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PMMA-based materials prepared by melt mixing extrusion. With this purpose, this thesis is divided into three chapters.

In Chapter I, a literature review dedicated to the various topics of this research is done.

This chapter is divided in three main sections. The first section presents the research about ILs themselves, passing through the historical scenario to the structure and physicochemical properties of ILs. The following section focuses on the current applications of ILs in polymer science. The last section brings an overview concerning the research on polymer nanocomposites.

In order to investigate the potential of ILs to act as multifunctional additives to polymer matrices, Chapter II is dedicated to the modification of PMMA by the incorporation of low amounts of imidazolium and ammonium-based ILs. IL-modified PMMA samples were prepared in the molten state using a twin-screw extruder. Then, the effect of the chemical nature of both cation and anion in the morphology of the resulting materials is discussed, as well as in their surface and thermal properties. Furthermore, a special attention is paid to the mechanical properties of IL-modified PMMAs from a study of the crazing propagation mechanism.

Chapter III is dedicated to the use of ILs as interfacial agents to produce PMMA/silica composites, and two approaches are investigated. First, Chapter III.A is conducted based on the promising results attained in the previous chapter. Here, the potential of the same imidazolium and ammonium-based ILs in improving the compatibility by physical interaction between PMMA and silica particles is analyzed. PMMA-based composites were also prepared in the molten state, but a masterbatch approach was used to prepare the starting material. The main purpose of this chapter is to analyze the influence of the size of silica particles and the chemical nature of ILs on the morphology and physicochemical properties of the materials. In addition, PMMA-based composites were exposed to supercritical carbon dioxide (scCO 2) aiming to prepare foamed materials. Once again, the role of both silica particles and imidazolium and ammonium-based ILs is discussed concerning the resulting foam microstructures of each material.

Then, Chapter III.B describes the use of reactive ILs as chemical modifiers of silica nanoparticles surface, as well as the effect induced by the incorporation of such functionalized particles on the final properties of PMMA-based nanocomposites. In the light of the interesting properties achieved by the materials prepared with the imidazolium-based IL in the previous systems, a series of IL-functionalized silanes containing the imidazolium cation (with different alkyl chains length) were synthetized. Then, the ability of scCO2 as reaction medium for the surface treatment of silica nanoparticles with such IL-functionalized silanes was studied. Finally, the functionalized particles are incorporated to PMMA by extrusion and the physicochemical properties of final materials were investigated. 

I.1. INTRODUCTION

The major objective of this initial chapter is to provide the needed background and offer an actual state of the art of the research concerning the intrinsic properties of ionic liquids (ILs), as well as on the use of ILs as functional additives for polymer matrices. In addition, an overview related to the preparation and properties of polymer nanocomposites is also presented.

Thus, in order to better understand the improvements achieved by the incorporation of ILs into polymer matrices, a review of the main features of ILs is reported. In fact, despite the first scientific reference concerning ILs in 1914, further understanding about their structure and physicochemical properties were only achieved in the 1990's. Then, we try to highlight some of the recent applications of ILs in polymer science, especially concerning the development of novel materials, but also the improvements on the physicochemical properties of polymer materials led by the incorporation of ILs. Finally, the documented ability of IL as stabilizing agents of inorganic nanoparticles lead to the last section of this literature review, which consists on the research in polymer nanocomposites. A broad overview concerning the main properties of polymer nanocomposites, as well as the special features of inorganic nanofillers are presented. The last part of this section is focused on the synthesis and properties of silica nanoparticles, and the physicochemical properties achieved by the incorporation of such nanoparticles on various polymer matrices, but especially concerning the current applications of PMMA/silica nanocomposites.

I.2. IONIC LIQUIDS I.2.1. Historical overview

Nowadays, it is considered that the first report of ILs in the literature was in de mid-1800s, as a description of the so-called "red-oil", a separate phase that appeared in the course of a Friedel-Crafts alkylation. However, only years later, after the development of nuclear magnetic resonance (NMR) spectroscopy, chemists were able to solve the chemical structure of such compound, determining that this red-oil is actually a molten salt. Now, one knows that this salt is constituted by a cation formed by a stable cyclic intermediate combined to [Al2Cl7] - anion, produced on the AlCl3-catalyzed reactions 1,2 .

Thus, the properly history of ILs in the academic research (in terms of real knowledge of the anionic structure of the material) begins in 1914. At this year, Walden published a paper reporting the synthesis and physical properties of ethylammonium nitrate ([C2NH8][NO3]), an organic room temperature molten salt. According to Walden, the great advantage led by this discovery was the possibility to investigate in details, and with reproducibility, the molten state of anhydrous mineral salts at low temperatures. But, furthermore, using conventional methods and apparatus. In fact, such analyses showed similar results to the experiences performed with inorganic molten salts conducted at much higher temperatures (over 573 K) 3,4 .

Despite the substantial importance of this discovery, new findings concerning room temperature molten salt systems were reported only two decades later. In 1934, a patent was granted claiming the use of "liquefied quaternary ammonium salts", as namely at the time, as relevant solvents of cellulose. As described then, these new cellulose solutions were specially interesting because they contained the cellulose in a very reactive form, readily suitable for etherification or esterification reactions 5 . Later, in the 1960s, Yoke et al. described that complexes formed by the mixture of solids cooper (I) or (II) halides and triethylamine were liquid close to room temperature. Nevertheless, despite some uses for spectroscopy, no further applications were reported in the literature for such compounds 1,6 . Then, in the mid-1970s, it was found that liquid salts composed of specific proportions of 1-ethylpyridinium bromide and aluminum (III) chloride mixtures (in fact, known since the 1950s), denoted [C2Py]Br-AlCl3, could be useful to study the electrochemistry of organometallics iron complexes 7,8 . Additional improvements on this system have led to the synthesis of an all-chloride complex, formed by the mixture of 1-butylpyridinium chloride and aluminum (III) chloride ([C4Py]Cl-AlCl3).

Furthermore, the potential use of [C4Py]Cl-AlCl3 as electrolytes for batteries was revealed by investigating in details its physicochemical properties 1,9 .

However, [C4py]Cl-AlCl3 mixtures have some intrinsic disadvantages. First, such compounds are in the liquid state only in a narrow compositional range (for instance, the melting temperature for the equimolar composition, that has the highest conductivity, was determined to be 313 K). But, further, the 1-butylpyridinium cation could be easily reduced limiting [C4py]Cl-AlCl3 applications. At this stage, researchers already known that mixture of large anions (which have many degrees of freedom) and the asymmetry of the cation should prevent crystallization. This knowledge allowed, then, to study the several combinations between different cations and anions in order to lower the melting point of the salt, at the same time that a stable compound could be produced 1 . In the 1980s, Wilkes and Hussey used computational calculations to predict the lowest unoccupied molecular orbital (LUMO) energies of a series of cations (specifically, 24 cations, including pyridinium and imidazolium heterocyclics and aliphatic quaternary ammonium compounds) in order to correlate these findings with the electrochemical reduction potentials of these cations. These results demonstrated that 1,3-dialkylimidazolium cations might be great candidates to the synthesis of new compounds having a wider electrochemical window. In fact, several works describing the synthesis and characterization of new 1-alkyl-3-methylimidazolium chloroaluminates, denoted as [CnmIm]Cl-AlCl3 (in which "n" corresponds to the alkyl chain length attached to C1 of the imidazolium ring), were reported 10,11 . According to Plechkova and Seddon, these [CnmIm]Cl-AlCl3 systems should be considered as the first genuine example of ILs which are really liquids at room temperature, but, furthermore, as the starting of the scientific interest in ILs 3 .

In 1992, Wilkes and Zaworotko reported, for the first time, and using air instead of inert atmosphere, the synthesis and characterization of a series of 1-ethyl-3-methylimidazoliumbased ILs combined with different anions ([CH3CO2] -, [NO3] -or [BF4] -) 12 . In the following years, the continuous search for different properties led to the combination of imidazolium cation with more hydrophobic anions, in order to prevented water uptake at the same time that enlarged the electrochemical window 13 . Since then, numerous new classes of cations and anions have been reported in the literature, and over 10 18 combinations are possible to produce simple ILs 3 . Historical timeline of the discovery process of ILs: 1) mid-1800s: structure of the "red-oil" obtained on the course of a Friedels-Crafts alkylation 1 ; 2) 1914: ethylammonium nitrate synthetized by Walden 4 ; 3) 1960s: example of one reaction conducted by Yoke et al., in which an equimolar mixture of solids CuCl and triethylammonium chloride lead to an liquid complex 6 ; 4) 1970s: reaction between 1-ethylpyridinium bromide and AlCl3 (1:2) to obtain the liquid [C2Py][Br]-AlCl3, discovered in 1951, and used in 1972 as reaction medium to study the electrochemistry of organometallics 7,8 ; synthesis of the all-chloride system [C4Py][Cl]-AlCl3 9 ; 5) 1980s: some of the cations studied on the computational simulations led by Wilkes and Hussey 10 ; 6) 1990s: 1-ethyl-3methylimidazolium-based ILs combined with different anions as synthetized by Wilkes and Zaworotko 12 .

The tunable properties achieved by the multiple combinations of cations and anions, in addition to the possibilities of the preparation of binary and ternary IL systems, evidently, enlarged the use of ILs in scientific research, and their industrial applications 3,14 . According to Hough et al., it is possible to classify the research concerning ILs in three main generations: 1) ILs with unique tunable physical properties; 2) ILs with targeted chemical properties combined with chosen physical properties and 3) ILs with targeted biological properties combined with chosen physical and chemical properties 15 . As mentioned by the authors, the first interest in ILs emerged in their use as a new class of solvents, as a consequence of their accessible and unique physical properties (as low volatility, thermal stability, and large liquid ranges) 16,17 .

Then, tunable physical and chemical properties of ILs led to the interest in materials applications, due to possibility of independently modifies the properties of both cation and anion according to the targeted application 15 . Nowadays, the interest in biological properties of ILs is growing, especially due to the similarities between many ILs building blocks and active pharmaceutical ingredients. In addition, the toxicity (a biological property) is also a tunable property of ILs 15,18 Evolution of the scientific focuses on ILs, from unique physical properties (Generation 1), physicochemical properties (Generation 2), to biological and pharmaceutical properties (Generation 3). Adapted from Hough et al. 15 .

Overall, it seems clear that ILs have been used in several fields, covering all areas of Chemistry 14 . However, before reporting the current applications of IL, the chemistry of ILs will be presented.

I.2.2. Terminology

ILs are defined as liquids based entirely on ions. For many years, the terms "molten salt" and "IL" were used interchangeably, but a convention has been developed to distinguish liquids salts into two categories, according only on their melting temperature. So molten salts are defined as systems which melts above 373 K, while ILs are compounds melting below 373 K [19][20][21] . In fact, this classification is merely arbitrary, since this temperature does not have any chemical or physical significance 3 . According to Seddon, the term "ILs" emerged to dissociate the image invoked by the term "molten salts", usually thought as being high-temperature, corrosive and viscous media. On the opposite, ILs can be liquid in low temperatures such as 177 K, display low viscosities and be easily handled 20,22 . Overall, the term "IL" arose quite recently to create an impression of freshness and excitement due to the new research possibilities presented by the discovery of this low-melting point salts 19,23 .

