PPFS and the three hydroxylated-polymers are compared in Figure 2.3-4. The bands at 1360 and 1343 cm -1 which correspond to the crystalline phase of PEO [67] are well pronounced, attesting for a high crystallinity degree (vide infra) (Figure 2.3-4a). The same conclusion arises for the PPFS-PEO blend: as no specific interactions are developed, no miscibility exists between these two dissimilar polymers and crystallization of PEO is not affected by the presence of PPFS (Figure 2.3-4b). However, for blends involving PEO with any of the three tested hydroxylated-PPFS, the bands at 1360 and 1343 cm -1 comparatively decrease together with the appearance of a broad band roughly centered at 1350 cm -1 (see arrows in Figure 2.3-4) assigned to the amorphous phase of PEO [67]. Thus, the PEO crystallization is somehow hampered by adding hydroxylated-PPFS, and this is assigned to specific H-bonds between the two partners, as previously reported on blends involving PEO with hydroxylated polymers such as poly(vinylphenol-comethyl methacrylate) [68]. These results were confirmed by performing DSC on these samples. Table 2.3-2 gathers the melting temperature and enthalpy change for PEO component, as well as the degree of crystallinity ( C ) (calculated by using 188.9 J/g as the melting heat for a 100% crystalline PEO [69]) for the first and second heating scan. For PEO alone, the crystallinity degree determined from the first and second scans are very high as expected for such a low molecular weight PEO with low polydispersity index. In the case of the PPFS-PEO blend, the crystallinity degree of PEO component is similar to the one observed for PEO for both scans, confirming that no specific interaction occurs. Regarding PPFSME(14%)-PEO, PPFSMPD(7%)- PEO and PPFSOH(16%)-PEO, while the melting temperatures are quite comparable to the value found for PEO, the crystallinity degree of the PEO content remarkably decrease on both scans. This obviously proves that the introduction of OH moieties on PPFS inhibits crystallization of PEO due to H-bonds. More closely, for the first heating scan, the crystallinity degree of PEO is all the more reduced than PEO is associated to PPFSOH(16%), then PPFSME(14%) and finally to PPFSMPD(7%).

Another interesting point concerns the much higher degree of crystallinity calculated when PPFSMPD(7%) is used ( C = 37.9%) than the ones obtained with either PPFSOH(16%) or PPFSME(14%), which means that the interactions with PEO are weaker. This might be related to the chemical structure of the OH groups on PPFSMPD, which contains both primary and secondary OH groups. Indeed, it has been demonstrated on blends involving PEO and modified PVA derivatives with either only secondary OH groups or a mixture of primary and secondary OH groups, that an interaction difference exists between the two types of OH groups with regard to the formation of interchain H-bonds with the skeletal oxygen of PEO [9]. The same conclusions might apply on the basis of the sharp difference observed between PPFSMPD(7%) and PPFSME(14%), which contains only primary OH.

Moreover, after a simple dynamic heat-cool-heat treatment was applied to all samples, a melting peak can hardly be revealed for the PPFSOH(16%)-PEO blend such that the crystallinity of PEO is almost totally suppressed. In this case, the mobility of chains in the molten state favors the mixing and the miscibility of these partners as a consequence of the strongly interacting groups. This is in contrast with the results obtained with blends involving PPFSME(14%) and PPFSMPD(7%) respectively. Indeed, while the degree of crystallinity decreases in the second scan for PPFSMPD(7%), it still remains higher than the value obtained when PPFSME(14%) partner is used. All these results unambiguously highlight that PPFSOH derivatives with trifluoromethyl groups are strong H-bond donor partners with PEO, and much stronger ones than hydroxylated PPFS with more classical alkylated groups.

Blends of PPFSOH, PPFSME or PPFSMPD with PBA

Finally, in order to test PPFS derivatives with another weak acceptor, poly(nbutyl acrylate) (PBA) was selected as it is totally amorphous with a T g below ambient temperature. Moreover, it was also selected based on both the intrinsic lower Lewis basicity of the carbonyl group (as compared to the pyridine group), and the lower accessibility of the C=O due to the long butyl side chain, a parameter which turns out to be crucial when facing miscibility through H-bonds [7,10] The influence of the DS on the extent of miscibility with PBA was also evaluated for PPFSOH, PPFSMPD and PPFSME. Regarding PPFSOH, and as expected, the thermal analysis of PPFSOH(22.5%)-PBA blend reveals one large T g , which onset is around -27 °C. Conversely, the DSC thermogram for PPFSOH(6.5%)-PBA presents two T g s at -54 °C and 74 °C (see Table 2.3-S1 in Supporting Information), the second value being significantly lower than the one of the PPFSOH(6.5%) homopolymer (91 °C): this means that for this very low DS, partial rather than total miscibility can be attained mainly due to the few number of H-bond donor groups per chain. In the contrary, while evaluating blends of PBA with PPFSME (DS = 21.9 or 34%) or PPFSMPD (DS = 11 or 16%) with high DS, their thermal analysis all revealed two T g s whatever the DS of the H-bond donor is; moreover, the T g values are very close to the ones of the corresponding homopolymers (see Table 2.3-S1 in Supporting Information). One could think that the weak intrinsic H-bond donor character could be counterbalanced by increasing the density of OH function along the PPFSME and PPFSMPD chains, which is obviously not the case when blends are prepared by simple evaporation and dried at room temperature.

To see whether the miscibility could somehow be promoted, PPFSME(34%)-PBA blend was annealed at a temperature higher than the T g s of both partners. 

Conclusions

Novel PPFSOH derivatives with various DS containing trifluoromethyl groups in the vicinity of the OH were successively prepared via a chemoselective thiol-parafluoro coupling reaction with unprotected polyfluorinated mercaptoalcohol. As suggested by both FTIR and wettability measurements, the presence of the bulky trifluoromethyl groups limits the OH/OH self-association to a lesser extent. Hence, the OH is rendered rather more available for heteroassociation and more acidic than alkylated OH derived from classical mercaptoalcohols. Then, their intrinsic ability to interact with selected partners (P4VP, PEO, PBA) through H-bonds was evaluated, and compared to the results obtained with PPFS-based copolymers modified with hydrogenated mercaptoalcohols containing either one (PPFSME) or two (PPFSMPD) hydroxyl groups per graft. In all cases, a superior interaction capability has systematically been observed when PPFSOH derivatives were used. With P4VP, interpolymer complexes were obtained as a consequence of strong H-bonds. With weak H-bond acceptors such as PEO or PBA, no IPC was obtained with any hydroxylated-PPFS. In solid state, crystallinity of PEO was almost suppressed upon a simple dynamic heat treatment only when PPFSOH was used as H-bond donor.

Finally, with PBA, immiscible or partially-miscible blends were obtained with PPFSME or PPFSMPD, and AFM imaging conducted on these films highlighted a phase separation. In the contrary, miscible blends were directly obtained with PPFSOH at room temperature, without any specific thermal treatment, and AFM imaging revealed a smooth and homogeneous film with no phase separation.

All these results emphasize the tremendous impact of the H-bond donation of the OH groups imparted by the specific structure of the graft; this was actually predicted by comparing the relevant H-bond parameters of model compounds, which remarkably apply to the macromolecular systems. Hence, this versatile chemoselective coupling appears as a very attractive chemical pathway to design novel interacting partners with adjustable capabilities for supramolecular assemblies, by carefully selecting the functional thiols used as modifiers. . The spectrum of 1,1-bis(trifluoromethyl)-4-mercapto-1-butanol shows a large band at around 3400 cm -1 with a sharp peak at 3595 cm -1 , and a band at 2565 cm -1 ascribed to the -SH group. However, none of the purified PPFSOH derivatives presents the peak related to the SH while the OH bands (selfassociated OH/OH interaction at 3400 cm -1 ) and a sharp peak at 3595 cm -1 (arrow), see text for assignments) are still visible, attesting for the chemoselectivity of the reaction. additional bump assigned to H-bonded carbonyl groups (at 1706 cm -1 ) can unambiguously be revealed. 
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Chapter 3: Multilayer Thin Films via Layer-by-Layer H-bonding Self-assembly Deposition

General introduction and objectives

In Chapter 2, the design of a library of new H-bond donor copolymers was presented. We focused on the synthesis of PPFS derivatives bearing hydroxyl moieties The main aim of this work is to prepare novel thin H-bonded multilayered films on planar silicon substrates by using the powerful layer-by-layer deposition technique. For this objective, the study carried out in solution medium constitutes a key prerequisite allowing for a precise understanding of the parameters which govern the extent of interactions that exist between two partners. Therefore, in this chapter, the hydroxylated polymers: PPFSME, PPFSMPD and PPFSOH will be evaluated as donor partners to construct multilayer films. In order to simplify the systems only P4VP, which is the strongest H-bond acceptor tested in this work, will be used.

differing
More interestingly, as schematically illustrated in Scheme 3-1, we will interest in the influence of both external parameters (concentration of deposited polymer, type of functionalized substrate) and internal parameters (chemical structure of the PPFS derivative and DS in hydroxyl groups) on the film features.

Scheme 3-1: Illustration of the different parameters tuned in this work

Among other parameters, we will interest in probing the influence of the type of the surface-functionalization of the substrate on the film characteristics. Indeed, previous works developed in our group proved that grafted-polymer chains (with different conformations) afford a well-suited means for templating polyelectrolyte multilayer films in which ionic interactions were developed [1]. More particularly, we previously demonstrated that grafted polymers act as structure-directing agents by varying the amount of deposited polymers and the surface topology. In this work, we will utilize two different surfaces: one bearing primary amino groups grafted through hydrolysis-condensation reactions of 3-aminopropyl dimethylethoxysilane (APDMES), and a second surface from which P4VP chains were tethered by surface initiated-atom transfer radical polymerization (SI-ATRP).

Thus, this chapter will be divided into three main parts. The first part will expose the preparation and the characterization of the surfaces (amine-and P4VP chains-modified silicon wafers). The second part will deal with the construction of multilayered films. Especially, the films will be characterized in terms of growth mechanism (by FTIR and UV spectroscopy), surface organization (by wettability measurements), thickness (by ellipsometry) and surface topology (by atomic force microscopy). The influence of the previously mentioned parameters on these features will be particularly addressed. Finally, the last section will concern the experimental protocol and the instrumentation tools used for the characterizations.

Preparation of the substrates used for the construction of multilayer films

The amine-modified silicon wafer

In order to promote the adhesion between the silicon wafer and the multilayered films, the surface was firstly modified with an amine functionalized silane devoted to be covalently tethered to the surface through interfacial hydrolysiscondensation reactions (Scheme 3-2). which afford more irregular surface topology due to side-products caused by selfcondensation reactions [2][3][4].

A large number of works dealing with self-assembled monolayers (SAM), and in particular with amino-functionalized silane derivatives, has been reported [5][6][7][8][9][10].

The contributions showed that the surface coverage and the surface morphology of the SAM are closely dependent on experimental parameters, such as the nature of the solvent, the silane concentration and the deposition time [5][6][7][8][9][10]. For instance, Chauhan et al. [11] grafted 3-aminopropyltrimethoxysilane (APTMS) onto silicon substrates. The authors varied the experimental parameters in order to obtain an optimal APTMS grafting. According to their data, from a solution which composition in silane is 2×10 -3 (v/v), the thickness of the grafted APTMS layer was nearly equal to the theoretical length of the APTMS molecule, indicating the formation of a well organized monolayer. However, when the concentration was increased, the thickness data suggested the formation of APTMS multilayers (also confirmed by AFM characterization). In addition, the authors investigated the impact of grafting time on the multilayer thickness. They demonstrated that a monolayer was formed during the first 30 min and that the formation of a bilayer resulted from a much longer exposure (300 min). Consequently, for this work, we used the optimal parameters (APDMES solution in toluene at 2×10 -3 (v/v), for 30 min) to graft an APDMES monolayer on silicon wafers.

The thickness for APDMES-modified layer measured by ellipsometry obtained in these conditions is 4 Å which is nearly close to the theoretical length of a fully extended APDMES molecule (6 Å), indicating the formation of a well organized monolayer onto the surface. The thickness allows for the determination of the grafting densities () of APDMES grafting, according to:

where h is the thickness (nm) of APDMES,  is the density of APDMES (0.857 g/cm 3 ) and M is the molecular weight of APDMES. The  value under these conditions is calculated as 1.28 chain/nm 2 . The structure of self-assembly monolayer by monofunctional organosilane is dependent on the reaction conditions, bonded layer structure and dynamics [3]. The maximum bonding density is limited by the size of dimethylsilyl group and decreases slightly with larger alkyl groups. The reported maximum density of alkyldimethylsilyl groups with densely packed monolayer is 2.6-3.1 chain/nm 2 [12]. As a result, the grafting density of APDMES in our study is lower than the maximum density of monofunctional alkyldimethylsilanes.

The water contact angle (WCA) (measured immediately after the grafting procedure) of the amine-modified substrate is 42.9 o ± 0.3 o , which reflects the rather hydrophilic character of the substrate provided by the APDMES grafting. However, we noticed that the WCA value increases up to 66.0 o after two days under air atmosphere. It can be noted that the WCA values reported in literature for NH 2terminated surfaces widely vary from 15 o to 68 o [6,7]. Chauhan et al. [11] ascribed this variation to two reasons: i) the NH 2 groups could adsorb from the atmosphere some impurities which might be hydrophobic and ii) a certain fraction of the hydrophobic alkyl chain from the silane derivative is exposed to the extreme surface.

As a consequence of this observation, in our work, the APDMES-modified silicon wafers were either freshly prepared and used immediately for the subsequent LbL deposition or stored under inert atmosphere for a short time (no more than 24 h).

AFM image of the amine-modified surface shown in Figure 3 

The P4VP-grafted silicon wafer

Preparation of the initiator silane derivative

The grafting of P4VP chains from silicon substrates was performed through SI-ATRP which allows for tuning the molecular weight of grafted chains for a given surface density [13][14][15][16][17][18][19]. Indeed, ATRP is a metal complex-mediated reaction that relies on the reversible reaction between an alkyl halide initiator (which can eventually be immobilized on a given substrate to grow polymer chains from the surface) and a low oxidation state metal complex Mt n L m (L = ligand), yielding a radical that propagates in the presence of a monomer and a high oxidation state complex with a coordinated halide ligand XMt n+1 L m [20]. The complexes of various metals have been applied to mediate ATRP, but to date, copper-based systems (involving Cu (I) /Cu (II) redox couple) have found the broadest applications [20]. The rational selection of an appropriate initiator/catalytic system/ligand/solvent set strongly depends on the selected monomer, even if the following general rules most often apply: i) the alkyl halide initiator should resemble structurally the polymeric chain ends of the polymer prepared by ATRP, ii) the halide initiator/CuX catalyst system should be selected such that efficient radical deactivation is ensured (generally observed with bromide-based catalysts rather than with chloride-based ones), iii) the ligand L should form very stable complexes with the Cu (I) and Cu (II) oxidation states (in order to avoid any competitive complexation by the monomer, polymer or solvent).

These guidelines are valid only when the ATRP reactions are carried out in the absence of basic/nucleophilic compounds that can react with alkyl halides and therefore cause a loss of chain end functionality of the growing polymeric chains. 4vinyl pyridine represents such a basic/nucleophilic and coordinating monomer, which makes its controlled ATRP challenging. Indeed, many metal ions bind strongly to this polymeric polydentate ligand, which might constitute a first side reaction in the course of ATRP. Another one might be the consumption of alkyl halide derivatives (such as the initiator or the growing polymer end chains) through a nucleophilic substitution leading to N-alkyl quaternized polyelectrolytes [21]. To avoid these problems, the conditions that were used to develop SI-ATRP are the following:

(1) Alkyl chloride initiators have been chosen, as the nucleophilic attack of pyridine ring (arising from the monomer or the polymer) on the halogen end group is much slower (almost not detectable) than in the case of a bromine end group [21].

Moreover, an immobilized initiator and a free one added in the solution have been used: not only the latter contributes to regulate the polymerization, but also makes the kinetics study possible through the determination of conversion and molecular weight as a function of time [22].

(2) For the same reason, chloride-based catalytic systems were selected.

Indeed, even if the reaction kinetics is quite faster with CuBr than with CuCl in protic medium, the molecular weight distributions of the obtained polymers are polymodal, as a result of the reaction of pyridine groups from the polymer with bromine end chains, leading to branched structures. [21].

(3) Tris(2-aminoethyl)amine (Me 6 -TREN) has been selected as ligand; indeed, it strongly complexes the copper-based catalysts and thus can counteract the complexing behaviour of the pyridine rings of both monomer and polymer [23].

These competitive complexing reactions are all the more unfavored that pyridine groups are themselves involved in another type of interactions such as hydrogen bonding: this further explains why 2-propanol was selected as protic solvent to conduct ATRP [24].

(4) In protic medium, it has been shown that the ATRP of 4VP conducted in 2propanol with Cu (I) Cl/Me 6 -TREN started controlled, but low conversions were reached after certain reaction times, which was ascribed to termination reactions [23].

Indeed, the stability of the Cu (II) -X bond is significantly lowered in protic medium, such that a significant part of such complex generated in the ATRP process dissociates, leading to inefficient radical deactivation. This can be circumvented by initially adding relatively large amount of Cu (II) Cl 2 halide complexes [21]. In our case, some Cu (II) Cl 2 complex (30% of the total Cu) was initially added from the beginning of the ATRP.

For all these reasons, the initiating system that was used requires the synthesis of two alkyl chloride initiators, one that would act as a free initiator in solution, and one to be tethered on the silicon substrate. Regarding the latter one, an ,difunctional derivative which bears both a functionality reacting with silanol groups of the silicon substrate and C-Cl bond was thus synthesized. A monochlorosilane derivative, [11-(2-chloro)propionyloxy]-undecenyldimethyl-chlorosilane (CPU-dMCS)

(5), was targeted because not only these derivatives are known to be more reactive than alcoxysilane but, as previously explained, the monofunctionnality prevents from undesired side-products caused by self-condensation reactions [2-4, 25,26].

The synthesis of such silane derivative is relied on two steps: i) an esterification reaction between 10-undecen-1-ol (1) and 2-chloropropionyl chloride

(2) which provides 10-undecen-1-yl-2-chloropropionate (3) bearing the initiator functionality and an alkene group; and ii) a hydrosylilation reaction between (3) and dimethylchlorosilane (4) by using the Karstedt catalyst which affords the desired silane derivative (5) in good yield (70%) (see Scheme 3-3). 

Preparation of the initiator self-assembled monolayer

The advancing water contact angle (WCA) can be related to the fraction of the different chemical groups in terms of the phenomenological Cassie-Baxter and modified related equations [1,[27][28][29][30]:

[1+cos(WCA)] 2 = f 1 [1+cos(WCA 1 )] 2 + f 2 [1+cos(WCA 2 )] 2 f 1 + f 2 = 1
where the water contact angle WCA 1 of a surface covered with a maximum number of initiator molecules, f 1 = 1, is expected to be θ 1 = 90 o , while the water contact angle WCA 2 for a surface containing only hydrophilic unreacted silanol groups,

f 2 = 1, WCA 2 = 0 o .
As demonstrated by Lego et al., the initiator surface coverage depends on both reaction time and silane concentration in solution [28]. The authors monitored the evolution of WCA values to quantify the reaction efficiency through the initiator coverage extent determined from the modified Cassie-Baxter equation. The authors reported on that the initiator surface coverage ranged from 20 to 80% just by changing the initiator concentration from 5×10 -5 to 10 -2 M. At a relative high concentration, the reaction rate was much faster than at lower concentration so that the control of surface coverage over time was unlikely and only high initiator coverage (≥58%) can be obtained. However, at low (5×10 -5 M) to moderate initiator concentrations, the reaction rate was constant. Intermediate surface coverage (8%≤ f 1 ≤58%) can be targeted by stopping the reaction after appropriate time. In our work, the grafting reaction was performed at 10 mmol/L of initiator solution in toluene, and different reaction times were tested. We calculated the surface coverage of silane from the previously cited equation. We did the assumption that the maximal WCA which is possible to reach with the chlorosilane (5) is 90°, which value has been reported for halo-ester derivatives [1]. The resulting evolution of WCA and surface coverage (f) are depicted in Figure 3 The dry thickness measured by ellipsometry of the covalently attached SAM equals 1.86 ± 0.10 nm, which is the same order of magnitude than the one calculated by considering a stretched conformation of CPU-dMCS molecule (1.91 nm) using geometry optimized space filling models with ChemDraw 3D software. We can reasonably think that the molecules of grafted silanes are too short and are not flexible enough to allow for any tilt or gauche conformations susceptible to decrease the thickness. Moreover, the lack of chemical affinities between the hydrophilic substrate and the apolar initiator sites makes any collapse of grafted silanes onto the substrate not favourable. As mentioned above, the thickness of dry grafting initiator as measured by ellipsometry as well as density of initiator (0.87 g/cm 3 ) allow for the determination of the grafting densities () of silane. The  value under these conditions is calculated as 2.74 chain/nm 2 . The surface density of silanols on hydroxylated silica covering the surface of a silicon wafer is 4.5 Si-OH groups/nm 2 , and approximately 60% of the groups can react with alkyldimethylsilanes with one hydrolysable group [2,3,30,31]. As a result, the density of alkyldimethylsilane grafting is 2.7 chain/nm 2 which is close to our value (2.74 chains/nm 2 ), indicating the formation of a densely packed monolayer.

AFM imaging (Figure 3-4) evidences a homogeneous surface topography with only a textured morphology with an R ms value of 0.347 nm on a 1 μm ×1 μm area, typical of a uniform and unidirectional silane grafting. 

SI-ATRP of 4VP

Secondly, we were interested in grafting P4VP chains from silicon wafers.

P4VP constitutes a first layer able to develop H-bonds with PPFS derivatives.

Compared to wafers modified with small amino-based molecules (such as SAM), the number of H-bond acceptor sites is much greater with using a polymer, which can play a role on the interactions developed at the interface and on the amount of deposited polymers during the construction of multilayered films by LbL deposition.

Moreover, it can be expected that the conformation and the surface morphology of the grafted P4VP chains impact the one of the deposited multilayers. Then, it can be envisaged that such a covalent grafting impacts the growth mechanism and the internal organization of the subsequent polymer films. This point will be discussed in the 3.3 part of this chapter.

The initiator SAM-modified wafer was used for the subsequent SI-ATRP of 4VP. It is well-known that ATRP technique can control the polymer growth through the equilibrium between growing free radical and dormant species [20]. However, when the initiator is anchored on a surface, its concentration is inadequate for generating sufficient deactivating species, which limits the control over the polymerization kinetics and hence the molecular weight of polymer via surfaceinitiated polymerization. This limit can be circumvented by adding either a deactivator (i.e., Cu (II) ligand complex) or free initiator to the SI-ATRP reaction. We utilized both of these methods for obtaining a controlled polymerization of 4VP from the silicon wafer, as previously explained.

The free initiator for surface initiated ATRP of 4VP is derived from poly(ethylene glycol) monomethyl ether (MeOPEG) (6). As previously indicated, the targeted structure allows for an efficient initiation of 4VP by ATRP. The synthesis is presented in Scheme 3-4. 

I. Kinetics study

The addition of free sacrificial initiator in solution allows for monitoring the evolution of the monomer conversion and the molecular weight of free chains as a function of time, respectively, and thus allows for indirectly qualifying the polymerization initiated from the surface. Indeed, it is generally assumed that the molecular weight and the polydispersity index of surface-attached and free polymer chains are roughly the same [32][33][34]. The SI-ATRP was performed in 2-propanol at a constant monomer to solvent ratio (V 4VP /V 2-propanol =1/3) at 50 o C, using Cu (I) Cl/Cu (II) Cl 2 /Me 6 -TREN complex as the catalytic system. The initial concentration of [4VP] 0 /[free initiator] 0 /[Cu (I) Cl] 0 /[Cu (II) Cl 2 ] 0 /[Me 6 -TREN] 0 ratio was set at 500/1/0.7/0.3/2. Five similarly prepared initiator SAM-modified wafers were utilized to perform independently the SI-ATRP of 4VP using the same experimental conditions for different reaction times. Reactions were stopped at 4, 10, 16, 22 and 28 h, respectively. Samples were then withdrawn from the medium, and directly analyzed by 1 H NMR spectroscopy in order to determine the monomer conversion (see Figure 3456). In particular, as the signals relative to the polymerized 4VP are all very close to Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0087/these.pdf © [J. Chen], [2013], INSA de Lyon, tous droits réservés the ones of the unpolymerized 4VP, none of them can be independently integrated.

Thus the following equation was used to determine the monomer conversion (expressed in %):

where f and e each correspond to one proton of the vinyl group (at  = 6.6 ppm and  = 5.9 ppm, respectively) and k corresponds to two protons of the pyridine ring (in 2 and 6 position, at  = 6.0~6.5 ppm) from the repeating unit. Free homopolymers obtained after precipitation and purification were characterized by 1 H NMR spectroscopy (Figure 34567). The molecular weight can be calculated by comparing the integral of the 4VP repeating unit of the polymer (such as the group referred as l, at  = 8.0~8.5 ppm) to the one of the end-group coming from the initiator (such as the ethylene group referred as n, at  = 3.5~3.6 ppm) according to the following equation: The monomer conversion and molecular weights of the free P4VP chains are gathered in Table 3- From these results, it is seen that the polymerization reaction is relatively slow, as 63% of monomer conversion is attained at reaction time of 28 h: this is related to both effects of a high [M] 0 /[I] 0 ([I] 0 : initial concentration of initiator) ratio and the addition of Cu (II) Cl 2 catalyst from the beginning of the reaction [21]. At the same time, while the monomer conversion is around 30% at 4 h, the conversion regularly increases with time attesting that polymerization regularly occurs. The change of ln([M] 0 /[M]) as a function of time does not intercept the origin, but a global linear trend is observed attesting that the number of propagating radicals remains constant all along the polymerization. This is comparable to what was previously reported when 4VP was polymerized in hydroalcoholic medium (CH 3 OH/H 2 O = 1/1) [21]. At the same time, the plot of M n as a function of conversion appears linear up to 28 h, attesting that no transfer reactions are detected; it is noteworthy that the calculated molecular weights are different to the ones calculated from the [M] 0 /[I] 0 , and is ascribed to a partial initiator efficiency (estimated at around 58%). However, all the kinetic results strongly suggest that polymerization actually occurs through ATRP, and that the molecular weight of the polymer chains can be tuned by kinetic control.

Thus, through the monomer conversion variation controlled by the reaction polymerization time, P4VP chains with different molecular weights can effectively be grafted from the same initiator SAM-modified substrate. The effectiveness of the polymerization of 4VP from the surface was firstly confirmed by the measurement of water contact angle (WCA). As can be seen in The polymerization of 4VP from the surface and, more particularly its controlled character are evidenced in Figure 3-10 by the linear evolution of the thickness of P4VP chains as a function of the monomer conversion (or the molecular weight, as the linear relationship between molecular weight and monomer conversion is observed in Figure 3-8(a). Indeed, these variations are expected to be linear for relatively dense end-grafted polymer layers prepared by controlled SI-ATRP [35][36][37],

while non linear variations arise from uncontrolled SI-ATRP [13,38,39]. This behavior confirms that the polymerization is controlled by the selected free initiator concentration and that the number of active chains on the surface remains constant as a result of the deactivation process between the activated radical and Cu (II) species. The chain conformation adopted by the grafted P4VP chains can be determined by comparing the distance between two anchoring points (noted as D) and the radius of gyration (R g ) of P4VP chains generated in solution during the SI-ATRP process [1,27].

The thickness measured by ellipsometry allows for the determination of the grafting densities () of P4VP chains, according to , where h is the dry polymer thickness (nm),  is the density of P4VP (1.15 g/cm 3 ) [40], and M n is the true number average molecular weight of the grafted polymer chains. The molecular weight of the grafted polymer chains could not be determined experimentally, because of the very small amount of polymer generated on the surface. However, comparison of molecular weights for free chains and grafted ones cleaved from the surface of silica particles indicated comparable molecular weight values [41][42][43]. Therefore, it is assumed that the molecular weights of the free and grafted polymer chains are similar in our study.

The corresponding D values are estimated from and the radius of gyration (R g ) of P4VP chains generated in solution can be evaluated from (for a coil chain in good solvent), where DP n true is the true degree of polymerization, and b is the distance between monomer units (0.26 nm) [44,45]. The characteristics of P4VP chains grafted onto the surface are summarized in Table 3-2. Several conclusions can be drawn from the calculated , D and R g values. The  grafting densities of P4VP-modified wafers resulting from five independent experiments conducted in the same conditions but stopped at different reaction times are comparable with each other (around 0.09 chains/nm 2 ), which is consistent with the controlled character of the polymerization. The associated distance D between two polymer grafting sites is thus around 1.90 nm.

The comparison between R g for each experiment and the D values emphasizes that the grafted P4VP chains are in brush-like behaviour with a rather stretched conformation (since R g > D).

Nevertheless, it is important to keep in mind that some hypotheses might affect the R g and D values. Firstly, the molecular weights used to compute the grafting density on the wafer are the ones of the free chains and not the ones of the P4VP grafted chains. In the meantime, in the literature, authors who analyzed the true molecular weights of the surface-initiated polymer chains after cleavage, found comparable values with the ones of free chains [41][42][43]. Secondly, the thickness measured by ellipsometry is the value obtained at dry state and the drying process can lead to a possible P4VP chain collapse onto the surface which might render the thickness underestimated. Thirdly, the calculated R g value corresponds to the one of the free chains and the covalent attachment of polymer chains can slightly modify the value of radius of gyration. Although these hypotheses could lead to some errors for the calculated values of R g and D, this method has been usually utilized in literature to estimate the conformation of polymer chains grafted on the surface [1,27,28].

II. Surface features of the P4VP layer

AFM imaging was used to reveal the surface topography adopted by the grafted P4VP chains. As can be seen in Figure 3-11, after the SI-ATRP step and whatever the molecular weight is, the R ms of the P4VP-modified substrate is larger than the one determined for the initiator SAM-modified one (R ms = 0.347 nm), which confirms the successful P4VP grafting onto the silicon wafer surface. The topology study shows a globular-like morphology with regularly distributed nanodots and is typical of substrate which polymers are rather stretched in the brush-like regime [1,27,28]. Moreover, no significant morphology change is revealed for the 5 different samples while the molecular weight of the grafted P4VP chains increases, as no regime transition is observed in this particular case. 

Construction of multilayer films

The originally used driving force for LbL assembly was electrostatic interaction, but, as detailed in the bibliographic chapter of this manuscript, LbL assembly has been extended to various non-covalent forces including hydrogen bonds.

The use of hydrogen-bonds offers the possibility to create tunable multilayer films made from polymers which are not necessarily ionic and water soluble. Thus, the films can be elaborated from organic solutions.

The study detailed in Chapter 2 emphasized the ability of various PPFS-based copolymers to develop H-bonds with different partners. Thus, we desired to take benefit of these chemical affinities to elaborate novel H-bonded multilayer films by dipping inorganic wafers into polymers chloroform solutions (Scheme 3-5).

Chloroform was used due to its polarity and acidity which are suited for H-bonds formation. Rather long immersion times (20 minutes) were chosen to favor the polymer absorption and the interactions formation. In order to exploit in-depth the potentialities of the hydroxylated PPFS derivatives (PPFSMPD, PPFSME and PPFSOH), we restricted the film construction to P4VP as H-bond acceptor polymer. As indicated in the introductive part, we investigated the influence of different parameters on the film elaboration, such as the concentration of the deposition solutions, the DS, the nature of the first deposition layer, the PPFS derivatives chemical structure and the nature of the substrate. In particular, the study of the growth mechanism by spectroscopic and ellipsometric analysis as well as the surface features elucidated by wettabillity measurements and AFM imaging will be discussed.

The used PPFS derivatives are PPFSMPD(8% and 11%), PPFSME(14%) and PPFSOH(16%). Table 3-3 summarizes the various combinations exploited for LbL self-assembly and points out the addressed varying parameter. 

Evidence of the film feasibility

FT-IR in ATR mode was used to monitor the stepwise growth of PPFSMPD(8%)/P4VP multilayer on the amine-functionalized wafer. Both ATR FT-IR spectra of P4VP and PPFSMPD are shown in Figure 3-12. The P4VP absorption is clearly identified by a band at 1595 cm -1 which is ascribed to the ring vibration of pyridine [46]. Moreover, the absorbance of PPFSMPD at 1522 cm -1 is assigned to fluorinated aromatic rings [55]. Both peaks are independent from each other. Thus, the intensity of the peak can be used to monitor the film growth with increasing the deposition numbers. 

Influence of the concentration of deposition polymer solutions

By playing on the strength and the number of developed interactions, it is well established that the deposited polymer concentration can affect the LbL deposition and the resulting properties of the film [51,56]. In our work, we selected two different concentrations: 1 and 0.1 g/L for each deposited solution, by studying (PPFSMPD(8%)/P4VP) n adsorbed on the amine-modified silicon wafer.