I.2.3. Structure of ionic liquids

Despite the ordered structure of conventional salts, ILs are formed through the combination of an organic cation and an anion poorly coordinated. The cations mainly used to prepare ILs are based on phosphonium, ammonium, imidazolium, pyridinium, pyrrolidinium, etc. with different substitutions. The anion may be organic or inorganic, including The chemical structure of IL is primordial to determine its physical state at room temperature. In general, ILs can be tailored from ion/ion interaction balance, in order to destabilize the solid-phase crystal, enabling the IL to stay in the liquid state at low temperatures 25 . A conventional way to disrupt the lattice packing is to control the cation symmetry, or better, the lack of symmetry. Indeed, the asymmetry of the cation is widely recognized as an important factor in lowering the melting point of ILs 3,25 . For example,

McFarlane et al., designed an IL containing the symmetric quaternary ammonium cation [(CH3)4N] + combined with [TFSI] -which melts at 406 K, whereas its asymmetric analogous [(CH3)2(C2H5)(C4H9)N] [TFSI] has its melting point lowered to 265 K 26 . In addition, the alkyl chain of the cation must be long enough to reduce Coulomb forces between the ions and disrupt lattice packing, but not too long in order to avoid Van der Waals interactions between the hydrophobic alkyl chains 25 . López-Martins et al. combined topological and quantum chemical descriptor with statistical models to predict the melting point of imidazolium-based

ILs. In their study, they have found three important regions for the imidazolium cations that characterizes its structural pattern (represented in Figure I.4.A): 1) the charge-rich region is considered the most important region, as it characterizes the imidazolium ring and is responsible for the ionic interaction; 2) the second region, characterized by the increase on the alkyl chain attached to the imidazolium ring, identifies the space where the cation symmetry breaks, leading to lower melting points; and 3) the hydrophobic region is achieved if the sidealkyl chain length increases; so long chains induce higher melting points. One can say that this third region competes with the symmetry-breaking region. As the latter reflect in poorer lattice packing, the longer alkyl chain interacts each others by Van der Waals forces, inducing some structuration on the IL and increasing its melting point 27 carbons to imidazolium cations), in which the melting point increases again 25 . 

I.2.3.1. Cation/anion interaction in ionic liquids

Besides the melting point, other physicochemical properties, such as density, viscosity, surface tension, and vapor pressure, are strongly related to the nature and strength of the cation/anion interactions, as well as by the intermolecular forces acting in the bulk structure of ILs. It must be noticed that in addition to Coulomb (considered as the major force of attraction in ILs) and Van der Waals forces, it is also possible to find π-π stacking interactions and hydrogen bonding between the groups present on IL structure 14,28 .

Fernandes et al. have evaluated the cation/anion interaction strength for a wide range of ILs. According to them, the dissociation energy represents the energy required to separate a cation (or anion) from the neutral IL in the gas phase, and can be considered as a proper approximation to the cation/anion interaction energy. So electrospray ionization mass aggregate decreases from 1-methyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide ([C1mIm] [TFSI]) to 1-pentyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide ([C5mim] [TFSI]). The authors explained that difference based on the increased steric hindrance induced by the presence of two cations, which consequently increases the distance between the ions, and, therefore, leads to a decrease in the relative ionic interactions. In addition, Figure that the interaction strength decreases with the increase of the anionic radius. This fact is well related to a decrease on the anion charge densities induced by the increase on the ionic radius, reflecting, then, on the cation/anion cohesion energy 14 .

In another work, the same group analyzed the cohesive energy between a series of 2alkyl-1-ethyl-pyridinium-based ILs (with the alkyl chain varying from 2 to 12 carbons) combined to [TFSI] -. They observed that in for chain length up to 6 carbons, but the overall cohesion increased due to the Van der Waals interactions between the alkyl chains of the cation, denoted non-electrostatic interaction potential (shown in Figure I.5.C) 29 . Most of the works reported in the literature focus on cyclic nitrogen cations, but it is also possible to find few papers dedicated to the cation/anion interactions in acyclic cationsbased ILs, such as tetraalkylammonium. Blundell and Licence used X-ray photoelectron spectroscopy (XPS) to study the influence of a constrained (1-octyl-1-methylpyrrolidinium,

[C1C8Pyr] + ), and a unconstrained (N-trihexyl-N-tetradecylammonium, [N6,6,6,14] + ) cations upon cation/anion interactions with [Cl] -, [BF4] -and [TFSI] - 30 . XPS is well known to provide information about the electronic environment and the elemental composition of the ions. Hence XPS is being useful to indicate the degree of charge-transfer from anion to cation due to the anion basicity 31 . In this present work, Blundell and Licence explored the concept of hydrocarbon-based shielding of the cationic core and its impact upon cation/anion interactions.

Both cations, [C1C8pyr] + and [N6,6,6,14] + , are structurally similar. However, the flexible long chains of [N6,6,6,14] + "hide" the nitrogen core, which is more exposed in the [C1C8pyr] + cation.

The results showed that the electronic environment of the anion is dependent upon the cationic structure. Furthermore, an increase in charge-transfer from anion to cation was achieved for the pyrrolidinium cation, due to the stronger interactions between [C1C8pyr] + and the anions.

In addition, the effect of the anion was also evaluated. It is stated a dependence on the degree of charge-transfer and the basicity of the anion. Thus, more basic anions (as halides) are supposed to lead to better charge transfer than less basic anions, as [TFSI] -. So the positive electronic environment of the nitrogen atom of the cation is more electron-poor for the ILs based on [TFSI] -30 .

In fact, ab initio calculations have shown that the interaction between cations and [TFSI] -is usually weaker than cation/anion interactions for another common ions. Tsuzuki et al. studied the cation/anion interaction of 1-ethyl-3-methylimidazolium ([C2mIm] + ) combined with a series of anions and found out that the magnitude of the interactions energies follows the order:

[CF3CO2] -> [BF4] -> [CF3SO3] -> [TFSI] -≈ [PF6]
-. This trend is correlated to the electrostatic energies of the ions pair. For example, for [C2mIm][CF3CO2], which has the highest value for the electrostatic energy, the negative charge concentrated on the oxygen atoms of

[CF3CO2] -should explain the greatest affinity among the ion pair, whereas for [TFSI] -the negative charge is distributed between the nitrogen and four oxygen atoms, reducing the Coulomb forces along the anion and cation. On the other side, the authors also demonstrated that, even the electrostatic interaction being the main phenomena in bringing ions together, the contribution of induction is not negligible. Here, the effect of [TFSI] -is comparable to other large anions (as [CF3CO2] -and [CF3SO3] -). Both of these factors explain the directional interaction between the ions pair in [C2mim] [TFSI], in which the nitrogen atom of the anion has close contact with the C2-H group of the imidazolium ring, while the oxygen atoms are placed apart due to the steric repulsion 32 . Actually, it is important to note that the large and flexible [TFSI] -can usually adopt two conformations (the transoid conformer with a C2 symmetry and the cisoid conformer, which has a C1 symmetry), which concentrations affect the physicochemical properties of ILs 33 .

Another important factor to analyze that has a strong influence on the ion cohesion is the presence of hydrogen bonds in the IL structure. In another work, Tsuzuki et al.

demonstrated by using ab initio calculations that the interactions among the ion pairs of tertiary ammonium-based ILs were considerably stronger than for quaternary ammonium-based ILs. In addition, it was observed that for the tertiary ammonium-based ILs two structures were formed: one, considerably most stable, in which the anion interacts by hydrogen bonds with the N-H group of the tertiary ammonium cations, and another, less stable, in which the anion is placed on the counter side of the cation. Figure I.6.A reports the schematic cation/anion interaction to tertiary and quaternary ammonium-based ILs, as proposed by Tsuzuki et al. 34 . being the most stable that one in which the anions are in contact with the N-H group of the cation, as a clearly effect of the stabilization induced by the hydrogen bonding between the ions; on the other hand, for the quaternary ammonium-based ILs four stable structures are found, and they all enable the short contact of the anion with the positive nitrogen of the cation, in order to increase the electrostatic interaction between them (adapted from Tsuzuki et al. 34 ). B) Optimized geometry of [C2mim] + and [HOEmIm] + -based ILs (the hydrogen bonds are indicated as dashed lines) 35 .

As correspondent anion), it was established that all anions were placed in front of the imidazolium ring, close to its C2-H group. However, some differences were observed: while [PF6] -is found placed above the ring, [Cl] -and [CH3CO2] -were located more close to the methyl group and placed in the plane of the imidazolium ring. Concerning the bond distances of C2-H ... [X] -, as well as the interaction energies, they observed that the intensity of hydrogen bonding between the cation and anion decreased in the following ranking:

[CH3CO2] -> [Cl] -> [PF6] -, which is
consistent with the basicity of these anions. In the case of the hydroxylated ILs, the location of the anions considerably changed. Now, all anions are placed close to the hydroxyl groups of the cation, and an increase on the distance between C2-H ... [X] -was also noticed, which implies that the anion interact with the OH rather than to the C2-H group of the imidazolium ring. Thus, allied to the ion pair formation energies (that were noticeably lower than the ones calculated to the non-hydroxylated ILs counterparts), one can assume that these hydroxylated ILs are stabilized due to the additional hydrogen bonding between the ions, leading to a stronger cohesion between the cation and anion 35 .

Overall, ILs can be classified as a combination of weakly Lewis acidic cations (i.e.

electron pair accepting) with weakly Lewis basic anions (electron pair donor) 36 . So any factor that affects the coordination of these ions, affects the ion pair cohesion. As discussed previously, the shape and size of the ions, and the presence or absence of additional forces (as Van der Waals and hydrogen bonds) are important features that influence ions attractions, and need to be considered to predict physicochemical properties and/or to design new ILs with tailored characteristics.

I.2.3.2.
Bulk structure of ionic liquids

The demonstration that ILs are highly structured and heterogeneous fluids, presenting even nanoscale segregation, is quite recent. Differently to the long-range order in crystalline solids, ILs structuration refers to local order induced by charge-ordering in alternating cation and anions shells 37 . Molecular modeling studies has suggesting that ILs can be structured from supramolecular to mesoscopic lengths scales 25,38 . The extend of nanostructuration of neat ILs is governed by two main processes: 1) the chemical nature of the ions that imposes some chargeordering, inducing the appearance of a polar network composed by ions of alternating sing (i.e.

the first contact shell of a cation is the anion and vice versa); and 2) the presence of non-polar domains (such as alkyl chains) can induce segregation, i.e., if the alkyl chain is long enough, the non-polar domains can form a second-phase network, separated from the polar ions core, leading to self-assembled structures 38 .

I.2.3.2.1. Supramolecular structures

An ions pair, shown as an example in Figure I.7.A, seems to be the simplest repeat unit in ILs. This feature is evidenced by the fact that the distillation of some ILs occurs mainly via ion pairs. This phenomenon suggests, then, that ion pairs are indeed present in the bulk phase, in a chemical equilibrium with free ions. However, this status, which was demonstrated to be relevant for electrolyte solutions of ILs, cannot be considered to model the bulk structure of neat ILs 25,39 . Dielectric spectroscopy, known to be a technique highly sensitive to liquid dynamics (in the order of picosecond), showed no evidence of orientational relaxation of longlived ion pairs for imidazolium-, pyrrolidinium-, pyridinium-, tetraalkylammonium-, and triethylsulfonium-based ILs combined with [TFSI] - 40,41 . Furthermore, simulations performed by

Lynden-Bell show that ion pairs (in the form of [anion][cation], [anion] -[anion] -and

[cation] + [cation] + ) were not relevant in describing the bulk structure of ILs. Actually, these pairs were only weakly stabilized as a consequence of the multiple cations and anions species that inhabit the charged solvation shell. In this context, as the mutual attraction in a specific ion pair is considerably weak in the bulk, ion pairs quickly dissociate into individual ions as soon as they are formed 42 . Thus, the time of existence of isolated ion pairs in the IL bulk seems to be less than a few picoseconds, which means that the structuration of IL should be more complex than a continuum [anion][cation] pair system in solution 25 .

It is well known that some cations can form hydrogen bonds to proton-accepting anions, especially [CnmIm] + , which has an acid hydrogen (C2-H) 37 . In this way, several works have been demonstrating that hydrogen bonds promote directional interactions in ILs, leading, consequently, to higher ordered arrangements (such as ion clusters or amphiphilic selfassembled structures) 25 . For example, NMR data for l-butyl-3-methylimidazolium ([C4mim] + )

combined with [BF4] -or [PF6] -showed a proton chemical shift to higher ppm for the latter IL. refer to the connections between the cations and anions) 44 .

Figure I.7. Supramolecular models for the bulk structure of ILs: A) ion pair interaction 45 and B) threedimensional hydrogen-bonded network 44 .

Furthermore, it not difficult to find in the literature the term "ion clusters", which can be briefly defined as an aggregate of ions containing more than three species. However, in neat ILs, clusters do not exist, since cations and anions are not able to aggregate into separated groups in the bulk. Hence this term is better used to explain the behavior of ILs in solution or in the gas phase, systems in which ion clusters can be formed in order to maintain a threedimensional hydrogen-bonded network, for example. As a general matter, the term "ion cluster" to define the bulk structure should be used with some precaution, since no punctual definition is set 25,28,46 .

I.2.3.2.2. Self-assembled structures

In that become more and more permeated by nonpolar regions (green) as the alkyl chain of the cation increases. In addition, the authors proved that the distance between the anions remained constant whatever the chemical nature of the cation. That implies that the alkyl chains have to be accommodated without disrupt the cation/anion network and their characteristic distances. In this way, for the butyl side-chains, the non-polar domains are arranged as dispersed nanophases, whereas for the longer chains (i.e [C6mIm] + , [C8mIm] + and

[C12mIm] + ) their arrangement are in continuous nanophases 49 .

Figure I.8. A) Coarse-grained model of [C4mIm]

[NO3] and one snapshot of the simulation for 400 ion pairs at 700 K with (from left to right) all atoms, tail groups only (white), headgroups only (yellow), and anions only (red) 48 . B) Self-assembled structures of [CnmIm][PF6] ("n" ranging from 2 to 12 carbons), the red color refers to the polar domains (anion and cation imidazolium ring) and the green one to the non-polar domains (cation alkyl chains) 49 .

As a conclusion, it is possible to consider that the specific interactions between these polar and non-polar domains lead to the recognition of ILs as high-charge density (polar) networks permeated by low-charge density (non-polar) regions 29 .

I.2.4. Physicochemical properties of ionic liquids

Both the cation and anion contribute to the bulk structuration, which directly influence the physicochemical properties of ILs. So to design ILs for a given use, the cationic and anionic structures must be considered 20,50 . The following sections bring an overview about the effect of the cation and anion in some physicochemical properties of ILs.

I.2.4.1.

Effect of the cation nature As already mentioned, the alkyl chain length, the symmetry and the presence of side chains on the cation are usually the driving forces that determines the melting temperature of the IL 25,50 . Surface tensions also seem to decrease as the size of the cation increases, which is attributed to the reduction of the cohesion between the cation and anion due to the dispersion of the charge 51,52 . Based on the same phenomenon, the increase in the alkyl chain length of ammonium-based ILs, for example, lead to lower surface tensions, as a consequence of the increase in the Van der Waals-to-Coulomb forces ratio 53 . Despite secondary effects, the size of the alkyl chain of the cation is an important factor that can adjust the hydrophobic/hydrophilic balance of the IL. In addition, the thermal stability is usually controlled by the alkyl chain of the cation (in ILs based on similar cations, as longer the alkyl chain, less thermal stable the compound) [54][55][56] . The nature of the cation also contributes to its thermal stability. For example, for a series of ILs containing the same anion combined to different cation, pyrrolidinium based-IL is usually more thermally stable than imidazolium, pyridinium and non-cyclic tetraalkyl ammonium counterparts, in that order 56 .

I.2.4.2. Effect of the anion nature

According to the literature, the thermal properties of an IL depend mostly on the chemical nature of the anion rather than the cation 20 . It is widely reported that the thermal stability of ILs appears to be strongly dependent on the hydrophobicity of the anion, often related to its nucleophilicity 56,57 . Indeed, the thermal decomposition of imidazolium and ammonium-based ILs are attributed to the decomposition of the cation induced by a nucleophilic attack of the anion [58][59][60] . In the same way, anions govern the hydrophilic/hydrophobic balance of the IL, as also an effect of their nucleophilicity. For instance, halides anions are known to be hydrophilic, whereas [PF6] -and [TFSI] -are considered hydrophobic 55 . In addition, an increase in the size of the anion leads to a decrease in the surface tension of the IL, as a consequence of a more delocalized charge that prevents hydrogen bonding 52 . The size of the anions also contributes to the total molar volume of a given IL and, so, to its density 61 .

I.2.5. Applications of ionic liquids

By the mid 1990's, ILs were only known by a narrow scientific community, mainly based on electrochemists. However, the first reports suggesting the uses of ILs in green chemistry and industrial applications were starting to appear 3,22 . Indeed, ILs emerged as neoteric solvents, i.e., as a new class of solvents that has remarkable properties and potentials to be used in many academic and industrial applications 22 . The solvent properties of IL is mainly governed by the ability of the compound in acting as hydrogen bond acceptor/donor, and with the degree of charge localization on the anions 62 . In addition, ILs are considered as a greener alternative to conventional organic solvents due to their low volatility, chemical and physical stability, and recyclability, combined to their selectivity and easier handling 63 . In this context, ILs are suitable for liquid-liquid extraction processes 64 , to promote Diels-Alder cycloaddition 65 , and in selective alkylations 66 . In addition, mixtures of organoaluminates and

ILs can be used both as solvent and catalyst in Friedel-Crafts acylation 62,67 . In fact, ILs have been used in many catalytic applications. For example, combining an IL with a solid substrate is an emerging field, since such combination could be used to immobilize biological and synthetic catalysis, and used as new sensors with high selectivity 68 . Other applications include the use of ILs as synthetic and stabilization media for metal nanoparticles 69,70 , lubricant fluids 71 and stationary phase in chromatographic techniques 72 .

In addition, ILs have been also implemented in industrial technologies 3 . BASF, for example, won an innovation award in 2004 for the development of the Biphasic Acid Scavenging utilizing Ionic Liquid process (BASIL ™ ). The BASIL ™ process uses 1methylimidazole to scavenge the acid formed in the course of reaction to synthetize the generic alkoxyphenylphosphine photoinitiator precursor, producing then 1-methylimidazole chloride as sub-product, that can be easily separated from the reaction mixture [START_REF] Seddon | Ionic Liquids: A Taste of the Future[END_REF] . In the oil industry, chloroaluminate(III)-based ILs are applied as solvents in nickel-catalyzed dimerization reactions used in the dimerization of small alkenes to the more valuable hexenes and octenes. The Difasol process, as it has been patented, was developed by the Institut Français du Pétrole (IFP), and presents great advantages over the conventional process, such as higher activity of the nickel catalyst, higher selectivity for desirable dimers and simple products separation 3 .

One important feature to consider is that, although the environmental friendly character of ILs, such as recyclability, low vapor pressure and low flammability, the solubility of ILs in aqueous medium can be a potential problem concerning they release in the environment. According to Pham et al., the lack of information about the toxicity, biodegradability and bioaccumulation of ILs can be seen as a barrier to their future applications in industrial processes [START_REF] Pham | Environmental Fate and Toxicity of Ionic Liquids: A Review[END_REF] . The results obtained by Docherty and Kulpa Jr suggest that antimicrobial effects should be considered in the evaluation and design of IL, due to the similar structures of ILs to pesticides and antibiotics. In their work, it was demonstrated that the longer hexyl-and octyl-imidazolium-based ILs, as well as the pyridinium bromide displayed significant antimicrobial activity to bacterial cultures, such as Escherichia coli and Staphylococcus aureus. In the opposite, the butyl-counterparts have no influence in inhibiting theses microorganisms growth [START_REF] Docherty | Toxicity and Antimicrobial Activity of Imidazolium and Pyridinium Ionic Liquids[END_REF] . Indeed, as demonstrated by Hough et al., toxicity is also a tunable property of ILs, enabling the development of new ILs with biologically active ions to be used as pharmaceutical ingredients 15 . Indeed, the room temperature molten state achieved by many ILs can overcome, for example, problems concerning the crystallization of conventional drugs, such as polymorphic conversion, low solubility and low bioavailability. In fact, several reports found in the literature already consider the use of ILs as potential anticancer, local anhestesic, emollient, non-steroidal anti-inflammatory, and anti-biofilm agents 2 .

In this way, ILs are receiving considerable attention from the researchers from the a Academia, as well as from industrial areas, as a consequence of their structuration, physicochemical and biological properties. Actually, it has been more and more demonstrated that ILs can potentiality replace conventional materials and processes, contributing to a greener approach.

I.2.6. Conclusions

Despite their discovery in 1914, the interest in ILs considerably increased only in the 1990's. Understanding the chemical structure of ILs, as well as the specific cation/anion interactions which governs the structuration in the bulk of these compounds are of a prime interest to tailor the physical, chemical and biological properties of ILs 2 . Indeed, the wide set of combinations between cations and anions allows the applicability of ILs for many areas, i.e., from basic science to industrial processes 14 . Furthermore, to provide information about the properties of neat IL systems is also important to have a better understanding on the effect of the addition of ILs to more complex systems, such as to solvents or polymers.