Study of the growth mechanism

I. Investigation by spectroscopic analysis

The ATR FT-IR absorbance at 1595 cm -1 assigned to P4VP ring vibration was monitored as a function of the number of deposited bilayers for both concentrations.

As it can be seen in Figure 3-15, when 1 g/L was used, the absorbance at 1595 cm -1 increases exponentially with the number of deposited bilayers up to 15 bilayers.

Conversely, when the concentration decreased to 0.1 g/L, the absorbance evolution becomes linear, which indicates that the P4VP amount deposited during each cycle is approximatively constant, contrary to the exponential growth. Usually, the polymer deposition is detected using UV-Vis absorption spectroscopy in transmission mode [57][58][59]. Nevertheless, this technique can only be applied to transparent supports and is thus not suited to opaque substrates such as silicon wafer used in this work. UV-Vis spectroscopy was thus employed in total reflectivity instead of in transmission mode. To the best of our knowledge, this is the first time that the formation of multilayer films on silicon wafer is studied by UV-Vis reflectivity. For a larger number of deposited bilayers, the reflection signal is more and more broadened and shifted to higher wavenumbers. From 10 deposited bilayers, the spectra seem to superimpose. Our objective was to probe the total beam arising from the silicon wafer/polymer interface but the successive deposition of the components on the surface can lead to additional reflecting interfaces which can cause interferences and thus disturb the total reflection signal. Moreover, the width and the position edge of the UV-Vis band can be directly related to the spatial organisation of the deposited species. We can hypothesize that from 4 bilayers, the deposition leads to a peculiar structuration which affects the reflection UV-Vis response. These features complicate the use of UV-Vis spectroscopy for quantification purposes and one has to 

II. Investigation by the amount of deposited bilayers

The growth of multilayered films can be addressed by the measurement of the dry thickness evolution by ellipsometry. For the (PPFSMPD(8%)/P4VP) n (C = 1 g/L)

LbL deposition, the ellipsometry technique was shown to be not suitable for the thickness determination, since for each deposited bilayer, the corresponding χ 2 parameter (indicating the reliability of the measurement) was much higher than 5, which may be due to a too high thickness or/and a too heterogeneous surface morphology.

In order to circumvent this limitation, AFM was used since it is well suited for the direct measurement of the surface height. Thickness measurements were obtained by delicately performing a scratch on the surface with a razor blade in order to remove a part of the polymer films. The torn material was removed from the substrate, and thus does not hinder the measurement of thickness. Thus, a step height that corresponds to the film thickness can be directly visualized and quantified in topographic mode. Interestingly, the (PPFSMPD(8%)/P4VP) n (1 g/L) multilayered films are very thick, as demonstrated by a thickness of more than 1000 nm for 7 deposited bilayers. To the best of our knowledge, such high thickness for only 7 deposited layer pair has not been described so far in the literature (see . Herein, we only compare some H-bonded LbL multilayered films (some of them involving P4VP as acceptor) with comparable concentration, which show that the thickness in our system is comparatively much higher than most cases. For instance, the thickness of (PVPh/P4VP) 6 was shown to be only 20.5 nm by X-ray reflectivity measurements, but the authors did not mention the used concentration [50]. The thickness of (PS-b-PAA/P4VP) n multilayered films reported by Cho et al. [54] can reach around 80 nm after 15 deposited bilayers in which the concentration and time for deposition are 1 g/L and 5 min, respectively. Rubner et al. [60] prepared a series of PVA/PAA and PVA/PMAA multilayered films by using different PVA with different molecular weights and degree of hydrolysis, in which the concentration and time for deposition are 2 g/L and 10 min, respectively. It was found that the partial hydrolyzed PVA (87-89%) with higher molecular weight (131,000 g/mol) can lead to larger thickness with PAA (400 nm after 10 bilayers by dipping deposition and 100 nm after 10 bilayers by spray deposition) and PMAA (500 nm after 10 bilayer by dipping deposition).

The very high thickness obtained in our study can be ascribed to the peculiar exponential growth due to the concentration of 1 g/l, the rather longer deposition time 

Study of the surface features

I. By wettability measurements

The water contact angle (WCA) as well as the water hysteresis were measured for (PPFSMPD(8%)/P4VP) at 1 g/L and 0.1 g/L after each deposited monolayer. The wettability measurements are known to be quite sensitive to the chemical and physical properties of the top surface in the range of a few angstroms and are strongly influenced by the chemical composition, the surface roughness and, in the case of LbL films, by the degree of interpenetration of the sequentially adsorbed polymers.

The monitoring of the WCA and water hysteresis after each deposited monolayer (after nitrogen drying) allows for understanding the close relationship between the surface properties and the internal structure of the multilayer films. For both concentrations (0.1 or 1 g/L), the profiles of WCA and water hysteresis evolution are very similar. After the PPFSMPD deposition as the first layer, the WCA increases from 43° to around 98 o , which exactly corresponds to the WCA value of PPFSMPD. This WCA increase indicates a full coverage of the surface by PPFSMPD due to the development of H-bonds with amines groups tethered to silicon wafer. After the P4VP absorption, the WCA value drops to 87.8 o and 86.3 o for sample from 1 g/L and 0.1 g/L of solution, respectively, which is higher than the WCA of pure P4VP (64.5°). This value reflects the presence of both P4VP and PPFSMPD at the extreme surface. This can be ascribed to an uncomplete coverage of P4VP which can occur during the deposition process or which can be due to a partial diffusion of P4VP into the PPFSMPD sublayer (favored by the high dipping time of 20 minutes).

The Cassie-Baxter equation [27][28][29][30] can be exploited to calculate the surface coverage of each polymer.

[1+cos(WCA)] 2 = f 1 [1+cos(WCA 1 )] 2 + f 2 [1+cos(WCA 2 )] 2 f 1 + f 2 = 1
where the water contact angle WCA 1 for a surface totally covered with PPFSMPD copolymer is equal to 98.7°, while the water contact angle WCA 2 for a surface covered only by P4VP is 64.5°. f 1 is the surface covered by PPFSMPD, and f 2 = 1-f 1 is the surface covered by P4VP. After each PPFSMPD layer deposition, the coverage of PPFSMPD is f 1 = 100%, however, after the P4VP deposition, the coverage of P4VP is equal to f 2 = 27% (for C=1 g/L) and to f 2 = 31% (for C=0.1 g/L), which reflects a mixture of both PPFSMPD and P4VP layer probed on the top surface.

These values are obtained after each deposited monolayer. Indeed, all along the deposition process up to 15 bilayers, the WCA values show a distinct periodic oscillation when the top surface layer is alternatively varied. The surface effects of the sublayer are more screened when PPFSMPD is deposited on the P4VP rather than the contrary.

Moreover, the alternative variation of water hysteresis allows for investigating the step by step multilayer construction. Firstly, the water hysteresis obtained after PPFSMPD deposition is lower than the one resulted from P4VP absorption due the more hydrophilic and hygroscopic character of P4VP compared to fluorinated PPFSMPD copolymer. By following the same trend as for WCA variation, while the water hysteresis obtained after the PPFSMPD deposition corresponds to the one of the pure PPFSMPD (5.7°), the one measured after P4VP absorption (around 20°) is quite to be lower than the water hysteresis collected on spin-coated P4VP (33.6°). This again confirms that the P4VP coverage is not complete.

II.

By the Surface topology study AFM analyses of (PPFSMPD(8%)/P4VP) n multilayered films from solutions at 1 g/L were impossible to be acquired and no discernable surface topology was obtained. As can be seen in Figure 3-22, it is impossible to observe the surface topology from AFM height image for the deposition of 7 bilayers even on the scale 10 μm× 10 μm. This is due to the fact that the films are very thick, as previously mentioned, the construction of multilayered films deposited from high concentration of solutions leads to very high thickness. Given this featureless surface morphology, we can assume the WCA and water hysteresis evolutions mainly reflect the chemical changes and not the topological ones.

The oscillation in the contact angles arise from a well-defined structure of the multilayer film. Such roughness increase with the number of deposited layers was also reported by Petri et al. [61] who prepared multilayered films made from poly respectively. The authors ascribed this behavior to the "end-on" adsorption mechanism [63] in which the multilayered thin film morphology shows an almost spherical grain nature, and the size of the grain also increases with increasing the number of layers. 

Influence of the DS

The effect of DS (namely the number of hydroxyl groups per polymer chain)

for a given PPFS derivative on the film characteristics was addressed by comparing (PPFSMPD(8%)/P4VP) n (1 g/L) and (PPFSMPD(11%)/P4VP) n (1 g/L) deposited on the amine-modified substrate. Both blends lead to interpolymer complex (IPC) can be formed in solution.

The building of multilayer film was studied by ATR FT-IR spectroscopy and the evolution of the absorbance at 1595 cm -1 (corresponding to P4VP absorbance) as a function of the number of deposited bilayers (up to 5 bilayers) was plotted for the two films prepared from the two different DS (see Figure 3-25). It appears that the absorbance of (PPFSMPD(11%)/P4VP) n is greater than the one of (PPFSMPD(8%)/P4VP) n (0.044 and 0.015 for 5 bilayers, respectively). This suggests that a higher amount of P4VP is deposited for the higher DS, which can be ascribed to the increase of the H-bonds extent between PPFSMPD and P4VP when a larger number of hydroxyl groups per chain are involved. ). The increase of WCA indicates a full coverage of PPFSMPD layer after deposition. After P4VP deposition, the WCA value decreases to around 80 o , which is also higher than the WCA for pure P4VP (64.5 o ). This behavior can be ascribed to the uncomplete coverage of P4VP, reflecting the presence of both P4VP and PPFSMPD. The coverage of P4VP after P4VP deposition for (PPFSMPD(11%)/P4VP) multilayered films is f 2 = 45%, according to the Cassie-Baxter equation. This value is higher than (PPFSMPD(8%)/P4VP) one (f 2 = 27%), which reflects that a higher P4VP amount is deposited on the PPFSMPD sublayer when a DS of 11% is used compared to 8%, due to the increase of the number of interacting sites. 

Influence of the nature of the first deposited layer

The substrate on which the polymers are deposited bears primary amine groups which can act as H-bond acceptors but also as H-bond donors. To evaluate this dual role, we varied the nature of the first deposited layer: either PPFSMPD(11%) or P4VP followed by PPFSMPD or P4VP, respectively (at 1 g/L). This parameter was assessed by the water contact angle monitoring after each deposited monolayer.

As depicted in Figure 3 we observed a similar alternate profile, but the P4VP coverage was even lower (45%).

This decrease of P4VP coverage after P4VP deposition when PPFSMPD was used as the first deposition layer cannot clearly be explained at this stage. As previously demonstrated, a polymer concentration of 1 g/L yields very thick films, which is difficult to be accurately characterized. Thus, by other techniques for the following experiments, more diluted solutions (0.1 g/L) were used and the first deposited polymer consisted in PPFS derivatives.

In summary, multilayered films involving PPFSMPD and P4VP by using LbL deposition technique can be constructed through the development of H-bond interactions. ATR FT-IR spectroscopy revealed a transition from linear to exponential growth when the polymer concentration was increased from 0.1 to 1 g/L. It appeared that a concentration of 1 g/L leads to very thick films (micrometer) for only 7 deposited bilayers. Water contact angle measurements after each deposited monolayer showed a not fully P4VP coverage after adsorption onto PPFSMPD sublayer. AFM imaging pointed out homogeneous and relatively smooth surface topology for the concentration of 0.1 g/L. Moreover it was found that a DS increase of PPFSMPD derivative promotes the amount of deposited polymer.

In order to deeply investigate the parameters influencing the buildup of multilayer films, other PPFS derivatives (PPFSME and PPFSOH) which present different H-bond donating capability will be considered in the following parts.

Influence of the PPFS derivatives chemical structure

In order to accurately investigate the effect of the PPFS derivatives structure, we selected DS values which give the same number of hydroxyl groups per polymer chain. Thus, films based on (PPFSMPD(8%)/P4VP) n , (PPFSOH(16%)/P4VP) n and

(PPFSME(14%)/P4VP) n were compared. Note that we have demonstrated in Chapter 2 that both PPFSMPD(8%)/P4VP and PPFSOH(16%)/P4VP lead to interpolymer complexes (IPC), while PPFSME(14%)/P4VP yields a miscible blend.

PPFSME versus PPFSMPD

I. Study of the growth mechanism (1) Investigation by spectroscopic analysis

For the (PPFSME(14%)/P4VP) n multilayer, both ATR FT-IR absorbance and UV reflection signal could not be detected even after 15 deposited, much probably due to the too low amount of polymers absorbed on the surface. This can be ascribed to the weaker H-bond donor propensity of PPFSME copolymer.

(

2) Investigation by the amount of deposited bilayers

The dry thickness of all multilayered films of system was measured by ellipsometry. As can be seen in Figure 3-28, the thickness of (PPFSME(14%)/P4VP) n is much lower than the one of (PPFSMPD(8%)/P4VP) n film: 3.3 nm against 80 nm after 15 bilayers. This very low thickness corroborates FTIR and UV-Vis analysis for which no signal has been detected. Clearly, such low amount of deposited polymers originates from a low extent of H-bonds between PPFSME with P4VP, as previously demonstrated by the study in organic solution (in Chapter 2). 

II. Study of the surface features (1) By wettability measurements

For each multilayered film, the WCA and water hysteresis evolution was monitored after each deposited monolayer. Odd and even numbers represent the top surface layers of PPFS derivative and P4VP, respectively. The WCA and the water hysteresis of each homopolymer are indicated in the figures as references.

For the (PPFSME(14%)/P4VP) films (see Figure 3 

PPFSOH versus PPFSMPD

I. Study of the growth mechanism (1) Investigation by spectroscopic analysis

For the (PPFSOH(16%)/P4VP) n combination, a growth mechanism in two steps is emphasized by ATR FT-IR analyses. As shown in Figure 3-32, the absorbance at 1595 cm -1 linearly increases with the deposition cycles up to 10 bilayers, and then a divergence occurs from 10 bilayers with a higher slope. This behavior is different from the growth mechanism of (PPFSMPD(8%)/P4VP) n multilayer for which only one linear variation was observed. This divergence reflects a peculiar chain organization between the two partners from 10 deposited bilayers. The raw UV-Vis reflection spectra of (PPFSOH(16%)/P4VP) n (Figure 3-33(a)) allow for representing the evolution of the absorbance at 259 nm as the function of the number of deposited bilayers (Figure 3-33(b)). We can observe a linear growth from 1 to 7 deposition cycles, and then, the slope is changed and the growth becomes less pronounced, as the result of the quasi-superimposition of the raw reflection spectra. For the (PPFSOH(16%)/P4VP) n association, the thickness increases with the increase of the number of deposited bilayers according to two steps with a slope divergence from 5 bilayers deposition (see Figure 3-34), as observed for IR analysis.

The thickness of the (PPFSOH(16%)/P4VP) n multilayered film is lower than the one of (PPFSMPD(8%)/P4VP) n : 44 nm against 80 nm for 15 bilayers. This thickness differences can be due to stronger H-bond interactions developed between PPFSOH and P4VP. The strong H-bonds between these two partners may lead to a collapse of the interacting chains at the surface. The absorbed polymers under confined space certainly adopt a more packed conformation [67].

II. Study of the surface features (1) By wettability measurements

The (PPFSOH(16%)/P4VP) system exhibits a completely different WCA and water hysteresis evolution with no distinct periodic oscillation in wettability properties (see . Firstly, a WCA increase is observed up to 4 monolayers, and then a WCA plateau is reached up to 14 monolayers at around 90° (f 1 = 65% of PPFSOH coverage and f 2 = 35% of P4VP coverage) and finally the WCA step by step decreases to 73° (f 1 = 23% of PPFSOH coverage and f 2 = 77% of P4VP coverage) for 30 deposited layers. Moreover, the WCA observed after the deposition of one (PPFSOH/P4VP) n layer pair seems not to vary. Note that FT-IR measurements, ellipsometry and wettability analyses highlight a noticeable growth change from 5-7 deposited bilayers. The disappearance of the oscillatory trend in WCA reflects that the individual layers form rather disordered layers composed of interdigitated PPFSOH and P4VP segments due to the insufficient surface coverage or intermixing of them [68]. This not fully covering is not due to a too low amount of deposited polymers (as observed for PPFSME(14%)/P4VP), as indicated by ellipsometry but it rather comes from a peculiar internal organization and surface topology. As it will be shown by AFM, contrary to the uniform morphology of (PPFSMPD(8%)/P4VP) n multilayered films, the roughness of (PPFSOH(16%)/P4VP) n bilayer is higher and the growth film occurs from polymer globules. This can be ascribed to the strong H-bonds which induce a special chains confinement. Regarding the water hysteresis evolution, after 3 deposited monolayers, the value attains a plateau and remains constant all along the deposition process.

(2) By the surface topology study Figure 3-36 shows the AFM images of (PPFSOH(16%)/P4VP) n multilayered films for various deposited bilayers. After one deposited bilayer, the surface exhibits an original patchy topology with regular and separated nano-dots homogeneously distributed on the surface, corresponding to a surface roughness of 1.33 nm. This is totally different from the (PPFSMPD(8%)/P4VP) n films (see . This special topology may arise from the strong H-bonds interactions between PPFSOH and amine groups anchored to the substrate and between PPFSOH and P4VP. These interactions lead to a chain collapse and to a spatially localized deposition. Moreover, it is possible that PPFSOH is absorbed at the surface not as an extended chain but either as coils or "aggregates", which can be maintained on the surface at the beginning of the deposition process.

After 2 bilayers, a sharp increase of R ms up to 5.32 nm is observed with an alternate "hills and valleys"-type structure. Then, the topology appeared much flatter and notably more homogeneous and continuous with a lower roughness around 0.4 nm, as the result of matter accumulation. We can note that all these surface morphologies can be enhanced by the drying since solvent evaporation can cause additional crumples. 

I. Investigation by spectroscopic analysis

The use of P4VP grafts-modified substrate instead of amine-modified one is anticipated to impart peculiar morphology to the multilayers and different interaction capability to the subsequent deposited polymers. As shown in the previous sub-part, it is possible to tune the molecular weight of the P4VP grafts. We selected a molecular weight of 50,316 g/mol which corresponds to a thickness of 6.63 nm, a grafting density of 0.09 chain/nm 2 , and a roughness of 0.668 nm. The comparison between radius of gyration (R g ) and the distances between grafting sites (D) value revealed that the grafted P4VP chains are in brush-like regime with a rather stretched conformation.

As it can be seen in Figure 3-37, the FT-IR study of (PPFSMPD(8%)/P4VP) n (0.1 g/L) multilayered films deposited on either amine-or P4VP grafts-modified substrate exhibits a similar linear growth, reflected a same amount of P4VP deposited on the surface for each bilayer. It is worth noting that the P4VP grafts-modified substrate did not show IR absorbance due to the low thickness of P4VP brushes (6.63 nm). 

II. Investigation by ellipsometry

As it will be presented by AFM, the presence of big polymer aggregates is observed on the surface of (PPFSMPD(8%)/P4VP) n (0.1 g/L) deposited on the P4VP grafts-modified substrate from 7 bilayers, which made the ellipsometric thickness measurement impossible (as confirmed by the very high value of χ 2 ). Thus, solely the evolution up to 5 bilayers was monitored (Figure 3-39). The thickness increment (Δh) corresponds to the thickness of the first deposited (PPFSMPD(8%)/P4VP) n bilayer.

This value can be a reliable indication of the interaction capabilities of P4VP grafts for incoming deposited polymers and thus is closely related to the amount of the first deposited bilayer. Δh from the P4VP-brush modified surface was 11.6 nm which is higher than that from an amine-modified surface (3.5 nm). The anchored P4VP chains in brush-like conformation have much higher adsorption ability for the first incoming deposited bilayer than the amine-modified substrate, because of the higher number of available H-bond acceptor sites distributed on the substrate. Nevertheless, this difference is not maintained since for 5 deposited bilayers the multilayered film thickness is lower when P4VP grafts-modified is used as the substrate, maybe due to a polymer chains diffusion inside anchored P4VP-brushes. 

I. By wettability measurements

As shown in Figure 3-40, the wettability behavior of the (PPFSMPD(8%)/P4VP) film deposited on the P4VP grafts-modified surface exhibits the same evolution than the one elaborated from the amine-modified substrate. A periodic alternative variation of WCA and hysteresis between but not equaling the values for spin-coated P4VP and PPFSMPD is observed. The PPFSMPD coverage after each PPFSMPD layer and P4VP layer deposition are calculated as f 1 = 88% and 61%, respectively, and reversely, the P4VP coverage after each PPFSMPD layer and P4VP layer deposition are f 2 = 12% and 39%, respectively, according to the Cassie-Baxter equation. 

II. By the surface topology study

The surface topology resulting from the construction of (PPFSMPD(8%)/P4VP) film on the P4VP grafts-modified substrate is completely different from the one of the film elaborated on the amine-modified wafer. In summary, PPFSMPD (8%)/P4VP-based films were built on primary amineand P4VP grafts-modified substrates and the main differences were put in evidence by ellipsometry and AFM. It results that the anchored P4VP in extended conformation have much higher adsorption ability for the subsequent multilayered films compared to wafer which presents only one H-bond acceptor sites (amine-modified one). Also, AFM analyses showed that the topology becomes more and more heterogeneous in course of the deposition, as revealed by the formation of polydisperse and polymorphic aggregates which prevent from any reliable thickness measurements from 7 deposited bilayers. were used as received. Anhydrous chloroform was purchased from CARLO and was further dried by using 3Å molecular sieve.

Experimental part

Materials and methods

Preparation of amine-modified silicon wafer

Silicon wafers were cut into 1×1 cm 2 . These substrates were then activated by ozonolysis for 30 min. These surfaces present a very low water contact angle (< 2 o ), which reveal their hydrophilic character afforded by the presence of silanol groups.

The wafers were then introduced into pre-conditioned Schlenk flasks containing a solution of APDMES (2×10 -3 v/v) in anhydrous toluene for 30 min under argon atmosphere at room temperature. For all grafting experiments, the modified substrates were intensively washed in an ultrasonic bath of chloroform (three times for 5 min) in order to remove physisorbed silane derivatives. Then, the wafers were dried under nitrogen stream and stored in a dust-free nitrogen atmosphere.

Preparation of P4VP grafts-modified silicon wafer

I. Synthesis of 10-undecen-1-yl-2-chloropropionate (3)

In a typical synthesis, 2-chloropropionyl chloride (2) (4.19 g, 33 mmol) was added dropwise to a stirred solution of 10-undecen-1-ol (1) (5.11 g, 30 mmol) and triethylamine (3.34 g, 33 mmol) in dry methylene chloride (21 mL) at 0 o C under argon. After stirring for 1 h, the mixture was allowed to warm to room temperature and stirred overnight. The precipitated salt was removed by filtration, and the solution was washed with HCl solution (pH=6), NaHCO 3 solution (pH=9) and water, respectively. Organic layer was collected and dried over MgSO 4 . Methylene chloride was evaporated and resulting liquid was finally obtained after evaporation under vacuum to give 4.68 g of yellow liquid (60% yield).

II. Synthesis of [11-(2-chloro)propionyloxy]-undecenyldimethylchlorosilane (CPU-dMCS) (5) as surface-attachable ATRP initiator for SI-ATRP

To a dry flask were added 0.5 g (1.9 mmol) of 10-undecen-1-yl-2chloropropionate (3) and 10.45 mL of dimethylchlorosilane (4) (95 mmol), followed by the addition of Karstedt catalyst (80 µL). The mixture was stirred at room temperature under argon overnight in the dark. The excess of dimethylchlorosilane was evaporated and anhydrous dichloromethane was added. The crude product was then passed through a short column of dry sodium sulfate and the column was washed with dry dichloromethane. Then dichloromethane was evaporated under reduced pressure and 0.5 g of yellow oil was recovered (70% yield). The silane initiator was freshly prepared prior to any surface modification.

III. Synthesis of MeOPEG-Cl (7) as free sacrificial initiator for SI-ATRP

In a typical synthesis, poly(ethylene glycol) monomethyl ether (MeOPEG, M n =550, 16.5 g, 30 mmol) (6) was dissolved in 60 mL of anhydrous toluene in order to dry the MeOPEG through an azeotropic distillation. Then, 2-chloropropionyl chloride (2) (15.24 g, 120 mmol) and triethylamine (12.14 g, 120 mmol) were delicately added to a MeOPEG solution in toluene (priory distillated) under argon at 0 o C. Then, the solution was stirred for 24 h at room temperature. The solution was filtered to remove the precipitated salt and the solvent was evaporated. Methylene chloride was then added and the solution was successively washed with HCl solution (pH=6), saturated NaHCO 3 solution and NaCl solution (1 mol/L). Organic layer was collected and dried over MgSO 4 . The solvent was evaporated and the residue was purified by flash chromatography with cyclohexane/ethyl acetate (9:1) as eluent.

Finally 16.3 g of the product was recovered under the form of a brown oil liquid (82% yield).

IV. Synthesis of tris-(2-dimethylaminoethyl) amine (Me 6 -TREN) as ligand for SI-ATRP

The ligand used in the SI-ATRP is tris-(2-dimethylaminoethyl) amine (Me 6 -TREN) and was synthesized as described by Ciampolini et al. [69]. Formaldehyde (37 wt%) (32 mL, 400 mmol) and formic acid (98 wt%) (26 mL, 680 mmol) were stirred at 0 o C for 1 h. A solution of tris(2-aminoethyl) amine (TREN) (6 mL, 40 mmol) and deionized water (5 mL) was added dropwise at 0 o C. The mixture was gently refluxed overnight at 95 o C. After cooling to room temperature, the excess of formic acid and formaldehyde was removed by rotary evaporation. The crude product was treated with a saturated sodium hydroxide aqueous solution until pH > 10, producing an oil layer, which was extracted with methylene chloride. The organic phase was dried over MgSO 4 and evaporated to produce a yellow liquid (63% yield).

V. Preparation of the SI-ATRP initiator self-assembled monolayer (SAM)

Clean Silicon wafers, cut into 1 cm×1 cm pieces, were activated by a "piranha" solution (30% aqueous hydrogen peroxide solution/sulfuric acid, v/v=1/2) at 110 o C for 30 min. It should be noted that piranha solution is extremely reactive and as such should be handled with great care. The wafers were then rinsed with ultrapure water, dried in nitrogen stream and transferred into preconditionned Schlenk flasks in which a solution (10 mmol/L) of 0.071 g of CPU-dMCS (5) in 20 mL of anhydrous toluene was introduced. The samples were allowed to stand in this solution at room temperature in the dark for 24 h without stirring. The wafers were removed and cleaned in an ultrasonic bath in toluene for 5 min, and then rinsed again with absolute ethanol and acetone. After drying with a nitrogen stream, the wafers were stored at room temperature in a flow laminar hood prior to use.

VI. General procedure for surface-initiated ATRP of 4VP

A piece of functionalized silicon wafer with grafted initiator was placed into a Again, the wafers were thoroughly washed with absolute ethanol and acetone, followed by a drying under nitrogen stream.

The P4VP homopolymer (homo-P4VP) initiated by free initiator MeOPEG-Cl (7) in the final brown solution was recovered by removing the solvent under reduced pressure. The crude product, redissolved in chloroform, was passed through an alumina (basic) column to remove the metal-containing residues and was precipitated twice in toluene. The homopolymer was dried at 75 o C under vacuum for 24 h to give white powder.

Preparation of multilayered films

I. Experimental section

To fabricate multilayered films, either amine-or P4VP-modified silicon wafer was first immersed in a solution of PPFS derivative in chloroform for 20 min. In this way, the substrate was covered with a PPFS derivative layer. After rinsing in chloroform for 5 min statically and 20 back and forth movements in chloroform, the resulting substrate was transferred into a P4VP solution in chloroform for 20 min, to add a P4VP layer. The used rinsing was the same as for PPFS derivative layer. By a repetition of the above two steps in a cyclic fashion, the LbL multilayered film was fabricated with desired bilayers and was then dried under nitrogen stream. The concentration of each solution in chloroform was 1 g/L or 0.1 g/L for a given multilayer film.

II. Instrumentation methods

FTIR-ATR spectra were recorded using a Nicolet iS10 apparatus (diamond crystal) with a resolution of 2 cm -1 and a 256-scan accumulation. UV spectra were obtained with Perkin-Elmer (Lambda 650S) spectrometer by using reflection model.

The spectra were obtained from 400 nm to 200 nm with 1 nm of data interval. The where R ms is the root-mean-square roughness, z i is the z value for a specific pixel, z av is the average of the z values in the desired scan area, and N is the number of pixels in the same scan area. Spectroscopic ellipsometry measurements were performed on a Jobin-Yv on apparatus working in the UV-Visble-NIR (250 nm-800 nm) spectra range at 70 o angle of incidence on at least three different locations on the same sample. The interpretation of the data is then formed by fitting the calculated response (cos Ψ and tan Δ) of the optical model to the experimental data by using simulation and nonlinear least squared regression analysis. The thickness of the silicon wafer is fixed to 1 mm so that it can be considered as a bulk material, and its refractive index used for the calculations is n=3.843-i0.016. The n values used for the native silica layer and APDMES-modified layer are 1.46 and 1.50, respectively. The n values used for initiator layer and P4VP layer are 1.50 and 1.581, respectively. The mean square error χ 2 is used to qualify the difference between the experimental and predicted data. χ 2 is different in each model and a small value of χ 2 implies a better model fit to the data. χ 2 will exhibit a minimum value (usually < 5) when the model matches the experimental data as closely as possible.

Conclusion

The first sub-part of this chapter focused on the preparation of two types of modified silicon wafers which were used to emphasize the substrate effect on the multilayers properties. The first substrate consists in a silicon wafer chemically modified by an amine-functionalized self-assembled monolayer (by using 3aminopropyl dimethoxysilane). The second substrate bears P4VP grafts in brush-like conformation. The P4VP chains were covalently attached to the substrate by surfaceinitiated atom transfer radical polymerization. We evidenced the controlled character of the polymerization and showed that it was possible to tune the molecular weight, The increase of the polymer concentration and DS favors the amount of deposited polymers and allowed for obtaining very thick films (micrometer scale) for a low number of deposited bilayers, as the result of more numerous effective interactions developed between the partners. We showed that the growth mechanism (linear versus exponential) can be tuned by the concentration. Wettability measurements revealed the alternative presence of the two interacting polymers at the surface of the substrate, with an uncomplete coverage of P4VP when deposited on the PPFSMPD sublayer.

It appeared that the construction of the LbL multilayered films is possible by

General Conclusions and Perspectives

The objective of this basic research project was to develop and to characterize novel tailor-made multilayered films mediated by H-bonds and processed through the layer-by-layer deposition technique. The tuning of the films properties by playing on the strength of the H-bond interactions between building blocks constituting the multilayers appeared as a promising approach. Indeed, the control of the interfacial molecular interactions allows for the well understanding of the growth mechanism as well as the surface features at the nanoscale, which both are important prerequisites to envisage potential application.

The first bibliographic chapter focused on i) the use of hydrogen bond as a tool to promote the miscibility between two polymers and ii) the multilayered films constructed through the layer-by-layer technique involving H-bonds as driving force.

It appeared that a large number of hydroxylated polymers were used in polymer blends and most of them resulted from (co)polymerization strategies. Also, the ability of the polymers to develop H-bond was shown to be governed by the number of interacting species per polymer chain along with their chemical structure. Regarding Finally, the last stepexposed in the third chapter of this manuscriptconsisted in using the hydroxylated polymers: PPFSME, PPFSMPD and PPFSOH as building blocks to construct multilayer films onto chemically functionalized-silicon wafers, by considering the results obtained from the study in organic solution as prerequisites. In order to simplify the systems, only the strongest H-bond acceptor partner, namely P4VP, was used as the co-deposited polymer. The polymer deposition was undertaken by the powerful dipping-assisted LbL technique. Firstly, we have proved the feasibility to construct multilayered films through the development of Hbonds by using the newly reported PPFS derivatives. Especially, we focused on the influence of various parameters on the growth mechanism, the surface organization and the surface topology on the resulting films, which were addressed by an in-depth investigation by ATR FT-IR and UV-Vis (in reflection mode) spectroscopy, ellipsometry, wettability measurements and AFM imaging. It appeared that the most impactful factors are the deposited polymer concentration, the chemical structure of the hydroxylated PPFS (that control the strength of H-bonds) and the nature of the substrate on which polymers were deposited (either primary amine-or P4VP graftsmodified surface). The P4VP grafts-modified surface was obtained through surfaceinitiated ATRP, and the resulting grafted chains are in brush-like regime. It is worth mentioning that for each studied combination, the number of OH groups per polymer chains was comparable.

A concentration increase from 0.1 to 1 g/L (for PPFSMPD(8%)/P4VP combination) allows for a transition from linear to exponential growth. Interestingly, while moderate thicknesses combined to homogeneous and rather smooth topology were obtained for multilayer constructed from the lower polymer concentration, the concentration of 1 g/L leads to very thick film (1.33 µm) for only 7 deposited bilayers, which was scarcely reported in the literature.