I.3. POLYMERS AND IONIC LIQUIDS

Some authors consider that 1907 was the year that the humanity entered in the socalled Polymer Age (also known as Plastic Age) [START_REF] Thompson | Our Plastic Age[END_REF] . Briefly saying, living in the Polymer Age means that polymers are considered the dominant material, or, in other words, is the material that brought technological innovations and improved the way we live. Indeed, on the book of Yarsley and Couzens, "Plastic", first published in 1941, it is stated that 'the possible applications [of plastics] are almost inexhaustible', which is attributed to the great versatility achieved by synthetic polymers [START_REF] Thompson | Our Plastic Age[END_REF][START_REF] Yarsley | 1st Editio[END_REF] . In fact, the large variety of polymers available in the market fits innumerous industrial demands. For example, as an alternative to substitute heavy materials (metals), polymers are suitable to be used on automobile and electric industries (consuming about 4% of their total production every year) [START_REF] Duval | The Role of Product Information in Automotive Plastics Recycling: A Financial and Life Cycle Assessment[END_REF] . Also, good barrier properties, combined with the environmental resistance of many polymers, explain their use for packaging (which corresponds almost to 40% of the total demand for plastics) [START_REF] Martinho | Factors Affecting Consumers' Choices Concerning Sustainable Packaging during Product Purchase and Recycling[END_REF][START_REF] Van Ooijen | Atypical Food Packaging Affects the Persuasive Impact of Product Claims[END_REF] . Figure I.9 summarizes the World plastic production by region, as well as their demand by segment in Europe in 2014, according to the report headed by PlasticsEurope in 2015 [START_REF]PlasticsEurope. Plastics -the facts: an analysis of European plastic production, demand and waste data[END_REF] . In addition, the research and applicability of bio-sourced polymers is also in constant development, especially as potential alternatives to conventional synthetic polymers that can be hazardous for the environment due to their high stability [START_REF] Gautam | A Review of Biodegradation of Synthetic Plastic and Foams[END_REF] . The major resource of bio-sourced polymers are derived from agricultural products (as polysaccharides, proteins, lipids, polyphenols), but they can also be produced, for example, by bacteria and fungi [START_REF] Raquez | PLA)-Based Nanocomposites[END_REF] . Compared to synthetic polymers, bio-sourced polymers are still underused in the industry, as a consequence of some technical limitations, mainly attributed to their biodegradability, low thermal, physical and mechanical resistances, as well as their highly hydrophilic character. However some current applications include packaging [START_REF] Xiao | Lactic Acid)-Based Biomaterials: Synthesis, Modification and Applications[END_REF] , cosmetics [START_REF] Mokrejs | Extraction of Collagen and Gelatine from Meat Industry by-Products for Food and Non Food Uses[END_REF][START_REF] Karthikeyan | Industrial Applications of Keratins -a Review[END_REF] , stabilizing agents [START_REF] Augst | Alginate Hydrogels as Biomaterials[END_REF] , and textiles [START_REF] Shokri | Application of Cellulose and Cellulose Derivatives in Pharmaceutical Industries[END_REF] . Overall, polymer science is an area of interest concerning both academic and industrial areas, and innovation is a gold to be pursued. Not only considering the ways to minimize the cost of production and/or environmental issues, but also concerning the advances in technology that new materials can bring. In this scenario, ILs arise as a class of compounds suitable to be used in polymer science in order to attain new functionalities to the materials. Especially due to the intrinsic properties of ILs, such as great chemical and thermal stability, flame retardancy, low vapor pressure, and ionic conductivity [START_REF] Livi | Ionic Liquids as Polymer Additives[END_REF][START_REF] Livi | Polymers and Ionic Liquids: A Successful Wedding[END_REF] . As seen in In fact, as mentioned, Graenacher reported in 1934 the ability of quaternary ammonium-based ILs in dissolving cellulose. However, only from the 2000's the research in this area increased. 5,[START_REF] Ueki | Macromolecules in Ionic Liquids: Progress, Challenges, and Opportunities[END_REF] . Nowadays, ILs have been used in polymer science mainly as solvents for a wide range of polymerization processes, as free radical polymerization [START_REF] Noda | Highly Conductive Polymer Electrolytes Prepared by in Situ Polymerization of Vinyl Monomers in Room Temperature Molten Salts[END_REF][START_REF] Harrisson | Pulsed Laser Polymerization in an Ionic Liquid: Strong Solvent Effects on Propagation and Termination of Methyl Methacrylate[END_REF] , atom transfer radical polymerization [START_REF] Carmichael | Copper(I) Mediated Living Radical Polymerisation in an Ionic Liquid[END_REF] , polycondensation [START_REF] Kaar | Impact of Ionic Liquid Physical Properties on Lipase Activity and Stability[END_REF] , and ring-opening polymerization [START_REF] Csihony | First Ring-Opening Metathesis Polymerization in an Ionic Liquid. Efficient Recycling of a Catalyst Generated from a Cationic Ruthenium Allenylidene Complex[END_REF] , but also as alternative solvents of poorly soluble polymers [START_REF] Ueki | Macromolecules in Ionic Liquids: Progress, Challenges, and Opportunities[END_REF] . The continuous research on ILs and the understanding of their structure-properties relationships were also important for their uses in polymer science, as the knowledge of the interactions between IL and polymer matrices are of a large importance. Hence the primordial use of ILs as solvents evolved to other applications.

Nowadays, the applications of ILs in polymer matrices include their use as additives, as templates to porous materials, as well as building blocks of the polymer architecture, known as polymeric ILs [START_REF] Livi | Polymers and Ionic Liquids: A Successful Wedding[END_REF][START_REF] Lu | Advanced Applications of Ionic Liquids in Polymer Science[END_REF] . In this context, the aim of this section is to highlight some recent applications of ILs in polymer science, especially concerning the development of new materials and the improvement of the physicochemical properties of the final material from the incorporation of ILs into the polymer medium.

I.3.1. Ionic liquids as solvents for polymers

ILs are still more expensive than conventional organic solvents. Hence the use of ILs as solvents for polymers and polymerization process are only justified if this replacement fulfills specific requirements. For example, the good thermal stability and the low volatility of ILs are advantageous in reactions that require removing sub-products at high temperatures. Other advantages include the ability of ILs in dissolving several inorganic and organometallic catalysts, which is especially important because it permits the re-use of these solutions, as many catalysts are expensive. In addition, the heterogeneities of the bulk structure of ILs, as well as the possibility of specific interactions between the cation or anion with monomers or polymer chains may be more relevant than the use of conventional solvents [START_REF] Kubisa | Ionic Liquids as Solvents for Polymerization Processes -Progress and Challenges[END_REF] .

According to some authors, the potential uses of cellulose are not yet well exploited and one reason is the lack of an environmental friendly method of cellulose extraction. In fact, this one is difficult, and further modifications of cellulose structure is required to enlarge its applications [START_REF] Zhu | Dissolution of Cellulose with Ionic Liquids and Its Application: A Mini-Review[END_REF] all solvent parameters, the hydrophobicity of the anion seemed to be the relevant characteristic to explain the dissolution behavior of PMMA, whereas the cationic structure has only secondary effects 54 .

Actually, ILs can be considered to be composed of two parts: an anion and a flexible cation. Thus, a polymer/IL system should be treated as a ternary system rather than a binary system 105 . In this way, the experimental solvent parameters obtained for ILs may reflect a combination of the solute/cation, solute/anion, and solute/ion cluster interactions. Hence it is expected that the nature of the anion and cation, as well as the ion pair cohesion should be analyzed concerning the dissolution process of polymers in ILs. In this context, the methodology developed by Watanabe's group, can be useful to understand the specific interactions between the ions and polymer matrix. The molar conductivity ratio (denoted Λimp/ΛNMR) is a measurement of the ion/ion and ion/polymer interactions based on the selfdissociativity of ILs. It is given from the molar conductivity measured by the electrochemical impedance method (Λimp), from the molar conductivity estimated by pulse-field-gradient spinecho NMR ionic self-diffusion coefficients, and the Nernst-Einstein relation (ΛNMR). The value of Λimp/ΛNMR is compared with the solvatochromic polarity scales and its magnitude indicate the ion pair cohesion, as well as the anionic Lewis basicity and cationic Lewis acidity 36,[START_REF] Ueki | Macromolecules in Ionic Liquids: Progress, Challenges, and Opportunities[END_REF] . This methodology was not yet applied to systems where the polymer is the solute and the IL is the solvent; however, some analyses concerning the specific interaction between [C2mIm] [TFSI] and PMMA demonstrated that the interaction between [TFSI] -and PMMA is stronger than the interaction between [C2mIm] + and the polymer matrix 108 . Indeed, as reported by Winterton, thermodynamic models are being developed in order to consider the cation and anion as two separated components, and to bring new insights concerning the mechanism of dissolution of polymers in ILs 100 .

Overall, current study concerning the promising use of IL as solvents of polymer matrices is a great indicative of the great compatibility between ILs and polymers. But, furthermore, the specific interaction between the cation and/or anion and the polymer matrix can be explored in order to open a large range of applications of ILs on polymer science.

I.3.2. Ionic liquids as plasticizers for polymers

Many polymer matrices currently used in the market are rigid and brittle materials, which require the use of plasticizers to improve their flexibility. However, some of the traditional plasticizers used nowadays are potentially toxic, and cannot be used in food and medical applications [START_REF] Livi | Polymers and Ionic Liquids: A Successful Wedding[END_REF]109 [TFSI] present in the sample 114 . The same effect was also reported for a starch matrix, in which the presence of 1-butyl-3-methylimidazolium chloride ([C4mIm] [Cl])

weakened the strong hydrogen bonds between starch chains. As a consequence, a significant decrease of Tg was observed, allowing the melt processing production of thermoplastic starch 115 . Other works are found in the literature concerning the use of ILs as plasticizers in polymer blends 116,117 , and copolymer-based matrices 118 . It is important to notice that the compatibility of the plasticizer with the polymer matrix is controlled by the specific interactions between the polymer chains and the solvating group of the chosen plasticizer, whereas the end groups of the plasticizer mainly act as a barrier to reduce polymer chains entanglements 119 According to the authors, that was a clearly effect of the carbonyl groups present in the anion, which caused additional bonding with polymer matrix, restraining its molecular mobility. The authors have also studied the chemical nature of the cation combined with [doss] -by comparing phosphonium, ammonium and imidazolium cations. The imidazolium-based IL was identified to be the one inducing the lower plasticizing effect. In fact, that feature was attributed to the high solvating effect concentrated at the imidazolium aromatic ring. On the opposite, the alkyl chains of the symmetric structure of phosphonium and ammonium cations were able to coordinate the charge on P and N atoms, respectively, as expected in the case of ideal plasticizers 119 . Finally, this work also highlighted the better leaching and migration resistances of all ILs compared to traditional plasticizers used in PVC, as diisodecyl phthalate and trioctyl trimellitate 119 .

From the works reported in the literature concerning the use of ILs as plasticizers in synthetic and natural polymers, as well as in copolymers and polymer blends, it is possible to conclude that ILs have a great potential for replacing conventional toxic plasticizers.

I.3.3. Ionic liquids as structuring agents for polymers

The design of nanostructured polymers composed of polymer blends or block copolymers have attracted significant attention because the nanoscale structuration can often lead to improved physicochemical properties 120,121 . Recently, ILs have gained attention due to their ability as building blocks in polymer matrices, even at low contents (1 or 2 mass%), by inducing nanoscale self-assembly and nanostructured morphologies [START_REF] Livi | Polymers and Ionic Liquids: A Successful Wedding[END_REF] .

Livi Both ILs appeared to diffuse and assemble to the rigid amorphous fraction between crystalline lamellae on P(VDF-CTFE), inducing a complete transition of nonpolar α-phase to polar γ-and/or β-phase, at the same time that low melting and crystallization temperatures were observed. However, different patterns were observed depending on the size of the IL: the smaller IL-108 seemed to have a higher diffusion rate, and a stronger dipolar interaction with the polymer matrix than the larger IL-C18. Thus, leading to a more trans-configuration (βphase), more homogeneous dispersion morphology, and higher depression of crystallization 124 .

The incorporation of a series of phosphonium-ILs to a biodegradable diblock-copolymer, poly(butylene-adipate-co-terephthalate) (PBAT) also led to interesting results. Small amounts of ILs (2 mass%) significantly reduced the vapor water permeability of the polymer films as a combined effect of the hydrophobic character of the phosphonium-based ILs and the creation of a nanostructured morphology that act as a "tortuous path", delaying the water uptake and diffusion 125 .

In summary, the hydrophobic and hydrophilic domains in ILs can be well used to tune the affinity with polymer matrices, which can induce different patterns of self-assembled structures, for example, and considerably improve some desirable properties, creating highperformance materials. were selected in order to investigate by atomic force microscopy (AFM) the mechanical properties at the nanoscale, as well as to confirm the localization of the ILs in the polymer blends. For the PBAT/PLA/IL-Cl material, it was stated that the lack of interaction between [Cl] -and both polymer matrices, combined to the preferential interaction between the alkyl chains of the phosphonium cation with PBAT, led to a diffuse interphase resulting in continuous interactions of the chains under strain and, consequently, to a higher strain at break. On the other side, for PBAT/PLA/IL-TMP material, the anion seemed to well interact with the ester groups of PLA. Thus, the interface may consist then of a cationic outer layer, interacting with the alkyl segments of PBAT, and an anionic inner layer, interacting with the ester groups of PLA. Other works concerning the compatibilization of polymer blends by ILs are also reported in the literature for polypropylene/polyamide 129 and chitosan/cellulose blends 130 .

I
These results reveal the promising use of ILs in the compatibilization of a large range of polymer blends.

I.3.4.2.
Ionic liquids as dispersing agents of fillers to design polymer nanocomposites Several works reports the use of ILs as synthetic and stabilization media of metal nanoparticles. In fact, ILs can be attached to silica surface, for example, both by electrostatic interaction and hydrogen bonds. Thus, they can be seen as a supramolecular network that provides an electrostatic and steric ionic layer around nanoparticles, preventing their agglomeration 69,70,131,132 . In this context, ILs can also be used as coupling agent in polymer nanocomposites thanks to their ability to readily interact both with polymer matrix and nanofiller surface 133 .