In order to asset the impact of the PPFS-based copolymer chemical structure, the PPFSME(14%)/P4VP, PPFSMPD(8%)/P4VP and PPFSOH(16%)/P4VP associations were compared. PPFSMPD(8%)/P4VP and PPFSOH(16%)/P4VP were shown to afford IPC in solution while PPFSME(14%)/P4VP undergo a miscible blend, related to the H-bond strength. Whereas wettability measurements evidenced the construction of a film based on the PPFSME(14%)/P4VP combination, it was not possible to monitor the growth mechanism neither by ATR FT-IR nor by UV-Vis spectroscopy since no signal was recovered. Ellipsometric analyses as well as AFM revealed a very low amount of deposited polymers, due to the weak developed Hbonds, which confirm the results observed in solution. PPFSOH(16%)/P4VP-based films showed a two-step growth with thicknesses being much lower than the ones resulting from the PPFSMPD(8%)/P4VP combination. This has been ascribed to the high H-bond ability of PPFSOH, which conducts to strongly interacting polymers on the surface with a lower possibility to adopt a "loose" conformation with loops.

Moreover, wettability reflected very noticeable changes concerning the surface organization for the PPFSOH(16%)/P4VP film. AFM demonstrated that the growth film occurs from globular-like morphology with nanodots regularly and homogeneously distributed on the surface.

Finally, PPFSMPD(8%)/P4VP-based films were built on primary amine-and P4VP grafts-modified substrates and the main differences were put in evidence by ellipsometry and AFM. It results that the anchored P4VP in extended conformation have much higher adsorption ability for the subsequent multilayered films compared to wafer which presents only one H-bond acceptor sites (amine-modified one). Also, AFM analyses showed that the topology becomes more and more heterogeneous in course of the deposition, as revealed by the formation of polydisperse and polymorphic aggregates which prevent from any reliable thickness measurements from 7 deposited bilayers.

It should be very interesting to pursue and to complete this thesis work according to various directions.

For instance, the internal organization and the construction of the films should be studied by i) neutron reflectivity by incorporating deuterated styrene units into PPFS backbone such that the contrast is enhanced, by ii) X-ray reflectivity or by iii)

confocal microscopic fluorescence by grafting fluorescent probes onto PPFS chains.

It would have been beneficial to characterize the local surface mechanical properties of the multilayers at room temperature and at higher temperatures in order to quantify the effect of the H-bonds strength on the structuration.

Ellipsometry and AFM conducted in liquid medium would able to evaluate the effect of the organization of the films. As the driven force (H-bonds) allowing the formation of the multilayers is reversible, the impact of external stimuli such as temperature changes or dipping in H-bond competitive solvent would be very interesting to be addressed.

Concerning possible applications, it could be interesting to load small molecules (which can be easily probed by spectroscopic analysis) able to develop Hbonds inside the multilayered film during its construction and to apply a peculiar stimuli to trigger its release into the surrounding media. Such film could act as a tunable reservoir.

Finally, the chemoselective and robust chemical modification described in this work represents a promising approach to introduce a large panel of interacting moieties along PPFS backbone able to develop various supramolecular interactions.

In our work, this chemical ligation was performed in homogeneous media but it can also be envisaged in heterogeneous conditions in order to directly modify solid objects such as plane surfaces or micelles bearing PPFS layer, considered as a versatile platform to bring functionalities. Ce travail est consacré à la synthèse de nouveaux polymères donneurs de liaison Hydrogène et à leur utilisation comme partenaire dans la construction de nouveaux films multicouches préparés par le procédé d'élaboration en couche-par-couche (LbL). Plus particulièrement, une nouvelle réaction impliquant des mercaptoalcools non protégés et le poly(2,3,4,5,6-pentafluorostyrène) (PPFS) a été développé et appliquée à la synthèse de nouveaux polymères donneurs de liaisons H. Ce couplage régiosélectif et chimiosélectif de type « click » avec un thiol hétérofonctionnel peut être utilisée pour préparer une bibliothèque de polymères qui diffèrent de par leur degré de substitution (DS) et/ou leur fonctionnalité en groupements associatifs. Le contrôle de ces paramètres structuraux permet de moduler leur force d'interactions avec des partenaires accepteurs de liaison H variés, comme la poly(4vinyl pyridine) (P4VP), le poly(acrylate de n-butyle) (PBA) et le poly(oxyde d'éthylène) (PEO), de telle façon que tous les types de mélanges binaires (mélange non miscible, partiellement ou totalement miscible, ou complexe interpolymère) peuvent être obtenus.

Ensuite, les dérivés de PPFS donneurs de liaisons H ont été utilisés en partenariat avec le P4VP pour élaborer avec succès de nouveaux films multicouche dont la force motrice est l'établissement de liaisons H. L'influence de nombreux paramètres relatifs à la structure des polymères donneurs (DS, structure chimique du groupement associatif), au type de modification chimique subie par le substrat sur lequel est élaboré le film multicouche (monocouche auto-assemblée vs. polymère greffée en conformation de type brosse) ou encore des paramètres expérimentaux liés aux conditions de dépôt (concentration des solutions de dépôt, nature du partenaire adsorbé en premier) a été étudiée. Plus particulièrement, le mécanisme de croissance ainsi que les caractéristiques de surface du film ont été évalués. 
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Figure 1 - 13 :

 113 Figure 1-13: Evolution of the film thickness as a function of the lithium triflate concentration[131] 
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 1144 Figure 1-14: Thickness of three PAA/PVP films with 20 bilayers from assembly solution with various concentrations[136] 

Scheme 1 - 20 :

 120 Scheme 1-20: Schematic representation of the processes used to fabricate the LbL multilayered films:dipping LbL assembly (a); spin-coating LbL assembly (b); spraying LbL assembly (c)[147] 

Figure 1 - 15 :

 115 Figure 1-15: Thickness growth curves (measured by ellipsometry) (a) and roughness growth curves (measured by AFM) (b) of dip-and spin-assisted HM-PEO/PAA multilayered films[148] 

Figure 1 - 16 :

 116 Figure 1-16: Measured advancing and receding water contact angle for (a) dip-assisted HM-PEO/PAAand (b) spin-assisted HM-PEO/PAA multilayered films. PAA was the topmost layer for both cases[148] 

  environmental stimuli and/or through adsorption of polymers. One of the environmental stimuli is pH, allowing tuning the release of small molecules. In one strategy, a positively charged dye molecule was loaded within the LbL film by adding into the polycarboxylic acid (PAA or PMAA) solution used for the LbL self-assembly process. Sukhishvili et al.[126] used this method to develop PMAA/PEO dyecontaining LbL films from a solution with pH = 4, showing strong retention of dyes at a constant pH. Subsequently, the incorporated dye molecule was released when the pH increased up to 4.6 as a result of film dissolution due to increased ionization of the polyacid.Recently, Hammond et al.[138] demonstrated the delivery of biocompatible and biodegradable PEO-block-poly(ε-caprolactone) (PEO-b-PCL) micelles from the dissociation of PAA/PEO-b-PCL multilayers at physiological conditions. The strong capability of micellar core of PCL in loading a large amount of functional cargo, triclosan, as well as the biocompatibility of this hydrogen bonding LbL films, opens a novel door to the drug delivery field.

Figure 1 -

 1 Figure 1-17 shows the UV-Visible absorption spectra of (PVPh/P4VP) n multilayers (n stands for number of bilayers) assembled on an amino-functionalized quartz surface. The P4VP absorption is clearly identified by the characteristic peak at 256 nm, and the peaks at 230 and 278 nm are attributed to the π-π* transition of the benzene ring of PVPh into the multilayers. As can be seen from Figure 1-17, a nearly linear growth of the absorption peaks is obtained, which indicates an approximately equal amount of P4VP and PVPh deposited per layer (until eight bilayers).
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 117 Figure 1-17: UV-Visible in transmission model spectra up to eight PVPh/P4VP bilayers deposited on a quartz surface and measured after each deposition cycle (dipping in ethanol for 10 min). The solid spectra are recorded after PVPh adsorption, and the dotted spectra after P4VP deposition. Inset:absorbance at 230, 256 and 278 nm vs the number of deposition cycles[141] 

Figure 1 - 18 :

 118 Figure 1-18: FTIR spectra in transmission model of (PVPh/P4VP) n multilayer film with n=0, 2, 4, 6, 8 (from bottom to top) assembled on a CaF 2 plate (dipping in ethanol). Inset: absorbance at 1598, 1558,1512, 1448 and 1418 cm -1 vs the number of deposition bilayers[141] 
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 119 Figure 1-19: Absorbance at 230 nm vs the number of deposition cycles form the ethanol/DMF mixtures (DMF content: 0, 10, 30, 40 and 50 vol. %)[141] 

Figure 1 - 20 :

 120 Figure 1-20: UV-Visible absorbance at 256 nm as a function of the number of deposited bilayers on quartz for different PSOH samples (concentration of dipping solution: 0.01 g/L; deposition time for PSOH and P4VP are fixed at 10 min and 25 min, respectively) [140]
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 121 Figure 1-21: X-ray diffraction patterns of 9-bilayers films of P4VP and different PSOH derivatives[140] 

Figure 1 - 22 :

 122 Figure 1-22: Topographic AFM images of 1-layer films made from different PSOH derivatives: (a) PSOH-20; (b) PSOH-8; (c) PSOH-3 [140]
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 123124 Figure 1-23: Growth behavior of PAA/PVA systems assembled at pH 2 by dipping (a) and spraying (b). PVA P1 : M w = 24 500 g/mol, PDI = 1.99, 87-89% hydrolyzed; PVA P2 : M w = 88 400 g/mol, PDI = 1.18, 87-89% hydrolyzed; PVA P3 : M w = 131 000 g/mol, PDI = 1.50, 87-89% hydrolyzed; PVA F1 : M w = 21 400 g/mol, PDI = 1.22, 98-99% hydrolyzed; PVA F2 : M w = 144 000 g/mol, PDI = 1.34, 98-99%hydrolyzed[130] 

Figure 1 - 25 :

 125 Figure 1-25: AFM images of the surface topography and texture of 20 bilayers of (a-i) PAH/Nafion LbL multilayer films at pH=11; (a-ii) corresponding 3D image showing an average thickness of 380 to 410 nm; (b-i) PVA/Nafion LbL multilayer films at pH=1.2; (b-ii) corresponding 3D image showing an average thickness of 550 to 600 nm[142] 

  miscibility in polymer blends has been one of the most noticeable achievements in the study of polymer blends. An ever growing interest has occurred in introducing Hbonds into the polymers bearing donor and acceptor groups. Moreover, the possibility to tune the content of interacting site in a given polymer has opened a new area that aims at enhancing miscibility by carefully designing the given partners. For such complementary polymer solutions, it has been demonstrated that the transition from separated coils to complex aggregates takes place when the content of introduced interaction sites reaches a certain level, and the solution can undergo an immisciblemiscible-interpolymer complex transition upon a progressive increase in the density of H-bonds. It has been shown that H-bond interactions in polymer blends can be well tuned by various parameters such as mixture composition, nature of interacting groups, temperature, solvent, etc. In particular, among the H-bond donor polymers, hydroxylated polymers are promising building-blocks. Chemical pathways to prepare the OH-containing polymers are mainly based on chemical derivation, (co)polymerization and a combination of both. However, most of synthetic methods to obtain OH-bearing donor polymers required multiple, complex and time-consuming synthetic steps. These strategies do not allow for a fine tuning of the H-bond strength, which can be possible through the adjustment of the OH content per polymer chain and the H-bond interacting site chemical structure.There has been significant development within the field of H-bonded LbL multilayer films which affords a large panel of (nano)materials with varying properties. Nonionic functional polymers with H-bond capability have successfully been utilized in the fabrication of multilayer films, which has greatly enlarged the application scope of the LbL self-assembly multilayer films. Many reports have shown that various parameters can influence the strength of H-bonds involved in the LbL multilayer films, such as the molecular weight, the polymers chemical structure, the pH, the ionic strength, the concentration of deposition solution as well as the deposition method. It appears that OH-containing polymers as donors are good candidates for the construction of LbL multilayer films due to their strong capability of H-bond donation. However, scarce examples have reported on the use of such derivatives so far.

  By the way, many examples dealt with the modification of poly(2,3,4,5,6-pentafluorostyrene) (PPFS) based systems obtained by controlled radical polymerization in order to synthesize well-defined multifunctional graft copolymers. Concerning amino-para-fluoro coupling, Davis et al. prepared poly(ethylene glycol)-b-poly(pentafluorostyrene) (PEG-b-PPFS) subsequently modified with amino-POSS [27], and the influence of POSS functionality on the solution properties of the block copolymer was investigated. Schubert et al. reported the modification of PPFS building blocks with amino-functionalized PEG or 5-

Scheme 2 . 2 - 1 .

 221 Scheme 2.2-1. The first stage consisted in settling the experimental conditions which ensure the regioselective and chemoselective thiol-para-fluoro coupling of mercapto-
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 22122 Figure 2.2-1: 19 F NMR spectra of PPFS (a) and PPFSME(21.9%) (b), d 8 -THF, 25 °C (For PPFSMPD(24%), see Figure 2.2-S1 in Supporting Information)The chemoselectivity of the reaction was demonstrated by FTIR and 1 H NMR.The resulting FTIR spectra of ME, PPFS and PPFSME with different DS are compared in Figure2.2-2. The spectrum for ME presents a large band centered on 3375 cm -1 , corresponding to hydrogen-bonded OH groups (self-association), and a band at 2556 cm -1 ascribed to the SH group. While none of these bands is visible on PPFS, bands at 3450 cm -1 related to free (non-associated) OH groups are visible for all modified PPFSME derivatives, and the absence of any band corresponding to the SH is noticed. Moreover, 1 H NMR confirmed the absence of any remaining SH function as the corresponding triplet (at around 1.55 ppm in CDCl 3 ) is not present (see Figure 2.2-S2 in Supporting Information).
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 222 Figure 2.2-2: FTIR spectra of ME (a), PPFS (b), PPFSME(7.4%) (c), PPFSME(14%) (d) and PPFSME(21.9%) (e). (For PPFSMPD, see Figure 2.2-S3 in Supporting Information).

  F NMR, and can be quantified via the evolution of DS, determined through the ratio of the integral at -133 ppm (ortho'-fluorine of modified PFS units) to the one at -143 ppm (meta'-and ortho-fluorines of PFS units), vs. time. As it was previously reported that an excess of thiol and base with respect to PFS units could improve both the extent and the kinetics of the modification reaction [29], a [PFS unit]:[NEt 3 ] molar ratio of 1:5 in conjunction with a [Thiol]:[NEt 3 ] molar ratio of 1:3 was used. The results for substitution with ME and MPD in different aprotic solvents are presented in Figure 2.2-3. As a first observation, a large difference in reactivity is observed as a function of the structure of the thiol. Whatever the solvent is, the reaction is actually
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 223 Figure 2.2-3: DS vs. reaction time for para-substitution reaction of PPFS with R1SH (PPFSME, full symbols) and R2SH (PPFSMPD, empty symbols) at 50 o C in d 8 -THF (circle), ethyl acetate (triangle) and methyl ethyl ketone (square). [PFS unit]:[Thiol] = 1:5. [Thiol]:[NEt 3 ] = 1:3. The stars point out the onset of precipitation
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 224 Figure 2.2-4: Mixtures in CHCl 3 of PPFS-P4VP (a); PPFSME(7.4%)-P4VP (b); PPFSME(14%)-P4VP (c); PPFSME(21.9%)-P4VP (d); PPFSMPD(3%)-P4VP (e); PPFSMPD(7%)-P4VP (f); PPFSMPD(11%)-P4VP (g); [OH]:[4VP] molar ratio =1:6
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 225 Figure 2.2-5: ATR-FTIR spectra of P4VP; PPFS-P4VP (a); PPFSME(7.4%)-P4VP (b); PPFSME(14%)-P4VP (c); PPFSME(21.9%)-P4VP (d); PPFSMPD(3%)-P4VP (e); PPFSMPD(7%)-P4VP (f); PPFSMPD(11%)-P4VP (g); [OH]:[4VP] molar ratio = 1:6
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 226 Figure 2.2-6: XPS N1s core-level spectra of P4VP (a); PPFSME(21.9%)-P4VP (b); PPFSMPD(16%)-P4VP (c) from CHCl 3 solutions deposited onto silicon wafers; [OH]:[4VP]=1:6
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 22 7a) presents two Tgs (around 78°C and 138°C) which values are close to the ones of the homopolymers taken separately (88°C and 132°C, respectively). For the PPFSME(7.4%)-P4VP mixture, which do not develop any H-bond as revealed by FTIR, two Tgs are also visible (Figure2.2-7b), and correspond to the ones of the homopolymers; indeed, upon introduction of hydroxyl groups, modified PPFS present slightly higher Tgs than the one of PPFS, probably due to weak self-associated Hbonds. For mixture leading to IPCs in solution, their respective thermograms present only one Tg which is intermediate between the ones of the homopolymers taken separately (as an illustration, see Figure2.2-7d for PPFSME(21.9%)-P4VP and Figure2.2-7f for PPFSMPD(7%)-P4VP). The results are quite different for mixtures developing some H-bonds, as revealed by FTIR, but which solutions were transparent, such as PPFSME(14%)-P4VP and PPFSMPD(3%)-P4VP. In the case of PPFSME(14%)-P4VP, two Tgs can be seen in the thermogram (Figure2.2-7c). While the one at 132°C is characteristic of P4VP, the one at 105°C is intermediate between the ones of the two polymers taken separately (the Tg of PPFSME(14%) is 94°C); thus this mixture presents only partial miscibility due to very punctual interaction sites which can not affect the mobility of the overall P4VP backbone on the length scale probed by thermal analysis (tens of C-C bonds). On the contrary, the thermogram obtained for PPFSMPD(3%)-P4VP shows only one Tg (Figure2.2-7e). While solution mixture was transparent, as segments not involved in the associated domains are long enough to interact with solvent and thus ensuring solubility, sufficiently cooperative interactions exist and affect the overall mobility of the P4VP segments.The latter result confirms the tremendous impact on the H-bond capability and the type of miscibility of the chemical structure of the modifier and the density of interacting sites. As reported in this article, these parameters can be finely tuned through the direct chemoselective quasi-click coupling using unprotected mercaptoalcohol onto PPFS.
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 227619 Figure 2.2-7: DSC curves (second heating) of PPFS-P4VP (a); PPFSME(7.4%)-P4VP (b); PPFSME(14%)-P4VP (c); PPFSME(21.9%)-P4VP (d); PPFSMPD(3%)-P4VP (e); PPFSMPD(7%)-P4VP (f); [OH]:[4VP]=1:6
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 22 Figure 2.2-S2 in Supporting Information).

  to prepare a library of polymers differing in the DS for two mercapto-alcohols with distinct chemical structure (either one or two hydroxyl groups). As demonstrated by simple turbidity experiments, FTIR, XPS and DSC, it is possible to tune their ability to interact with P4VP by H-bond. All possible scenarios (immiscible blend, partially or totally miscible blend or IPC) can be achieved by simply varying the DS and/or the functionality of the graft.

Figure 2 . 2 -Figure 2 . 2 -

 2222 Figure 2.2-S3: Magnifications of FTIR spectra of R2SH (MPD), PPFS, PPFSMPD(7%), PPFSMPD(16%) and PPFSMPD(24%) (transmission mode)
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 231 Scheme 2.3-1: Hydroxylated-PPFS with variable DS (DS=x/(x+y)) evaluated in this work

P4VP [ 43 ]

 43 (M n ( 1 H NMR) in CDCl 3 = 60700 g/mol) and PPFS [44] (M n (SEC) = 9300 g/mol, PDI = 1.35; M n ( 1 H NMR in CD 2 Cl 2 ) = 8900 g/mol) were synthesized by ATRP according to published methods. PEO (M w = 5000 g/mol) was purchased from Polyscience. PBA (M n (SEC) = 10000 g/mol, PDI = 1.8) was synthesized by RAFT using a trithiocarbonate chain transfer agent, namely propanoic acid, 2,2'-[carbonothioylbis(thio)]bis[2-methyl-1,1'-dibutyl ester] [45]. The synthesis of poly(pentafluorostyrene-co-(2,3,5,6-tetrafluoro-4[(2-hydroxyethyl)thio]styrene) (PPFSME) and poly(pentafluorostyrene-co-(2,3,5,6-tetrafluoro-4[(2,3dihydroxypropyl)thio]styrene) (PPFSMPD) was described elsewhere [33]. The synthesis of poly(pentafluorostyrene-co-(2,3,5,6-tetrafluoro-4[(4,4-bis(trifluoromethyl) -4-hydroxybutyl)thio]styrene) (PPFSOH) is detailed below. Silicon wafers were purchased from Wacker. They were cut into appropriate dimensions (typically 1 cm × 1 cm) before use, and activated by ozonolysis for 30 min prior to any deposition of polymers.

d 8 -

 8 THF, through the disappearance of the triplet corresponding to the proton of the SH and the change of multiplicity of the signal related to the methylene in α-position at δ=2.6 ppm

[

  OH]:[4VP] molar ratio of 1:20, an IPC is instantaneously observed with using PPFSOH(6.5%) with a very low DS (Figure 2.3-1e): this confirms the very high propensity of PPFSOH to act as a strong H-bond donor partner.

Figure 2 . 3 - 1 :

 231 Figure 2.3-1: Mixtures in CHCl 3 of PPFS-P4VP (a), PPFSOH(6.5%)-P4VP (b), PPFSOH(13%)-P4VP (c), PPFSOH(22.5%)-P4VP (d), all with [OH]:[4VP] = 1:6; PPFSOH(6.5%)-P4VP with [OH]:[4VP] = 1:20 (e)
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 232 Figugre 2.3-2: Magnification of ATR FTIR spectra of P4VP (a), PPFS-P4VP (b), PPFSOH(6.5%)-P4VP (c), PPFSOH(13%)-P4VP (d), PPFSOH(22.5%)-P4VP (e) with [OH]:[4VP] = 1:6.
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 233 Figure 2.3-3: XPS N1s core-level spectra of P4VP (a); PPFSOH(22.5%)-P4VP before (b) and after annealing at 180 o C for 1 h (c) from CHCl 3 solutions deposited onto silicon wafers; [OH]:[4VP]=1:6
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 234 Figure 2.3-4: Magnification of ATR FTIR spectra of PEO (a), PPFS-PEO (b), PPFSOH(16%)-PEO (c), PPFSME(14%)-PEO (d), PPFSMPD(7%)-PEO (e) with [OH]:[O-CH 2 -CH 2 ] = 1:6
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 235 Figure 2.3-5: Magnification of transmission FTIR spectra of PBA (a), PPFS-PBA (b), PPFSOH(6.5%)-PBA (c), PPFSOH(13%)-PBA (d), PPFSOH(22.5%)-PBA (e), with [OH]:[C=O] = 1:6
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 236 Figure 2.3-6: DSC curves (first heating) and AFM images of PPFS-PBA (A), PPFSME(14%)-PBA (B), PPFSMPD(7%)-PBA (C), PPFSOH(13%)-PBA (D). [OH]:[C=O] molar ratio = 1:6. (Height images: A2-B2-C2-D2; Phase images: A3-B3-C3-D3, collected at room temperature)
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 23 7 compares the DSC curves and AFM images obtained before (Figure 2.3-7 A1 to A3) and after (Figure 2.3-7 B1 to B3) annealing at 150 °C for 5 hours. Before annealing, the roughness of the film is quite high (RMS = 26.8 nm, Figure 2.3-7 A2)and the film obviously reveals some micro phase separation (Figure2.3-7 A3), consistently with the DSC results which reveal two T g s (Figure2.3-7 A1). Conversely, after annealing at high temperature, the morphology of the film appears totally changed with a much smoother surface (RMS = 10.8 nm) which does not present any visible dots at the surface anymore (Figure2.3-7 B2). Moreover, no phase separation can be brought out, attesting that the mixture was rendered miscible after thermal treatment (Figure2.3-7 B3). The latter result was corroborated with DSC analyses, as a unique large T g is visible which onset is around -41°C (Figure2.3-7 B1). These results suggest that the self-associated OH/OH bonds break with the thermal treatment, leading to more available "free" OH groups; in turn, the latter ones can more easily interact with the complementary carbonyl groups as sufficient reorientation of the chain segments is imparted. As a consequence, intermolecular interactions are promoted, modifying the overall properties of the blend and the morphology of the films.Even if miscibility can be promoted in the latter example, these results further emphasize the much stronger H-bond donation of PPFSOH over PPFSME or PPFSMPD, as miscible blends are directly obtained with moderately modified PPFSOH without any specific thermal treatment.
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 237 Figure 2.3-7: DSC and AFM images of PPFSME(34%)-PBA blend before (A) and after (B) annealing at 150°C for 5 hours. [OH]:[C=O] molar ratio = 1:6. (Height images: A2-B2; Phase images: A3-B3, collected at room temperature)
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 23 Figure 2.3-S1: 19 F NMR spectrum of PPFSOH (DS = 16%) in CDCl 3 at 25 o C. The spectrum shows a new peak centered at δ=-133 ppm assigned to the ortho'-fluorine of modified PFS unit, a shift of the meta-fluorine (meta'-fluorine at δ =-143 ppm, superimposed with the ortho-fluorine of non-substituted PFS unit) as well as a decrease of the intensity of the para-fluorine signal at δ =-154 ppm and the metafluorine at δ =-161 ppm, respectively. The integration confirms that only the p-fluoro position of the PFS unit is affected. Moreover, a new peak centered at -77.2 ppm appears and is assigned to the -CF 3 groups of the grafts, which is slightly shifted when compared to the -CF 3 groups of starting fluorinated mercaptoalcohol (δ = -76.7 ppm, data not shown).
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 23 Figure 2.3-S2: Magnification of FTIR spectra of 1,1-bis(trifluoromethyl)-4-mercapto-1-butanol (a), PPFS (b), PPFSOH with DS = 6.5% (c), DS = 13% (d), DS=16% (e) and DS = 22.5% (f) (transmission mode). The spectrum of 1,1-bis(trifluoromethyl)-4-mercapto-1-butanol shows a large band at around
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 2323 Figure 2.3-S3: DS vs. reaction time for thiol-para-fluoro substitution coupling of PPFS with 1,1bis(trifluoromethyl)-4-mercapto-1-butanol at 50 o C in d 8 -THF. [PFS units]:[Thiol]: [NEt 3 ] = 1:1:15. The quantization of DS was performed through the ratio of the integral at δ=-133 ppm (ortho'-fluorine of modified PFS units) to the one at δ=-143 ppm (meta'-and ortho-fluorines of overall PFS units, see Figure 2.3-S1).
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 2323 Figure 2.3-S4: Magnification of transmission FTIR spectra of PBA (a), PPFS-PBA (b), PPFSME(7.4%)-PBA (c), PPFSME(14%)-PBA (d), PPFSME(21.9%)-PBA (e), PPFSME(30%)-PBA (f), PPFSME(34%)-PBA (g) . [OH]:[C=O] = 1:6. No additional bump assigned to H-bonded carbonyl groups (at 1706 cm -1 ) can unambiguously be revealed.

  in their chemical structures. Through a regioselective and chemoselective nucleophilic substitution reaction, we have obtained PPFSME and PPFSMPD bearing one or two hydrogenated hydroxyl groups, respectively and PPFSOH to which polyfluorinated alcohol is anchored. The DS, i.e. the number of hydroxylated mercapto-derivatives introduced along the PPFS backbone of each of these copolymers, was tuned through kinetic control. The ability of these OH-containing (co)polymers to develop H-bonds in organic solution with various H-bond acceptor partners (P4VP, PBA and PEO) was in-depth investigated. It resulted that the functionality (dictated by the chemical structure of the modifier) and the DS in OH groups have a tremendous impact on the strength of the developed H-bonds. Thus, all possible scenarios of polymer blends (immiscible blend, partially or totally miscible blend, or IPC) were obtained.
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 32 Scheme 3-2: Preparation of APDMES-modified wafers

  -1 evidences a homogeneous surface morphology with a low R ms value of 0.262 nm on a 1μm×1μm area. The corresponding height profile collected along the white line was represented to give the R z values, which are around 0.35 nm. The profile of APDMES-modified surface confirms a rather uniform and controlled grafting.
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 31 Figure 3-1: AFM topographic image of the APDMES-modified surface. The corresponding height profiles collected along the white line are represented on the right

Scheme 3 - 3 :

 33 Scheme 3-3: Synthetic route to obtain the initiator silane derivativeThe 1 H NMR spectra of (3) and (5) in CDCl 3 shown in Figure3-2 confirm the success of the chemical reactions and the integrity of the final products.
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 321 Figure 3-2: 1 H NMR spectra of (3) (left) and (5) (right)

  Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2013ISAL0087/these.pdf © [J. Chen], [2013], INSA de Lyon, tous droits réservés

  -3(a) and (b).
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 3333 Figure 3-3: Water contact angle (a) and surface coverage (b) of initiator SAM as a function of reaction time

Figure 3 - 4 :

 34 Figure 3-4: AFM topographic image of the initiator SAM. The corresponding height profile collected along the white line is represented on the right (R z = 0.7 nm)
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 34 Scheme 3-4: Synthetic route to obtain the free initiator MOPEG-Cl (7) for SI-ATRP The 1 H NMR spectrum of MeOPEG-Cl (7) in CDCl 3 shown in Figure 3-5 confirms the chemical structure of the targeted initiator molecule. Moreover, the real molecular weight of MeOPEG-Cl was calculated as 650.51 g/mol.
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 351 Figure 3-5: 1 H NMR spectrum of MeOPEG-Cl (7) in CDCl 3
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 361 Figure 3-6: 1 H NMR spectra of samples withdrawn after different time intervals (in CDCl 3 )
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 371 Figure 3-7: 1 H NMR spectra of free homo-P4VP after precipitation and purification (in CDCl 3 )

  1. Moreover, the kinetics of the reaction is also presented with the plots of the monomer conversion and the ln([M] 0 /[M]) ([M] 0 : initial concentration of monomer; [M]: concentration of remaining monomer at a given reaction time) as a function of time, and the M n as a function of the conversion.
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 38 Figure 3-8: (a) Kinetic plots for the polymerization of 4VP in solution; (b) Evolution of molecular weight calculated from 1 H NMR spectroscopy of free P4VP chains from solution as a function of monomer conversion
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 3939 Figure 3-9, the WCA of P4VP-modified substrate was in the 64 o to 69 o range for

Figure 3 - 10 :

 310 Figure 3-10: Growth of P4VP film on the silicon wafer surface: dry film thickness of the grafted P4VP versus monomer conversion
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 311 Figure 3-11: AFM topographic images of the morphology of P4VP grafts-modified silicon wafers. The reaction times are 4 h (a); 10 h (b); 16 h (c); 22 h (d) and 28 h (e), respectively
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 35 Scheme 3-5: Schematic presentation of elaboration of LbL multilayer films

Figure 3 - 12 :Figure 3 - 14 :

 312314 Figure 3-12: ATR FT-IR spectra of P4VP (red) and PPFSMPD(11%) (violet)
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 315316 Figure 3-15: ATR FT-IR absorbance at 1595 cm -1 of (PPFSMPD(8%)/P4VP) n multilayered films deposited on the amine-modified substrate as a function of the number of bilayers (n) by using 0.1 g/L (filled circle) and 1 g/L (open square) of deposition solutions
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 3  shows the raw UV-Vis reflection spectra of (PPFSMPD(8%)/P4VP) n multilayers (with n = 1-15) deposited on the silicon wafer by using 1 g/L of deposition solutions. As it can be seen in Figure3-17(a), a reflection peak near 259 nm is clearly discerned up to 4 deposited bilayers. This large peak is
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 317318 Figure 3-17: Raw UV-Vis reflection spectra of layer-by-layer assemblies of (PPFSMPD(8%)/P4VP) n (C=1 g/L) (a) and evolution of the UV absorbance at 259 (b) and 280 nm (c) as a function of the number of (PPFSMPD(8%)/P4VP) n bilayers (n) deposited on the amine-modified substrate

Figure 3 - 19 :

 319 Figure 3-19: AFM Scratching for thickness of (PPFSMPD(8%)/P4VP) 7 (1 g/L) multilayered film in three different point: 1333.05 nm, 1071.25 nm and 1343.79 nmIndeed, it is difficult to compare the thickness value in our study to those reported in the literature because many parameters can affect the final thickness of multilayered films, such as the concentration of polymer solutions and dipping time.