A common route to improve the compatibility between hydrophobic polymers and hydrophilic montmorillonite (MMT) is to modify the surface of this layered silicate by cationic exchange [START_REF] Livi | Ionic Liquids as Polymer Additives[END_REF] . Back in the 1940s, Gieseking and Hendricks reported the intercalation of inorganic exchangeable cations present in MMT (Ca 2+ , Mg 2+ , and K + ) by organic cations in aqueous media 134,135 . Hence the use of ILs as intercalating agents of layered silicates, as MMT, is a relevant way to improve the compatibility between the filler and polymer matrices, providing, in addition, better thermal stability to the material 136,137 . In the work of Livi et al., imidazolium and phosphonium cations with long alkyl chains were used to modify a sodic MMT by cationic exchange in order to prepare polyethylene (PE) nanocomposites. The authors demonstrated that the addition of 2 mass% of the IL-modified MMT allowed a good filler distribution in PE, which leads to an increase of about 40 % of the Young's modulus of the nanocomposites compared to neat PE 138 . Indeed, the surface treatment of MMT with pyridinium, imidazolium, and phosphonium-based ILs appears as a new way to prepare polymer nanocomposites with improved thermal, mechanical and barrier properties, as reported for various types of polymer matrices, such as polypropylene (PP) 139 , poly(vinylidene floride) (PVDF) 140 and polystyrene (PS) [START_REF] Livi | Ionic Liquids as Polymer Additives[END_REF]141 .

In the literature the use of ILs as dispersing and coupling agents of carbon nanotubes and silica nanoparticles in polymer nanocomposites it is also reported. On the work of Zhao et al., the multifunctional role of 1-butyl-3-methylimidazolium hexafluorophosphate ([C4mIm] [PF6]) on PMMA/carbon nanotubes nanocomposites was discussed. The authors have demonstrated that increasing the amount of [C4mIm] [PF6] in PMMA nanocomposites significantly improved the compatibility between the filler and the polymer matrix. As seen in Figure I.16.A, large domains of nanotubes were observed for nanocomposites prepared without IL. On the other hand, a better state of dispersion could be achieved for samples containing treated carbon nanotube with IL in a ratio of 1:2, and well-dispersed and almost isolated carbon nanotubes were obtained for PMMA nanocomposite prepared with carbon nanotube to IL ratio of 1:5. In addition, the presence of [C4mIm] [PF6] in the nanocomposites led to the decrease in the Tg of the material, as well as to better electrical conductivities. Moreover, [C4mIm][PF6] also acts as a processing aid for PMMA/carbon nanotubes nanocomposites 109 .

Das et al. investigated the ability of a series of ILs to improve the compatibility between carbon nanotubes and a rubbery matrix. According to their results, 1-allyl-3-methyl imidazolium chloride ([AmIm] [Cl]) was identified to be the better candidate for producing rubber nanocomposites. For example, with only 3 mass% of carbon nanotube treated with [AmIm] [Cl] the nanocomposites could be stretched up to 456 % without failure. Raman spectroscopy revealed that a specific interaction exist between the filler surface and the polymer matrix using [AmIm] [Cl] 142 . Donato et al. reported the preparation of a xerogel silica using 1-decyl-3-methylimidazolium tetrafluoroborate ([C10mIm][BF4]) as morphology controller.

Moreover, the IL supported on silica surface also act as coupling agent in the melt blending process with PP, which indeed led to a better state of dispersion of silica nanoparticles on PPbased nanocomposites 143 . In another work of the same group, the chemical nature of imidazolium-based ILs have shown the ability to control the silica structure formed during the sol-gel process, as well as the interphase between silica and an epoxy matrix. In fact, it was demonstrated that both the cation and anion of the ion pair have an influence on the size of the silica particles obtained. But the combination of [C10mIm][BF4] with an additional catalysts, HCl in the case, was essential to the synthesis of well-dispersed silica domains in the order of 10 nm. The effect of HCl as catalysts to the formation of silica particles on the morphology of the epoxy nanocomposite is demonstrate in Figure I. 16.B, which displays the interaction between silica, [C10mIm][BF4] and the epoxy network. In the sample prepared without HCl, the incompatibility between the long alkyl chain in [C10mIm] + with the poly(oxypropylene) chain of the epoxy network, combined to the specific interactions between [BF4] -and silanol groups of silica led to the dispersion on the epoxy matrix of a micelle-like arrangements with a silica core and a IL shell, as observed in Figure I.16.B.a. This structuration prevents, in fact, further interactions between silica and the epoxy network, contributing to the appearance of larger and more heterogeneous particles. On the other side, the use of HCl to induce the pre-hydrolysis of tetraethoxysilane (TEOS) led to higher contents of silica nanoparticles and to fast gelation, enhancing silica-poly(oxypropylene) interphase. In addition, the long alkyl chain of [C10mIm] + created a non-polar self-assembly with epoxy/silica system, that, consequently, induced a continuous and organized path of physically interacting species in this epoxy nanocomposite, as demonstrated in As a conclusion, considering the ability of ILs in interacting with nanoparticles surface, and the multiple potential roles of IL in polymer matrices, the use of ILs emerges as an innovative route to design polymer nanocomposites with relevant properties.

I.3.5. Ionic liquids as processing aids for the design of porous and foamed polymers

Due to the micro/nanoporous and the large surface area achieved by these materials, porous polymers are often used as filters, substrates for heterogeneous catalysis, and as biomaterials for tissue scaffolds and controlled release applications [START_REF] Lu | Advanced Applications of Ionic Liquids in Polymer Science[END_REF]145 Moreover, these nanocomposites were also used to prepare foamed materials under scCO2 process, which revealed that both filler and ILs play a key role to design smaller cell sizes. For example, a small amount (2 mass%) of imidazolium-treated MMT induces a substantially decrease of the cell size (125 µm) compared to the 600 µm-diameter cells for neat foamed PBAT 152 . As a conclusion, ILs represent a new way to prepare porous and foamed polymer materials. Indeed, ILs can be used to avoid toxic conventional compounds to be applied in biomaterials, at the same time that the morphology and properties of the material can be tuned as a function of the nature of ILs and they specific interactions with the polymer matrix and/or scCO2, for example.

I.3.6. Conclusions

Despite the recent use of ILs in polymer science, substantial improvements have already been achieved. Indeed, one main disadvantage concerning ILs is their high cost. So the prior use of IL as solvents and medium to polymerization process has evolved to their use in small quantities as functional additives to polymer matrices, as plasticizers, processing aids or interfacial agents, which may lead to materials with improved properties. But, specially, the ability of IL in stabilizing nanoparticles is an important feature to be investigated in order to produce polymer nanocomposites with unprecedented properties.

I.4. POLYMER/SILICA NANOCOMPOSITES I.4.1. Polymer nanocomposites

The advantages achieved by polymer composites have been known since the early civilizations in Mesopotamia and Egypt, passing trough medieval Europe and China. Natural polymers, as cellulose, rubber or proteins, were blended with natural fillers and fibers to produce, for example, decorated inlays or cloisonnés. In the 20th century, the fundamental understanding about polymer science, combined with the appearance of synthetic polymers, as well as industrial developments, contributed to the rapid development of high-performance polymer composites 153 . Indeed, the term "composite" also appeared in the beginning of the 20th century. Nowadays, such a term is current used to describe the combination of two or more materials in order to achieve synergistic effects or better performances than those obtained by neat components 154 .

One of the main applications of adding fillers to polymers for industrial applications is to reduce the price of the final material. In addition, the reinforcement of polymer-based materials is also a relevant route to replace conventional materials, such as metals, wood and ceramics 155 . For instance, in the 1940s, researchers realized that the incorporation of glass fibers in a polymer matrix could be a great alternative to be used in airplanes, as fracture resistance improvements could be obtained, as well as weight reduction. In addition, fillers can increase stiffness and heat deflection temperature, decrease shrinkage, but also bring new functionalities to the polymer matrix, such as flame retardancy or electrical conductivity 156,157 .

In summary, polymer composites combine polymer properties with inorganic particles in order to offer strength high-performance materials suitable for applications in many industrial domains (aerospace, automotive, electrical, microelectronics, infrastructure and construction, medical, and chemical industries), being, at the same time, able to be easily processed, reducing the cost of production 158,159 .

The resulting properties of all polymer composites are governed by four factors: 1) component properties, 2) composition, 3) structure, and 4) interfacial interactions. All these factors influence the composite properties and must be considered for tailor the performance of the composite materials 156 . Amorphous and crystalline polymers (thermoplastic or thermosets) could be used as matrices, contributing to the final properties of the material. However special mention must be made with regard to particles characteristics. In fact, particle size scale plays a fundamental role on composites, as specific properties could be achieved by considering nano or microparticles. Tensile strength, for example, seems to increase as the particle size decreases 160,161 . In the same way, materials-based on smaller particles require higher stress levels to start debonding at the polymer/particle interface 162 . Actually, the synergistic advantage of the nanoescale dimension of particles added to a polymer became a special area of interest in polymer science due to the unexpected physical properties and functions attained by polymer nanocomposites 163,164 .

Indeed, the nanometric scale (ranging from 1 to 100 nm) can be considered as the transition between the macro and the molecular scale 163 . As schematized in Figure I.18, the relative size of a polymer chain is comparable to the size of a nanoparticle, whereas it is considered extremely small compared to a microparticle. In this context, fillers that have at least one dimension in the nanometric size approach at radius of gyration of polymer chains.

Thus, individual polymer molecules are able to adopt stretched configurations and adsorb to the surface of nanoparticles. This phenomenon virtually connected filler particles (as particles can be seen as a hard core surrounded by a polymer shell), enhancing the effective filler volume fraction in polymer nanocomposites 163,165 . As a consequence, the very large polymer chain/nanoparticle interface permits that polymer nanocomposites-based on very small contents of nanoparticles could achieve higher strength, thermal stability, and barrier properties, for example, compared to materials based on micro-size fillers 166,167 . Even more, polymer nanocomposites can reach others characteristics that substantially distinguish them from conventional composites, such as: low-percolation threshold (achieved with 0.1 -2.0 vol.% depending on the nature of the nanoparticles), particle/particle correlation (orientation and position) at low volume fractions, high density of nanoparticles per volume (10 6 -10 8 particles µm 3 ), and short distances between particles (10 -50 nm) 157,168 . However, it is essential to get favorable interactions between the inorganic nanoparticles and the organic polymer. Otherwise aggregation of nanoparticles could occur, which is a very important issue for polymer nanocomposites according to the colloidal interaction existing between nanoparticles 166 . Indeed, a homogeneous dispersion of nanoparticles into the polymer matrix lead to an increase of the interfacial area per volume, which is required to the get expected improvements in the materials properties 157,167 . In fact, it is widely reported that modifying nanoparticles surface is an efficient alternative to improve the interactions between an inorganic filler and the organic matrix 169,170 . The following sections will bring an overview concerning the properties of nanoparticles, but with a special interest on the structure and properties of silica nanoparticles. In addition, current modification of silica nanoparticles surface will be also discussed.

I.4.2. Nanoparticles

First it is important to mention that the distinguishable properties of nanofillers are related to their size. Indeed, while bulk materials have constant properties, the physicochemical properties of nanofillers are size-dependent. That trend also enables to tailor the properties of the resulting material by changing the particle size. In summary, the unique properties achieved by nanoparticles are derived from their considerable high surface area and energy. A simple and visual experiment is useful to demonstrate that phenomenon, as seen in Figure I.19.A: for example, a solid cube with 1 cm on a side has 6 cm 2 of surface area, otherwise, if this same size cube is filled with individual cubes with 1 mm on a side, that would need, in fact, 1000 milimiter-size cubes, totalizing a surface area of 60 cm 2 ; in the same approach, 10 21 cubes of 1 nm 3 will be necessary to fill the same 1 cm 3 , which means that the total area reaches the mark of 6.10 7 cm 2 . Thus, as the particle size becomes lower, the surface area to volume ratio exponentially increases, which exposes more and more inner atoms to the surface. Indeed, interior atoms are coordinated to other atoms and, so, are more stable; on the other side, atoms exposed to the surface are less stable, which considerably impacts the reactivity, affinity and sorption abilities of the particle, for example. In this context, a nanofiller is defined as a filler which has at least one of its dimensions ranging in nanoscale, i.e., from 1 to 100 nm. So nanofillers can be classified in three categories:

1) nanoparticles, in which all three dimension lies in the nanoscale, 2) nanotubes/nanofibers that have two dimension in the nanoscale, while the third dimension is larger, forming an elongated structure, and 3) nanolayers/nanosheets which characterizes particles with only one dimension in the nanoscale 163,168 .

A large variety of inorganic fillers with different shape, size, and chemical structures can be considered to be combined with polymer matrices, as layered silicates, carbon nanotubes, or metal nanoparticles. In particular, silica nanoparticle is a class of nanofillers widely used as reinforcing agents, being polymer/silica nanocomposite one of the major systems reported in the literature, according to Zou et al. 161,170 .

I.4.2.1. Silica nanoparticles

In recent years, silica nanoparticles received a large interest in medical devices, as cancer imaging, for instance. Such an interest is explained due to some intrinsic properties of silica particles, as chemical inertness, optical transparency, and the easiness to be modified via surface chemistry. In addition, the hydrophilic silanol groups present onto silica surface make silica nanoparticles water dispersible at neutral pH, which is required for many in vivo applications. Even more, the large surface area, high pore volume, non-toxicity, and good biocompatibility make silica nanoparticles suitable to be used in drug delivery systems 174 .

Silica nanoparticles have also remarkable adsorption properties, demonstrating high ability in chemically adsorb a wide range of organic compounds, from toxic pollutants to proteins 175,176 .

Furthermore, to incorporate silica nanoparticles to polymer matrices, for example, can enhance the thermal stability of the material as silica can act as a superior thermal insulator, and as a mass transport barrier to volatiles compounds released in the course of thermal decomposition 177 . The intrinsic reduced brittleness and enhanced ductility of silica nanoparticles can be explored to produce materials with better properties 178 . Indeed, silica nanoparticles appear as a promising material with improved properties that can be explored in such a several fields, such as combined with polymer to design advanced materials.

In 1968, Stöber and Fink reported a methodology to prepare monodispersed silica particles by the hydrolysis of a tetraalkoxysilane followed by the condensation of the resulting silic acid in an alcoholic solution using ammonia as catalyst 179 . Over the years, this methodology, denoted as sol-gel chemistry, was improved, and it is nowadays one of the Hydrolysis:

Si OC ! H ! + xH ! O → Si OC ! H ! !!! OH ! + xOC ! H ! OH (I.1) Alcohol condensation: ≡ Si -OC ! H ! + HO -Si ≡ → ≡ Si -O -Si ≡ + C ! H ! OH (I.2a)
Water condensation: The diameter of silica particles prepared from the Stöber process is controlled by the relative contribution from nucleation and growth processes. Indeed, when a critical saturation of condensation is achieved, the nucleation of primary particles takes place, i.e., the condensed structure reaches a limit size and crosslinking that leads to insolubility. Consequently, enthalpic attraction takes place leading to insoluble silica particles in the order of a few nanometers. In general, kinetics effects and the alkoxysilane concentration control the number of primary particles in the medium, while their sizes are a consequence of the interactions between the condensed polymer structure and the reaction medium, as well as the temperature of the system. Further aggregation of these instable primary particles yields to secondary particles, which are, now, large enough to achieve colloidal stability. At this step, the size of secondary particles is determined by factors concerning colloidal stability, such as ionic strength, pH, and surface charge of particles. Finally, the colloidal stability leads to particle growth. Actually, the resulting size achieved by silica nanoparticles is governed by the size and number of secondary particles presenting in the reaction medium, as well as the initial alkoxysilane concentration, as remaining soluble silica will condense on the surface of those obtained in the course of the growth of silica particles, which is based on a mechanism that can be described as a periodical one. In this experiment, 500 nm diameter particles were used as "seeds" for the next stages. As seen, at the beginning and at the end of the reaction, particles exhibit a smooth surface. However, along the process, the surface becomes visually roughness.

≡ Si -OH + HO -Si ≡ → ≡ Si -O -Si ≡ + H ! O (I.2b) Overall reaction: Si OC ! H ! ! + 2H ! O → SiO ! + 4C ! H ! OH (I.3)
Indeed, according to the authors, this pattern is a consequence of the concentration of TEOS on the medium: first, as the concentration of TEOS is at its maximum level, a layer of secondary particles is formed onto silica surface; however, at the end of the cycle, the amount of TEOS becomes insufficient to form secondary particles, thus primary particles and molecular silica present in the suspension aggregate, leading to a smooth particle surface 183 .

Silica nanoparticles are also available commercially, and are mainly prepared by pyrolysis or precipitation methods in industry. Fumed silica, for example, is a fine powder of amorphous silica obtained from the flame pyrolysis of silicon tetrachloride. Precipitated silica are prepared via wet processes from treating silicates with mineral acids in order to obtain silica particles by precipitation, and further stabilization as colloidal suspensions 170,184 . Despite some differences, as surface area and porosity, all these silica particles are structured as a three dimensional SiO2 core, presenting silanol (≡Si-OH) and siloxane (Si-O-Si) groups onto the surface. In fact, it is well known that silanol groups are formed onto silica surface by two main processes: 1) in the course of silica synthesis, in which incomplete condensation occurs leading to silanols groups at the surface and 2) as a result of re-hydroxylation of the siloxane groups which are present at silica surface 185 . These silanol groups could be present as isolated, vicinal or germinal species, as sketched in Figure I.22. In this context, bare silica nanoparticle surface, which is covered by silanol groups, and has high surface area and surface energy, can readily interact via hydrogen bonds with adjacent particles leading to aggregation 170 . For a proper polymer nanocomposite design, i.e. to achieve improved properties, it is important that the polymer matrix and silica nanoparticles strongly interact. Grafting silane coupling agents or polymer chains onto silica surface can be considered as a great choice to improve the interactions at the interface between the compounds. But surface modifications of silica based on physical interactions are also a suitable alternative 169,170 . Indeed, silica nanoparticles have received great interest due to easiness that is to have their surface modified, which also improves the material applications, as the chosen modifying agent can also tailor the properties of the resulting polymer nanocomposite 174 .

I.4.2.1.1. Surface modification of silica nanoparticles I.4.2.1.1.1. Modification via physical interactions

Physical modifications of inorganic filler usually involve unreactive species that can be adsorbed by intermolecular and/or electrostatic forces onto the filler surface 170 . Due to the silanol groups on silica surface, the physical modification of silica is mostly driven by the adsorption of species that can interact by hydrogen bonds with silica 186 . Many works are found in the literature describing the adsorption phenomena of small molecules (for aliphatic 187 , as well as aromatic compounds 188,189 ), surfactants 190 , polymers 191,192 , and biomolecules (as Indeed, this kind of adsorbates can be useful, for example, in order to improve the interactions between silica nanoparticles and a polymer matrix, as it can reduce the interaction of silica nanoparticles among them and/or increase the hydrophobicity of silica surface. For example, in the work of Lai et al., steric acid was used to modify silica nanoparticles to improve the dispersion of the fillers in poly(ether-ether-ketone) (PEEK). The acid group was adsorbed onto silica surface by hydrogen bonding, while the alkyl chain improved the compatibility with the polymer matrix, leading to a lower aggregation and better mechanical properties 195 . Similar results were obtained for a thermoplastic vulcanizate (TPV)/silica nanocomposite. First, silica nanoparticles were treated with n-hexadecyl trimethylammonium bromide (CTAB), being, then, incorporated into the TPV matrix by melt intercalation. TEM images showed that the treated CTAB-silica were well-dispersed in the TPV matrix, as well as better thermal stability and enhanced storage modulus were achieved compared to nanocomposites prepared with bare silica 196 . Hydrophobic polymers with functional groups that can interact with silanol groups are also a viable alternative to prepare polymer nanocomposites. For instance, chitosan can interact via hydrogen bonds with both silica nanoparticles and polypyrrole (PPy). In the work of Yang et al., chitosan adsorbed onto silica surface was further used as active sites for the polymerization of pyrrole in order to produce a novel sunflower-like silica/PPy nanocomposite 197 . In fact, physical modification of silica surface using suitable adsorbates is one of the simplest ways to improve the dispersion of fillers into polymer matrices 177 .

enzymes

I.4.2.1.1.2. Modification via creation of chemical interactions

Surface functionalization of silica by chemical treatments has received much attention as this method can lead to stronger interactions between silica and the modifying agent than the methods based on physical modification. Several compounds may be used to modify silica surface via chemical reaction, as epoxides 198 and isocyanates 199 , but specially polymers and silane coupling agents 170,177 .

Monomers, which have low molar masses, can easily wet nanoparticle aggregates, and react with active sites onto particle surface, being further polymerized. This method allows to reduce the interactions between the nanoparticles, and simultaneously leads to polymer nanocomposites having strong covalent interfacial interactions 177 . Two approaches have been reported to graft polymer chains onto silica surface: the "grafting to" method, in which endfunctionalized polymers react with the groups on the surface of nanoparticles, and the "grafting from" method, i.e. in situ monomer polymerization from a reactive initiator attached to the Silane coupling agents have been widely used in order to improve the adhesion between polymers and dissimilar materials, as inorganic nanoparticles, as their ability in acting as a "chemical bridge" across the interface between both compounds 201,202 . The generic chemical formula of silane coupling agents is R(4-n)-Si-(R'X)n: R is a hydrolysable group suitable to undergo condensation with the silanol groups onto silica surface, and R' and X' correspond, respectively, to the alkyl chain and an organic functional group, which can lead to higher interactions with the organic polymer 169 . Typical silane coupling agents, also known as organosilanes, which are used to modify silica surface include as organic functional groups amino, methacrylate, isocyanate or vinyl groups, and mono-, di-and trialcoxy or chlorosilane as hydrolysable groups 170 . In this context, a wide range of silane coupling agents has been successfully used for prepare polymer/silica nanocomposites, and the choice of which is based on the desirable characteristic for the resulting material.