(

  20 minutes) and the interactions developed inside the films governed by the inherent chemical structures of the H-bond partners.Conversely, when the concentration was decreased to 0.1 g/L, the dry thickness of multilayered film (meaning without considering the thickness of the native silica layer and the one of the amine SAM) was successfully measured by ellipsometry and thus was monitored as a function of deposited bilayers (see Figure3-20). It appears that the thickness linearly varies with the number of bilayers which indicates an equal amount of deposited bilayers for each deposition cycle. This is in agreement with the results of ATR FT-IR analysis (Figure3-15). The thickness obtained for 15 bilayers is around 80 nm and the average one bilayer is around 5.5 nm.
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 320 Figure 3-20: Evolution of the multilayered film thickness of (PPFSMPD(8%)/P4VP) n (C=0.1 g/L) as a function of number of deposited bilayers (n) deposited on the amine-modified surface (error bar means standard deviation)

Figures 3- 21

 21 Figures 3-21(a) and (b) show the change in WCA and water hysteresis when

  Figures 3-21(a) and (b) show the change in WCA and water hysteresis when the top surface layer is alternatively changed from PPFSMPD to P4VP or from P4VP to PPFSMPD. Odd and even numbers represent the top surface layers of PPFSMPD and P4VP, respectively. The WCA and the water hysteresis of each homopolymer (determined for a spin-coated solution) are indicated on the figures as references.

Figure 3 - 21 :

 321 Figure 3-21: Evolution of WCA (filled symbol) and water hysteresis (open symbol) of (PPFSMPD(8%)/P4VP) system measured after each deposited monolayer for polymer concentration of 1 g/L (a) and 0.1 g/L (b) deposited on the amine-modified substrate (square: PPFSMPD(8%); circle: P4VP)

Figure 3 - 22 :

 322 Figure 3-22: AFM height image of (PPFSMPD(8%)/P4VP) 7 by using 1 g/L of deposition solutions

( 4 -

 4 vinyl-N-ethylpyridinium bromide) (QPVP-C2) or poly(4-vinyl-N-pentylpyridinium bromide) (QPVP-C5)/carboxymethylcellulose (CMC) multilayered via electrostatic interaction. It was found that the roughness of the surface measured by AFM increased with increasing the number of deposited layers: for the QPVP-C2/CMC multilayered films, the R ms value increased from 0.4 nm at 1 bilayer to 2.3 nm at 3 bilayers; and for the QPVP-C5/CMC multilayered films, the R ms value increased from 0.3 nm at 1 bilayer to 1.1 nm at 3 bilayers. In addition, Patil et al.[62] prepared Hbonded multilayered films based on adenine-modified chitosan (ACHI) with thyminemodified hyaluronic acid (THUA) via multiple H-bond interactions between DNA base pairs (see Scheme 1-19 in Chapter 1 for chemical structures). The R ms values measured by AFM are 0.216, 0.821 and 1.033 nm for 5, 10, 15 deposited bilayers,

Figure 3 - 23 :Figure 3 - 24 :

 323324 Figure 3-23: AFM height images of (PPFSMPD(8%)/P4VP) n (C=0.1 g/L) multilayered films after n=1 (a), 2 (b), 5 (c), 7 (d), 10 (e), 12 (f) and 15 (g) bilayer deposited on the amine-modified substrate

Figure 3 - 25 :

 325 Figure 3-25: ATR FT-IR absorbance at 1595 cm -1 of (PPFSMPD(8%)/P4VP) n (C=1 g/L) (open square) and (PPFSMPD(11%)/P4VP) n (C=1 g/L) (filled circle) deposited on the amine-modified substrate as a function of the number of bilayers (n)

Figure 3 - 26 :

 326 Figure 3-26: Evolution of WCA of (PPFSMPD(11%)/P4VP) (C=1 g/L) measured after each deposited monolayer (square: PPFSMPD(11%); circle: P4VP)

- 27 ,

 27 after the P4VP deposition, the WCA levels off to 71.3 o , reflecting 75% of P4VP coverage according to the Cassie-Baxter equation. The subsequent PPFSMPD deposition imparts to the surface a WCA value similar to the one of spin-coated PPFSMPD, which again indicates a complete PPFSMPD coverage.When the number of deposited monolayers increases, the WCA alternatively varies between 71.3 o (higher value than pure P4VP) and 95.2 o (exact value for pure PPFSMPD), as the result of the construction of well-stratified film without noticeable interpenetration between the successively deposited polymers. For films where PPFSMPD was used as the first deposited bilayer (see Figure3-26 for comparison),

Figure 3 - 27 :

 327 Figure 3-27: Evolution of WCA of (P4VP/PPFSMPD(11%)) (C=1 g/L) measured after each deposited monolayer (square: PPFSMPD(11%); circle: P4VP) which P4VP was firstly deposited on the aminemodified substrate

Figure 3 - 28 :

 328 Figure 3-28: Evolution of the multilayered film thickness of (PPFSME(14%)/P4VP) n (C=0.1 g/L) (open square) and (PPFSMPD(8%)/P4VP) n (C=0.1 g/L) (filled circle) as a function of the number of bilayers (n) deposited on the amine-modified substrate (a); and magnitude of (PPFSME(14%)/P4VP) n (0.1 g/L) deposition (b)

Figure 3 - 29 : 2 )

 3292 Figure 3-29: Evolution of WCA (filled symbol) and water hysteresis (open symbol) of (PPFSME(14%)/P4VP) (C=0.1 g/L) measured after each deposited monolayer deposited on the aminemodified substrate (square: PPFSME(14%); circle: P4VP)

Figure 3 - 30 :Figure 3 - 31 :

 330331 Figure 3-30: AFM height images of (PPFSME(14%)/P4VP) n (C=0.1 g/L) multilayered films after n=1 (a), 2 (b), 5 (c), 7 (d), 10 (e), 12 (f) and 15 (g) bilayers deposited on the amine-modified substrate

Figure 3 - 32 :

 332 Figure 3-32: ATR FT-IR absorbance at 1595 cm -1 of (PPFSOH(16%)/P4VP) n (C=0.1 g/L) (filled circle) and (PPFSMPD(8%)/P4VP) n (C=0.1 g/L) (open square) films deposited on the amine-modified substrate as a function of the number of bilayers (n)

Figure 3 - 33 :

 333 Figure 3-33: Raw UV-Vis reflection spectra of layer-by-layer assemblies of (PPFSOH(16%)/P4VP) n (C=0.1 g/L) (a) and evolution of the UV absorbance at 259 nm as a function of the number of bilayers (n) (b) deposited on the amine-modified substrate

Figure 3 - 34 :

 334 Figure 3-34: Evolution of the multilayered film thickness as a function of number of deposited (PPFSOH(16%)/P4VP) n (C=0.1 g/L) bilayers (n) deposited on the amine-modified surface

Figure 3 - 35 :

 335 Figure 3-35: Evolution of WCA (filled symbol) and water hysteresis (open symbol) of (PPFSOH(16%)/P4VP) (C=0.1 g/L) measured after each deposited monolayer deposited on the aminemodified substrate (square: PPFSOH(16%); circle: P4VP)

Figure 3 - 36 : 6 ) 3 - 6 : 3 . 3 . 6 Influence of the nature of substrate 3 . 3 . 6 . 1

 3366363363361 Figure 3-36: AFM height images of (PPFSOH(16%)/P4VP) n (C=0.1 g/L) multilayered films after n=1 (a), 2 (b), 5 (c), 7 (d), 10 (e), 12 (f) and 15 (g) bilayers deposited on the amine-modified substrate

Figure 3 - 37 :Figure 3 - 38 :

 337338 Figure 3-37: ATR FTIR absorbance at 1595 cm -1 of (PPFSMPD(8%)/P4VP) n (C=0.1 g/L) film as a function of the number of bilayers (n) deposited on the amine-(open square) and P4VP grafts-(filled circle) modified substrate

Figure 3 - 39 : 3 . 3 . 6 . 2

 3393362 Figure 3-39: Evolution of the multilayered film thickness of (PPFSMPD(8%)/P4VP) n (C=0.1 g/L) as a function of the number of bilayers (n) deposited on the amine-(filled circle) and P4VP grafts-(open square) modified substrate

Figure 3 -

 3 41 shows polydisperse and polymorphic aggregates which got larger when the number of deposited bilayers increases (up to 800 nm in diameter), combined to a high R ms (up to 8.7 nm for 15 bilayers). The R ms value noticeably increases all along the deposition process (Figure3-42). The conformation of the grafted P4VP seems to dictate and govern the final topology of the subsequent multilayer by acting as a structure-directing agent.

Figure 3 - 41 :Figure 3 - 42 :

 341342 Figure 3-41: AFM height images of P4VP grafts-modified substrate (a) and (PPFSMPD(8%)/P4VP) n (C=0.1 g/L) films deposited on the P4VP grafts-modified surface after n=1 (b), 2 (c), 5 (d), 7 (e), 10 (f), 12 (g) and 15 (h) bilayers

  Schlenk flask and three vacuum purge-argon fill cycles were performed. Free initiator, MeOPEG-Cl (7) (0.0961 g, 0.15 mmol), was dissolved in 4 mL of anhydrous 2propanol. Then, the solution of free initiator, 18 mL of anhydrous 2-propanol and monomer, 4-vinyl pyridine (8 mL, 75 mmol), were added to the flask under argon, respectively. Cu (I) Cl (0.0104 g, 0.105 mmol) and Cu(II) Cl 2 (0.0061 g, 0.045 mmol) were added to a second Schlenk flask and three vacuum purge-argon fill cycles were performed. Me 6 -TREN (0.0691 g, 0.3 mmol) was dissolved in 2 mL of anhydrous 2propanol, and the solution of ligand was then added to the second flask under argon. The catalysts-ligand solution was then deoxygenated by passing argon for at least 30 min at 50 o C, and then transferred to the first flask containing the functional silicon wafer by a degassed syringe. The reaction was allowed to proceed at 50 o C for a given time under argon before being quenched by exposure to air, and cooled in liquid nitrogen. The [Monomer] 0 /[free initiator] 0 /[Cu (I) Cl] 0 /[Cu (II) Cl 2 ] 0 /[Ligand] 0 ([M] 0 /[I] 0 /[Cu (I) Cl] 0 /[Cu (II) Cl 2 ] 0 /[Me 6 -TREN] 0 ) ratio was set at 500/1/0.7/0.3/2. The wafer was isolated and rinsed with methylene chloride in an ultrasonic bath for 5 min (twice). An additional Soxhlet extraction was performed on the modified substrate for 4 days in order to remove any untethered P4VP chains by using methylene chloride.

scan speed was fixed as 110 . 3 - 204 -

 1103204 11 nm/min.1 H NMR spectra were recorded on a Bruker Avance 250 MHz in deuterated chloroform and the chemical shifts were calibrated with respect to tetramethylsilane (TMS). Molecular weights of homo-P4VP were measured in DMF (containing 0.05 M of LiBr) by size exclusion chromatography with a Viscotek liquid chromatography pump equipped with three styragel columns and a differential refractometer detector (flow rate at 0.8 mL/min). Calibration was based on polystyrene standards. In order to evaluate the surface properties of the PPFS derivative and P4VP, 0.1 mL of solution at a concentration of 20 g/L in chloroform was spin-coated in a 1×1 cm 2 silicon wafer, and then samples were dried at room temperature under vacuum overnight. Advancing water contact angles and water hysteresis measurements were carried out using a GBX Digidrop Contact Angle Meter equipped with a CDD2/3" camera with the sessile drop method and by using milli-Q-quality water as probe liquid. The results are the average of five measurements on different parts of a sample and each value was measured after 30 s. AFM images were acquired in air at room temperature using a Nanoscope IIIa Multimode (Digital Instruments/VEECO, CA). Tapping mode was performed at a scan rate of 1 Hz. Uncoated silicon probes with a resonant frequency between 280 and Chapter 405 kHz, a spring constant between 20 and 80 N/m, length of 115×135 μm, width of 30×40 μm and nominal tip radius of curvature less than 10 nm were used. Images were displayed and analyzed using the Nanoscope 6.14R1 software. The surface roughness was obtained from the AFM images by using the imaging software, which formed the calculation in the following manner:

  the thickness and the grafting density of grafted P4VP chains anchored by the reaction time of the polymerization reaction. The second sub-part described the use of various H-bond donor PPFS-based copolymers (PPFSMPD, PPFSME and PPFSOH) synthesized in Chapter 2 with different H-bond donating capability to successfully fabricate multilayered films with a strong H-bond acceptor polymer P4VP via LbL dipping deposition process. The influence of the concentration of deposition solutions (0.1 versus 1 g/L), the DS (PPFSMPD 8 % versus 11 %), the nature of the first deposited layer (PPFSMPD versus P4VP), the nature of the PPFS derivatives (PPFSMPD versus PPFSME and PPFSMPD versus PPFSOH) and the nature of the substrate (amine-modified versus P4VP grafts-modified) was in-depth evaluated on the growth mechanism and on the surface features of the multilayer films. This investigation was performed through the use of rich and complementary surface analysis techniques such as ATR FT-IR, UV-Vis spectroscopy in reflection mode, wettability measurements, ellipsometry and AFM imaging.

Scheme GC- 1 :

 1 Scheme GC-1: Hydroxylated-PPFS with variable DS (DS=x/(x+y)) evaluated in this thesis work Aiming at evaluating the ability of these PPFS-based copolymers to develop H-bonds, the second step consisted in preparing mixtures with different H-acceptor partners in organic solution (chloroform). The selected complementary polymers were poly(4-vinyl pyridine), poly(ethylene oxide) and poly(n-butyl acrylate) which differ in their respective H-bond acceptor capability (pyridine > ester > ether). All PPFS derivatives were tested and the molar ratio between donor and acceptor moieties was also varied. All resulting blends were analyzed by turbidimetry, DSC and FT-IR spectroscopy which gave a first indication about the strength (through the macroscopic aspect of the solution and the shift of T g ) and the nature (through the
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Table 1

 1 

			-1 (in the appendix part at the end of Chapter 1)
	summarizes different families of H-bond donors used in polymer blends with
	associated polymers via H-bond interactions. The hydroxylated H-bond donor
	polymers belong to the family of polystyrenic derivatives, poly(vinyl alcohol)
	derivatives,	poly[hydroxyalkyl	(meth)acrylates],	polyphosphazenes	and
	polysaccharides.			

Table 1 -2: Differences

 1 

	in frequency of H-bonded hydroxyl bands (Δv) between pure P(S-co-VPh) and
	P(S-co-VPh)/7,9-copolyether blends (85/15, wt. /wt. %) [53]

VPh% in P(S-co-VPh) DHMS-7,9 (cm -1 ) Methylene-7,9 (cm -1 ) Ethylidene-7,9 (cm -1 )

  

	10	79	83	91
	20	44	66	73
	100	39	46	64

Table 1 -

 1 

	3: Melting enthalpy of PVPh/PEO blends (30/70 wt. %) measured by DSC after solvent
	evaporation (data from the first heating scan) [25]

Casting solvent ΔH m of PEO (J/g)

  

	THF	42
	n-butanol	50
	cyclohexanone	52
	acetone	70
	isopropyl acetate	128

1.2.2 H-bonds as driving forces to build multilayered films 1.2.2.1 General examples of H-bonded multilayered films

  

	reported on the use of hydroxylated polymers such as PVPh, PVA, polystyrene-based
	copolymer. To illustrate the feasibility of H-bonded multilayer films, some examples
	A great deal of research has focused on the development of LbL deposition are presented herein. The influence of specific parameters will be discussed in detail
	driven by H-bonds to fabricate multilayer films with promising properties. This in the following two parts.
	interest originates from peculiar features offered by H-bonded LbL materials Zhang and Rubner et al. [139,143] were the first to report the LbL self-
	compared to electrostatical LbL counterparts. First, as mentioned in the first part of assembly by using H-bonds as driving forces. They deeply studied the system based
	this chapter, the strength of H-bond interactions can be finely tuned through a change on poly(4-vinyl pyridine) (P4VP) as the H-bond acceptor in conjunction with PAA as
	of the mixture composition, the chemical structure of the donor and acceptor polymer, the H-bond donor, deposited on a planar surface of quartz slide. UV-Vis absorption
	the temperature and the nature of the solvent, etc. Second, films assembly mediated spectra of the assembling process of the multilayer film at 256 nm (assigned to
	by H-bonds can be based on uncharged polymers incorporated into the multilayers. pyridine ring of P4VP) highlighted a linear increase until 16 deposited layers with the
	Thus, for instance, polymers such as poly(ethylene oxide) (PEO), poly(vinyl alcohol) deposition numbers, which demonstrated the feasibility to construct a film by H-
	(PVA) and poly(N-vinyl pyrrolidone) (PVP) which are biocompatible in the bonds.
	application of biomedicine can be used as relevant partners. Third, H-bonded Patil et al. [144] prepared H-bonded multilayer films on a quartz surface for
	multilayer films open a door for the development of responsive films via a pH or a drug delivery. Their system was based on adenine-modified chitosan (ACHI) with
	temperature change. Fourth, features and growth mechanism of H-bonded LbL films thymine-modified hyaluronic acid (THUA) via multiple H-bond interactions between
	are different from more classical polyelectrolyte multilayers. Table 1-4 (in the DNA base pairs (see Scheme 1-19 for chemical structures).
	appendix part at the end of Chapter 1) summarizes some examples of H-bonded LbL
	multilayer films.
	As can be seen in Table 1-4, many donor-acceptor associations with different
	chemical natures have been used for the fabrication of H-bonded LbL multilayered
	films. In order to finely tune the properties of the LbL films including volumic
	properties, surface topology and film growth mechanism, two important aspects must Scheme 1-19: Chemical structures of ACHI and THUA
	be considered, such as the features inherent to the used polymers (e.g. chemical
	structure and molecular weight of the polymer) and the extrinsic experimental
	conditions (e.g. solution concentration, pH, solvent, salt, temperature, deposition
	method, number of deposited layers, nature of the substrate, etc.). Moreover, the main
	used H-bond donors included (1) weak polyacids, such as poly(methacrylic acid)
	(PMAA) and poly(acrylic acid) (PAA), (2) modified polysaccharides derivatives, (3)
	polyaniline, (4) poly(allyamine hydrochloride) (PAH), and (5) only few examples

Table 1

 1 

	-5, bilayers with high thickness were obtained in the
	case of PMAA/PEO, PMAA/PVME, PMAA/PAAm and PMAA/PHEA, due to a
	higher number of "loopy" conformations of deposited polymer chains. These films
	exhibit an exponential film growth behavior up to 4 or to 8 bilayers, and then a linear
	profile is observed. Conversely, for more strongly interacting systems, films made of
	PMAA/PVCL, PMAA/PNIPAM and PMAA/PVP, a linear film growth starting from
	the first deposited layer is observed. For example, Figure 1-12 illustrates the
	deposition of PMAA/PVCL and PMAA/PVME multilayers as a function of the
	number of deposited bilayers. For the PMAA/PVCL system, the incremental bilayer
	thickness is 4.8 nm, while for PMAA/PVME system, the incremental bilayer
	thickness in the linear domain is much higher (15.6 nm). The authors ascribed this
	behavior to the difference of the strength of H-bonds: ether groups of PVME exhibit
	weaker inter-associations with PMAA than carbonyl groups of PVCL. Similarly, the
	films of PMAA with PEO, PVME, PAAm or PHEA, which are weakly associated
	pairs, show higher average bilayer thickness than those obtained with strongly
	interacting associated pairs such as PMAA assembled with PVCL, PNIPAM or PVP
	(see Table 1-5).