The process of grafting alcoxy or chlorosilane coupling agents onto silica surface undergoes two steps: the hydrolysis of the alcoxy or chloro group, followed by the condensation with the silanol groups onto silica surface. Depending on the reaction conditions (pH, solvent, temperature, etc.), as well as the chemical nature of the silane, a number of different structures can be produced onto silica surface [203][204][205] . Figure I.24 reports examples of possible products of the reaction of mono-, di-, and trialkylchlorosilanes onto silica surface. Indeed, the use of monofunctional silanes is attractive due to the reproducibility of surface structures achieved, as only monolayers are formed, and the main parameter limiting the grafting surface density is the size of the alkyl chain of the silane. On the other hand, trifunctional silanes, that are more reactive than the monofunctional analogues, can also polymerize onto silica surface, and, along with covalent attachment, self-assembled and vertical polymerized structures could be obtained. Similar trends are also observed for difunctional chloro and alkoxysilanes. Thereby, usually in a typical surface functionalization of silica surface via chemical treatments with silanes coupling agents, oligo/polycondensation of chloro or alkoxysilane groups compete with each other, which can also limit the grafting surface density 205 . Thus, it is important to control the reaction conditions to also control the structuration of modified silica nanoparticles. Quantum chemical investigations demonstrated that trialkoxysilanes can slightly increase the grafting surface density of silica nanoparticles compared to the analogous trichlorosilanes 206 . Furthermore, the size of the leaving group in alkoxysilanes could also controls the hydrolysis rate and, consequently, the structuration of the corresponding silane onto silica surface. For example, under the same reaction conditions, methoxy groups can hydrolyze faster than the ethoxy ones, as the methoxy-leaving group is smaller and less electron-withdrawing than the ethoxy group. In addition, the amount of water, as well as the acidity or basicity of the medium, could catalyze the hydrolysis process 207 . For instance,

Leyden and Atwater studied the hydrolysis of a series of alkyl-substituted alkoxysilanes in water/acetone. Using FTIR spectroscopy, they demonstrated that the relative rate of hydrolysis becomes slower as the alkyl length of the silane increases. In fact, according to the acid-catalyzed hydrolysis mechanism, a bimolecular intermediate is formed. Thus, larger substituents increases the steric hindrance, which decreases the hydrolysis rate 207,208 .

In addition, the grafting process also affects the structure of grafted silane onto silica surface. Many factors that were previously mentioned, such as solvent and pH, as well as the pre-hydrolysis of silanes, are specific to silanization processes carried out in organic solutions.

Indeed, such methods are the most common approaches used to modify silica surface with silane coupling agents. To overcome some of the intrinsic difficulties concerning homogeneous structure deposition of silanes, vapor phase silanization can be used as an alternative. In the vapor phase method, a direct reaction occurs between the vaporized organosilane and silanol groups of silica to form siloxane bonds onto silica surface. However, this method is governed by the vapor pressure of the organosilane. Thus, such a route is usually performed at high temperatures limiting the number of suitable organosilanes that can undergo condensation under these conditions [209][210][211][212] . More recently, precisely by the end of the 1990's, the use of scCO2 emerged as a great alternative to perform silanization processes, following a greener approach 213,214 . Indeed, some of the disadvantages of the conventional grafting processes can be easily avoided using supercritical fluids: 1) by the solvent way, organic solvents are replaced by an inert and non-destructive reaction medium; 2) the vapor phase methodology is governed by the vapor pressure of the organosilane, thus it is generally performed at high temperatures; on the other side, scCO2 has favorable critical properties (critical temperature, TC = 304 K and critical pressure, PC = 7.38 MPa) and it is a good solvent for organosilanes 211,215 ; 3) agglomeration of nanoparticles and incomplete grafting can be avoided thanks to scCO2's gaslike diffusivity and low surface tension, that can completely wet the internal surface of mesoporous aggregates; 4) hydrolysis and condensation kinetics of alkoxysilanes occur for an optimum pH close to 3-4, and in CO2 medium water becomes acidic, due to the formation of carbonic acid, catalyzing the process, and 5) it was found that scCO2 can extract the adsorbed water from silica surface, leaving the silanol groups more free to react 213,216,217 .

By now, several works describing interesting results obtained from the use of scCO2 as reaction medium for grafting processes are found in the literature. Concerning silica particles, For instance, the acidity of the hydroxyl groups of silica and Al2O3 allowed a properly reaction with the titanate agent. Nevertheless, for ZrO2 and TiO2, in which the hydroxyl groups have a basic character, no reaction was observe, but a strong adsorption of titanate onto particles surface was characterized 217 . Overall, considering the previous examples, we can say that the use of scCO2 as reaction medium to modify a number of inorganic nanoparticles with organosilanes has already been tested, indicating, moreover, the versatility of this new approach.

To graft polymers or silane coupling agents onto silica surface is a very effective procedure to improve the interfacial interactions between the phases in polymer nanocomposites, which can lead to well-dispersed fillers. In fact, besides the better properties attained by the material due to the presence of the nanoparticle itself, the wide range of polymers and organosilanes suitable to react with silica surface groups permits tailoring the properties of the resulting nanocomposite.

I.4.3. Polymer/silica nanocomposites

Polymer/silica nanocomposites with new and improved properties have been reported

for a wide range of systems and applications. Indeed, the intrinsic properties of silica nanoparticles combined to a series of polymer matrices have been proved to be efficient to produce materials with excellent mechanical strength, heat stability, reduced shrinkage, thermal expansion and residual stress, improved abrasion resistance, and enhanced optical and electric properties 177,178 . Therefore, polymer/silica nanocomposites have been used in coatings, flame-retardant materials, electronics, membranes, sensors, metal uptake, optical and medical devices, etc.. Thus, being one of the systems most studied among polymer nanocomposites 170 .

The following sections will bring an overview concerning some physicochemical properties achieved by the incorporation of silica nanoparticles in a number of polymer matrices.

I.4.3.1. Mechanical properties

As mentioned, the incorporation of silica nanoparticles in polymer matrices is a promising route to improve the mechanical properties of the resulting nanocomposite 178 . In this context, several works in literature are devoted to the characterization of the mechanical properties of such materials in terms of, for example, tensile, impact, and flexural strength, as well as hardness, and fracture toughness 170 . Vega-Baudrit et al. studied the effect of the incorporation of a series of grafted silica nanoparticles (with different hydrophilic/hydrophobic balance) on the tensile strength and strain at break of thermoplastic polyurethane (TPU)based nanocomposites. Their results display that the tensile strength increases as a function of the increase of the silanol content onto silica surface, whereas the strain at break seems to slightly decrease. According to the authors, these behaviors are a consequence of an increase of the degree of crystallinity of the material. Such crystallization is induced by the reduction in the distance between TPU chains due to the interactions via hydrogen bonds between hydrophilic silica nanoparticles and the ester carbonyl groups of TPU. Furthermore, the higher the tensile strength, the higher the adhesive strength of the material, enabling the use of these TPU-based nanocomposites as adhesives 220 . On the work of Bikiaris et al., isotactic polypropylene (iPP) was filled with untreated or dimethyldichlorosilane-grafted silica nanoparticles by melt mixing. In order to reveal the role of the nature and the amount silica nanoparticles present on iPP-based nanocomposites, mechanical and morphological characterizations were carried out. Samples prepared with untreated nanoparticles resulted in higher impact strength than the corresponding materials prepared with grafted nanoparticles.

In addition, the maximum impact strength obtained for both groups of iPP-based nanocomposites (i.e., those prepared with untreated or grafted silica nanoparticles) was found for samples prepared with 1 and 2.5 mass% of silica. These phenomena can then be explained in the view of the morphology of the resulting nanocomposites. TEM micrographs of iPP-based nanocomposites prepared with grafted nanoparticles seems to present larger nanoparticles aggregates than those ones prepared with untreated nanoparticles. In the same aspect, increasing the content of silica nanoparticles to 5.0, 7.5 or 10 mass% also lead to higher aggregates. As a consequence, the presence of large aggregates reduces the impact strength of the material 221 . The same trend was observed by Yang et al., that studied the impact strength, tensile strength, and strain at break of polyamide (PA)/silica nanocomposites. All these mechanical parameters reach a maximum value for the nanocomposites containing 5 mass% of silica nanoparticles, decreasing above this concentration 222 . Ragosta et al. evidenced that the reinforcement of an epoxy matrix with silica nanoparticles lead to considerable increases of the fracture toughness compared to the neat material. Furthermore, according to the authors, these improvements were substantially larger than the results achieved for epoxy matrices reinforced with particles ranging in the microscale 223 .

I.4.3.2.

Thermal properties

The abilities of inorganic nanoparticles in acting as superior insulators and mass transport barriers to volatile compounds released in the course of thermal degradation are commonly explored to produce high thermal-stable materials 177 . For example, the presence of silica nanoparticles in high-density polyethylene (HDPE) was found essential to improve the activation energies (Ea) of thermal degradation 224 . The same trend was reported on the work of Motaung et al., in which polycarbonate (PC) was reinforced with silica nanoparticles 225 .

Furthermore, the results obtained for both of these systems, i.e. HDPE and PC-based nanocomposites, revealed that silica particles immobilize polymer chains, affecting the thermal stability of the materials without changing the products of degradation released under thermal treatment. On the other side, the work of Peng et al. displays that the presence of silica nanoparticles in poly(vinyl alcohol) (PVA)-based nanocomposites lead to important changes in the thermal degradation mechanism of PVA. It was identified, using a thermogravimetric equipment coupled with FTIR, that the volatiles released on the first step of thermal degradation of neat PVA were designated as water, non-conjugated polyenes and acetic acid.

On the other side, for PVA/silica nanocomposites, chain-scission reactions also took place in this step, releasing acetaldehyde, acetone and furan 226 . In addition, to incorporate silica nanoparticle to polymer matrices have also been effective in decreasing the coefficient of thermal expansion (CTE) of polymer nanocomposites, as well as induce some changes in the Tg of the material. One can cite, for example, the work developed by Shang et al.. Polyimide (PI)/silica nanocomposites were prepared by the sol-gel process, using γglycidyloxypropyltrimethoxysilane (GOTMS) to treat silica nanoparticles. It was found that the Tg of the material increases as a function of the amount of silica nanoparticles in the material, whereas the CTE seems to decrease. Moreover, to graft GOTMS onto silica surface also lead to samples with enhanced Tg and lower CTE compared to the materials prepared with untreated nanoparticles. According to the authors these behaviors are due to the better interfacial interactions between PI and grafted silica nanoparticles. Such a phenomenon reduces the size of silica aggregates, increasing the interfacial area between the compounds and resulting in a cross-linked network, which leads to higher Tgs and lower CTEs 227 .

In addition, flame-retardant properties of polymer nanocomposites are being more and more studied, as such materials seems to offer significant advantages over conventional formulations 157 . For instance, to combine silica nanoparticles with phosphorus compounds is an efficient route to produce epoxy-based with improved flame retardancy. The limiting oxygen index (defined as the minimum concentration of oxygen that will support combustion of a polymer, LOI) for neat epoxy matrix is reported as 26.0, whereas samples containing 5.89 % of P and 3.31 % of Si display higher value for LOI, 37.1. In fact, phosphorous compounds are well known for forming high char yields due to their decomposition that forms phosphonium-rich residues. Such a characteristic is essential in flame-retardants, as the formation of char creates a protective layer avoiding oxygen penetration, and preventing further decomposition of the polymer matrix via heat resistance. Hence in this work, the presence of silica nanoparticles in the samples has a complementary effect in order to protect the char from oxidation at high temperatures 228 .

I.4.3.3. Rheological properties

It is widely reported that the incorporation of nanoparticles in polymers lead to significant changes in the viscoelastic properties of the material. Indeed, the structure of the filler, as well as particle/particle and polymer/particle interactions strongly influence rheological properties 167,229 . For example, Bartholome et al. prepared a series of PS-based nanocomposites in order to study the effect of the nature of silica nanoparticles on the storage shear modulus of the molten materials. First, PS chains were grown from the surface of silica nanoparticles, leading to nanoparticles with different grafting densities, which were, then, incorporated to a PS matrix. The storage shear modulus in function of the angular frequency display lower values for all nanocomposites prepared with treated nanoparticles, which suggest that grafting PS chains onto silica avoids particle/particle direct interaction. In additions, it was observed that increasing the molar mass of PS grafted onto silica nanoparticles surface lead to higher entanglement degrees between these grafted polymer chains and PS matrix chains. Such results induced considerable increases on the relaxation times of the terminal zone of samples prepared with grafted-long chains nanoparticles compared to the samples prepared with the grafted-short ones 230 . In fact, it is well stated in the literature that grafting nanoparticles with polymers or organosilanes can lead to polymer nanocomposites with a homogeneous morphology, i.e. individually dispersed nanoparticles. Such a state of dispersion can induce low storage and loss shear moduli at the terminal regime, thanks to the loss on the direct polymer/particle interactions 231 . As shown in the work of Zhang and Archer, untreated silica particles and two different organosilane-grafted silica particles were incorporated to poly(ethylene oxide) (PEO) in order to study the morphology and the rheology of the resulting nanocomposites. They demonstrated that as the compatibility between the polymer matrix and silica nanoparticles increases, a better state of dispersion and lower storage shear modulus could be achieved 165 .