Table 1 -5: Average bilayer thickness determined by ellipsometry in the linear domain for PMAA

 1 

	associated with PEO (M w =200 K), PVME (M w =200 K), PAAM (M w =5,000 K), PHEA (M w =600 K),
	PVCL (M w =1.8 K), PNIPAM (M w =300 K) and PVP (M w =360 K) at pH=2 and 23 o C [103]
	Polymer pairs	PMAA/ PEO	PMAA/ PVME	PMAA/ PAAm	PMAA/ PHEA	PMAA/ PVCL	PMAA/ PNIPAM	PMAA/ PVP
	Bilayer thickness (nm)	20	15.6	7	13	4.8	6	4

Table 1 - 4 :

 14 Different families of H-bond donors and acceptors used for LbL self-assembly

	H-bond donor	H-bond acceptor

pentafluorostyrene) grafted copolymers prepared by chemoselective and versatile thiol-para-fluoro 'click-type' coupling with mercaptoalcohols

  

	Thus, this chapter is presented in two main parts which actually correspond to two published articles. The first one, entitled "Tuning H-bond capability of collaboration with a group (BioCIS, Université Paris Sud) who prepared a polyfluorinated mercaptoalcohol (1,1-bis(trifluoromethyl)-4-mercapto-1-butanol, see Scheme 2.3-1), to prepare comparatively strong H-bond donors. The strong H-bond donation of the resulting PPFSOH derivatives is imparted by the peculiar chemical environment of the OH, as discussed and predicted by comparing the relevant H-bond hydroxylated-poly(2,3,4,5,6-Polymer (2013, DOI: 10.1016/j.polymer.2013.05.027). We took advantage of a parameters of model molecules. The ability to develop H-bonds with the above-cited
	partners (P4VP, PEO and PBA) is presented and compared with the cases of PPFSME
	and PPFSMPD.

" was accepted in Journal of Polymer Science, Part A: Polymer Chemistry (2012, 50, 3452-3460). It reported the chemoselective post-modification of PPFS with two mercaptoalcohols presenting either one (2-mercaptoethanol (ME), see Scheme 2.2-1) or two (3-mercapto-1,2-propanediol (MPD), see Scheme 2.2-1) OH

groups without using any protection group. Moreover, the kinetics of the coupling reaction was examined in various solvents such that the DS could be adjusted in the overall composition window in a reasonable timescale (2 days). Moreover, the ability of moderately modified PPFSME and PPFSMPD derivatives to develop H-bonds with P4VP was demonstrated. The composition of each blend was set such that the molar ratio of [OH]:[pyridine ring] equals 1:6 in order to well observe the so-called immiscible-miscible-complex transition, and thus to highlight the impact of the DS and chemical structure of the graft. As the PPFS backbone is only partly modified and thus partly hydroxylated, if one were to use a symmetrical molar ratio of 1:1, the blends would mainly be made of PPFS derivatives: as a consequence, the possible interactions may exist but they would be too scarce to be detected and to influence the macroscopic properties of the blends. In particular, all the possible types of blends (immiscible/miscible/IPC) could be faced as a function of the DS and the structure of the modifier. The second article is entitled "Polyfluorinated mercaptoalcohol as a Hbond modifier of poly(2,3,4,5,6-pentafluorostyrene) (PPFS) enhancing miscibility of hydroxylated-PPFS with various acceptor polymers" and was accepted in

Table 2 .2-1:

 2 Water contact angles and water hysteresis for some PPFS derivatives

	Sample	 H 2 O (degree) Δθ (degree)
	PPFS	100.7±0.2	3.0±0.8
	PPFSME(14%)	98.7±0.7	12.2±1.1
	PPFSME(34%)	92.9±1.1	14.0±1.8
	PPFSMPD(7%)	98.7±0.5	5.7±1.7
	PPFSMPD(16%)	93.8±1.3	16.1±2.0

In order to confirm these trends and to asset the influence of i) DS for a given modifier graft and ii) the functionality of the given graft (one or two OH groups/graft) on the ability to develop H-bonds with P4VP, mixtures were systematically prepared and the type of blend (immiscible, miscible or IPC) was elucidated. Thus, chloroform solutions of post-modified-PPFS (1 mL) and P4VP (1 mL) were mixed, and concentrations of polymers were adjusted such that final [OH]:[4VP] molar ratio was fixed to 1:6. As expected, a blend of unmodified PPFS and P4VP was totally transparent as no interaction occurs (Figure

2

.2-4a). For ME-modified PPFS, with one through H-bond. Considering the mixtures at the same [OH]:[4VP] ratio of 1:6 but involving PPFSMPD with two OH per graft, a transparent solution was obtained for PPFSMPD(3%)-P4VP (Figure

2

.2-4e) while turbid solutions were obtained from DS former mixture, the transparency of the solution can be ascribed either to a noninteracting system (i.e. that possible H-bond cannot counteract the intrinsic repulsion between PPFS and P4VP backbones) or to a partially or totally miscible blend in which H-bonds exist but are too punctual to form large sequences. To demonstrate whether H-bonds occur, FTIR analyses in solution were attempted. As the [OH]:

Table 2 .

 2 

	3-1: pKa and empirical H-bond parameters of model alcohols (a)
	Compound	pKa	β (d)	E T (30) (e)	AN (f)
	EtOH	15.9 (b)	0.80	51.8	37.1
	1,2-PD	15.4 (b)	0.78	54.1	38.7
	n-Pr(CF 3 ) 2 COH	10.1 (c)	0	51.4	42.3

(a) Taken from

[35,[52][53][54][55][56][57][58]

, (b) in H 2 O, (c) in MeOH/H 2 O (6/4), (d) β = Kamlet-Taft scale, (e) E T (30) = Reichardt HBD scale, (f) AN = Gutmann's acceptor number.

  While  H 2 O reflects the wettability of the surface with respect to the given probe, the  value reflects the ability of more polar groups to reorganize at the surface as a function of the density and strength of the interaction with water. The

	 H 2 O = 109.8±0.7° for PPFSOH(16%) is slightly higher than the one obtained for
	unmodified PPFS (  H 2 O = 100.7±0.2°) and hydroxylated-PPFS such as
	PPFSME(14%) (  H 2 O = 98.7±0.7°) and PPFSMPD(7%) (  H 2 O = 98.7±0.5°) with
	.3-1), it is
	reasonable to assume that the steric crowding and the electron-withdrawing effect
	both disfavor the OH/OH self-association, and consequently favor the free (non-
	associated) "state" of the OH.

Water contact angle ( H 2 O ) as well as hysteresis with water (), obtained by subtracting the receding contact angle to the advancing one, were measured on films prepared from a chloroform solution of PPFSOH(16%) spin-coated onto a silicon wafer.

Table 2 .

 2 

			Heating 1			Heating 2	
	Sample						
		T m ( o C) ΔH m (J/g)  C (%) T m ( o C) ΔH m (J/g)  C (%)
	PEO	61	183.5	97.1	59	167.7	88.8
	PPFS-PEO	59	177.8	94.1	57	164.7	87.2
	PPFSOH(16%)-PEO	60	37.4	19.8	58	1.5	0.8
	PPFSME(14%)-PEO	54	39.7	21.0	58	31.9	16.9
	PPFSMPD(7%)-PEO	58	71.5	37.9	57	37.1	19.6

3-2: Melting temperature (T m ), melting heat (ΔH m ) and crystallinity degree ( C ) for the PEO content as determined by DSC along the first or second heating scan from DSC thermograms of different blends ([OH]:[O-CH 2 -CH 2 ] = 1:6)

Table 2 .

 2 

	Sample	T g (s) ( o C)	Sample	T g (s) ( o C)
	PPFS	88	PPFS-PBA	-55	91
	PPFSOH(6.5%)	91	PPFSOH(6.5%)-PBA	-54	74
	PPFSOH(13%)	76	PPFSOH(13%)-PBA	-25	
	PPFSOH(22.5%)	68	PPFSOH(22.5%)-PBA	-27	
	PPFSME(7.4%)	97	PPFSME(7.4%)-PBA	-52	86
	PPFSME(14%)	94	PPFSME(14%)-PBA	-56	82
	PPFSME(21.9%)	88	PPFSME(21.9%)-PBA	-55	75
	PPFSME(34%)	83	PPFSME(34%)-PBA	-53	76
	PPFSMPD(7%)	97	PPFSMPD(7%)-PBA	-54	96
	PPFSMPD(11%)	101	PPFSMPD(11%)-PBA	-53	96
	PPFSMPD(16%)	103	PPFSMPD(16%)-PBA	-55	95

3-S1: T g values of various PPFS derivatives blended with PBA ([OH]:[C=O] = 1:6) as determined by DSC from the first heating scan (v = 10°C/min, nitrogen atmosphere). The values obtained for PPFS derivatives are also provided for a matter of comparison

Table 3 - 1 :

 31 Characteristics of free P4VP chains: (a) calculated by 1 H NMR; (b) theoretical M n theo = [M] 0 /[I] 0 × conversion × molar mass of one 4VP repeating unit (105.14 g/mol); (c) calculated by 1 H NMR; (d) calculated by SEC in DFM/LiBr using PS as standard

	Time (h) Conversion a (%) M n theo	b (g/mol) M n NMR	c (g/mol) M n	d	SEC (g/mol) PDI
	4	29.7	16,253	30,191	19,900	1.28
	10	41.3	22,356	41,107	26,100	1.36
	16	49.4	26,646	50,316	32,300	1.25
	22	57.4	30,830	54,845	35,400	1.38
	28	63.2	33,858	60,776	39,700	1.36

Table 3 - 2 :

 32 Characteristics of P4VP chains grafted onto the surface

	Reaction time (h) Dry thickness (nm) σ (chain/nm 2 ) R g (nm) D (nm)
	4	4.1	0.093	3.17	1.85
	10	5.1	0.085	3.81	1.93
	16	6.6	0.091	4.31	1.87
	22	7.0	0.088	4.53	1.91
	28	7.6	0.087	4.82	1.91

Table 3 - 3 :

 33 Multilayered films investigated in this work. Parameters: (a) nature of the first deposited

	layer (1 & 2); (b) DS (2 & 3); (c) concentration (3 & 4); (d) nature of PPFS derivatives (4, 5 & 6); (e)
		nature of substrate (4 & 7)
	System	Substrate-odd layer/even layer (DS) (concentration of deposition solutions)
	1	NH 2 -P4VP/PPFSMPD(11%) (1 g/L)
	2	NH 2 -PPFSMPD(11%)/P4VP (1 g/L)
	3	NH 2 -PPFSMPD(8%)/P4VP (1 g/L)
	4	NH 2 -PPFSMPD(8%)/P4VP (0.1 g/L)
	5	NH 2 -PPFSOH(16%)/P4VP (0.1 g/L)
	6	NH 2 -PPFSME(14%)/P4VP (0.1 g/L)
	7	P4VP grafts-PPFSMPD(8%)/P4VP (0.1 g/L)

  -29), after the PPFSME deposition, the WCA increases to 76.6 o compared to the amine-modified surface, which confirms the layer deposition. However, the WCA value is lower than the one of pure PPFSME (98.7 o ), which reflects that the surface coverage is not complete (f 1 = 65% of PPFSME according to the Cassie-Baxter equation) due to the lower H-bond donor capability of PPFSME compared to PPFSMPD and PPFSOH. Then, the WCA obtained after each PPFSME deposition slightly increases up to 4 deposition cycles but the values remain lower than the one of spin-coated PPFSME. The WCA values observed after each P4VP deposition on PPFSME sublayer also increase up to 4 cycles and are higher than the WCA of spin-coated P4VP (64.5 o ). This behavior shows that the two components are present at the extreme surface. Starting from n = 4 deposition cycles (and thus for 8 deposited monolayers), the WCA evolution shows a regular alternative variation between but not equaling the WCA of pure PPFSME and P4VP. The coverage of PPFSME after each PPFSME layer deposition and P4VP layer deposition were calculated as around f 1 = 86% and 62%, respectively. This means that for each monolayer a partial PPFSME/P4VP mixture is probed. The difference between the first few bilayers (up to 4) which can be referred as the precursor layers and the later ones is the result of the substrate effect, which is very pronounced due to the low amount of deposited polymers. Indeed, previous work has mentioned that the first layers are largely influenced by the substrate when the deposition thickness is low, and behave differently than subsequent layers.[64][65][66].The water hysteresis (see Figure3-29) exhibits a analogous behavior: after a hysteresis increase, a periodic variation is observed when PPFSME and P4VP are successively adsorbed.
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Appendix Table 1-1: Different families of H-bond donors used in polymer blends with the corresponding Hbond acceptor polymer

H-bond donor H-bond acceptor

Polystyrenic derivatives [21] [22]

[23]

[24]

[25] Moreover, FT-IR allows for investigating the driving force for this alternating deposition process. Figure 3-14 shows a zoom on the range 900-1040 cm -1 of the IR spectrum of (PPFSMPD(8%)/P4VP) 15 deposited at 1 g/L. A small bump is visible above 1000 cm -1 and as explained in Chapter 2, it can be assigned to the H-bonded pyridine rings of P4VP inside the film. This confirms that H-bonds are the driven forces for the LbL deposition. However, this band was not distinguishable anymore for lower concentrations, much probably due to the technical limitations of the analysis.

Supporting information

using either PPFS derivatives or P4VP as the first deposited monolayer onto aminemodified wafers.

The comparison of the film features made of (PPFSMPD/P4VP) n , (PPFSME/P4VP) n , and (PPFSOH/P4VP) n (by keeping the same OH number per polymer chain) corroborated the study performed in solution and presented in the Chapter 2. Indeed, the chemical structure of the H-bond hydroxyl moieties anchored onto PPFS backbone plays a key role on the growth mechanism and surface properties of the subsequent film.

While PPFSMPD/P4VP combination led to uniform and rather smooth films with high thickness, the less efficient H-bond donor polymer (PPFSME) conducted to very thin films with totally heterogeneous morphology. The films constructed from PPFSOH/P4VP association yielded intermediate thickness with a peculiar water contact angle evolution without periodic variation. AFM revealed a patchy topology which progressively disappeared along the deposition cycles.

The use of P4VP grafts-modified substrate seems to promote the thickness of the first deposited bilayer and especially plays a role on the topology of the subsequent films by acting as a structural-directing template.