I.4.3.4. Others properties

To achieve good interfacial interactions between silica nanoparticles and the polymer matrix is also important concerning the optical properties of the resulting material. Indeed, large particles and aggregates can lead to opaque materials due to light scattering caused by the nanoparticles 170 . However, in some cases achieve a good state of dispersion is not enough to prevent scattering, as a consequence of the refractive index mismatch between the nanoparticles and the polymer matrix. In fact, to graft compounds onto silica surface is a known route to modify the refractive index of the nanoparticles. Thus, such an approach is currently used to reduce the difference in the refractive index between the compounds, minimizing the scattering effect and leading to a nanocomposite with improved transparency 232 . The work from Li et al. reports the efficiency in using such a strategy. Silica nanoparticles were coated with titania layers to produce core-shell structured silica-titania nanoparticles, which were then introduced to an epoxy matrix. In order to control the refractive index of the core-shell nanoparticles, the titania shell thickness was tuned. A highly transparent epoxy/silica-titania nanocomposite was attained from the incorporation of nanoparticles with 36.5 mass% of titania, which have matching refractive index with the epoxy matrix 233 . The incorporation of silica nanoparticles to semi-crystalline polymers can also induce some changes in the structuration of the materials, leading to novel optical properties. The aim of the work of Asuka et al. was to study the correlation between the size, content and surface characteristic of a series of silica nanoparticles on the morphology and mechanical properties of PP-based nanocomposites. Moreover, their results revealed that, unlike neat PP films that have an intrinsic opacity, nanocomposites prepared with a 16 nm diameter silica exhibited high transparencies. In fact, the addition of these silica nanoparticles was essential to suppress the growth of PP spherulites, which explains the attainment of transparent PP-based nanocomposites 234 .

Gas transport properties of polymer nanocomposites are also a topic of interest concerning this class of materials. To incorporate inorganic fillers to polymer membranes, for instance, has shown higher gas permeability, but also improved gas selectivity than the neat matrix 235 . For example, it was found that the CO2 permeability in a PI/silica nanocomposite was 15 times larger than that one in neat PI 236 . Furthermore, chemical modification of silica surface can also be used to further enhance the gas transport properties, as the modifying agent can act to better absorb and transport specific gas into the polymer membrane 235 . Patel et al.

used untreated and methacrylate-functionalized silica nanoparticles to produce poly(propylene glycol) diacrylate (PPGda)-based nanocomposites. Their results revealed that the permeability of CO2 considered decrease for PPGda membranes filled with untreated nanoparticles than the ones prepared with methacrylate-functionalized silica nanoparticles. According to the authors, this behavior is a consequence of the poorer interaction between untreated nanoparticles and the polymer matrix, which lead to a decrease of both CO2 diffusivity and solubility 237 .

Quantum effects, as well as the interfacial area become more important as the size of particles decrease, which induces significant changes in the electrical properties of the material.

In this context, electrical properties of polymer nanocomposites are also expected to be different from the neat matrix 170 . For example, polymers nanocomposites display improved voltage endurance and lower dielectric permittivity than the corresponding material filled with microparticles 238 .

In summary, one can say that to incorporate silica nanoparticles into a number of polymer matrices can lead to materials with improved physicochemical properties, but also display novel and unique properties. Thus, the potential applications of this class of nanocomposites is numerous and continuous expanding. Conventionally, MMA is obtained from a process denoted acetone cyanohydrin (ACH).

I
Such a process involves the reaction, in a first step, between acetone and hydrogen cyanide to produce acetone cyanohydrin, which is then converted into methacrylamide sulfate with sulfuric acid. Finally, the product is treated with a methanol/water mixture under heating in order to obtain MMA and ammonium (bi)sulfate. In fact, since its discovery, new routes to the synthesis of MMA that avoid byproducts and toxic reagents, for example, has been investigated. By now, products as alkenes, ethylene, propylene, or iso-butylene have already been used as key starting materials for the production of MMA. At industrial scale, PMMA is usually prepared from the radical polymerization of MMA (in emulsion, solution, and bulk polymerization techniques), but also by anionic polymerization, and, more recently, by atom transfer radical polymerization (ATRP) [239][240][241] . PMMA has found applications in several areas. For example, during World War II, PMMA was used as aircraft windows and canopies for gun turrets 241 and, at the same time, in cranioplasties by neurosurgeons 243 . Indeed, PMMA is currently used as an alternative to glass, due to its similar optical properties and environmental stability, and in many fields of medicine and dentistry, mostly because of its compatibility with human tissues [244][245][246] . Others applications include acrylic paints, sensors, electrolytes and in building constructions 241,244 . The stated uses of PMMA in industry are numerous, but new improvements can be achieved. In the literature one can found works describing the incorporation of silica nanoparticles to PMMA or the preparation of compatible PMMA/natural rubber blends to produce a material with improved mechanical strength and thermal properties of PMMA [247][248][249] , the use of plasticizers to decrease the bonding temperature of PMMA-based microfluidic chips or to improve the conductivity of PMMA blends 250,251 , and the impregnation of antibiotics or antimicrobials as prophylactically agents in PMMA joints 252,253 . Moreover, the incorporation of numerous inorganic nanoparticles to produce PMMA-based nanocomposites is also a current issue concerning such material 239 .

It is important to notice that in the case of PMMA/silica nanocomposites, both compounds (PMMA and silica nanoparticles) can form hydrogen bonds between C=O groups in PMMA and the OH groups in silica; even though, the attraction between bare silica nanoparticles is strong enough, leading to aggregation. So grafting polymers or organosilanes is an alternative to produce PMMA/silica nanocomposites with well-dispersed nanoparticles.

Salami-Kalajahi et al. studied the effect of untreated and grafted silica nanoparticles on the properties of PMMA/silica nanocomposites prepared via reversible addition-fragmentation chain transfer (RAFT) polymerization. Their results revealed that the modification of silica indeed improved the dispersion of the filler in PMMA, which resulted in better thermal and mechanical properties 159 . On the work of Hu et al., silica nanoparticles were previously modified with organosilanes composed with different alkyl chains, which were further used to prepare PMMA/silica nanocomposites. The authors also investigated the effect of the amount of bare and modified silica nanoparticles. In fact, two behaviors were observed: as the alkyl chain of the organosilane increased, better dispersion was observed and, consequently, higher loss and storage moduli were obtained for the correspondent samples; on the other side, the smallest alkyl chain on the modified silica surface seemed to better improve the thermal stability of the nanocomposites 254 . Other works also demonstrated that the incorporation of modified silica nanoparticles can also induce changes on the Young's modulus of the material, which extend depends on the specific interactions between the groups on silica surface and PMMA 255,256 .

In order to improve the applicability of PMMA as bone cement devices, Rhee and Choi have incorporate modified silica nanoparticles to PMMA. Indeed, one current issue concerning bone cements of PMMA is that no chemical or biological bonding occurs at the interface between PMMA and bone, causing wear debris of PMMA from repeated interfacial movement, and subsequent loose of the implant. Silica nanoparticles is well known as bioactive compound, so to combined PMMA and silica nanoparticles is a great alternative to be used in bioactive bone cements. According to the results of Rhee and Choi, low crystalline hydroxycarbonate apatite was successfully formed on the surface of the material after soaking in simulated body fluid for one week, demonstrating that this PMMA/silica nanocomposite may be used as a bioactive bone substitute 257 . In summary, one can say that PMMA nanocomposites are attracting multiple interests, since the incorporation of nanoparticles can improve mechanical and thermal properties, for example, as well as lead to new ones 157,239 .

I.4.4. Conclusions

Polymer nanocomposites are an important area among polymer materials as the incorporation of a low content of nanoparticles can lead to substantial improvements in the properties of the material. However, the interfacial interactions between the polymer matrix and nanoparticles should be strong enough to permit a good dispersion of the filler. Indeed, to achieve a homogeneous morphology is considered one of the most relevant routed to improve the resulting properties of polymer nanocomposites. In this context, modification of nanoparticles surface, from chemical or physical methods, has been proved to be an efficient alternative to improve the interactions at the inorganic filler/organic polymer matrix interfaces.

I.5. CONCLUSIONS

Especially during the last decades, innovation is a gold to be pursued not only considering the ways to minimize the cost of production and/or environmental issues, but also concerning technological advances lead by new materials. In this context, since the 1990's the knowledge concerning ILs considerably increased, which was essential to a better understanding of their physical, chemical, and biological properties, dramatically enlarging the applications of ILs in many academic and industrial areas. Indeed, the intrinsic properties of ILs, such as excellent thermal stability and negligible vapor pressure, combined to the wide range of combinations between cations and anions, which permits to tune the hydrophobic/hydrophilic balance of an IL, as well as its amorphous or structured nature, surface tension, or density, for example, explains the current interest concerning such compounds. In fact, more recently, ILs arose as a new class of additives for polymer materials, and have been used as effective multifunctional agents, such as structuring agents and plasticizers, but also as template aids to design porous materials. In addition, the development of new materials and the improvement on the physicochemical properties achieved by the incorporation of nanoparticles into polymer matrices is also an object of interest. Actually, it was demonstrated that ILs act as interfacial agents improving the interactions between nanoparticles and polymer matrices. In this context, it is expected that combining ILs, inorganic nanoparticles (such as silica nanoparticles) and a polymer matrix could allow designing high-performance materials. 

II.1. INTRODUCTION

Poly(methyl methacrylate) (PMMA) is an amorphous thermoplastic with good characteristics, such as high optical properties, chemical and ultraviolet resistance, tensile strength, shatter-resistance, and processability 1,2 . Thus, since 1933, when it became commercially available, PMMA has found applications in several areas. For example, during World War II, PMMA was used as aircraft windows and canopies for gun turrets 3 and, at the same time, in cranioplasties by neurosurgeons 4 . Indeed, PMMA is currently used as an alternative to glass, due to its similar optical properties and environmental stability, and in many fields of medicine and dentistry, mostly because of its compatibility with human tissues [5][6][7] . Others applications include acrylic paints, sensors, electrolytes and in building constructions 3,5 .

The stated uses of PMMA in industry are numerous, but new improvements can be achieved. In the literature one can found works describing the incorporation of silica nanoparticles to PMMA or the preparation of compatible PMMA/natural rubber blends to produce a material with improved mechanical strength and thermal properties [8][9][10] , the use of plasticizers to decrease the bonding temperature of PMMA-based microfluidic chips or to improve the conductivity of PMMA blends 11,12 , and the impregnation of antibiotics or antimicrobials as prophylactically agents in PMMA joints 13,14 . Especially during the last decades, innovation is a gold to be pursued not only considering the ways to minimize the cost of production and/or the environmental issues, but also concerning technological advances lead by new materials.

Recently, some authors have focused on ionic liquids (ILs) as new additives to prepare advanced polymer materials 15 . ILs are formed through the combination of an organic cation and an anion poorly coordinated, exhibiting relatively low-melting temperatures, high ionic conductivity, high thermal and chemical stabilities, low-volatility, and negligible vapor pressure 16,17 . The tremendous possible combinations of cations and anions allow the tuning of ILs to display desirable properties, which can explain their use in several fields 18 . Particularly in polymer science, ILs are being used as a suitable new class of compatibilizing agents in polymer blends 19,20 , as structuring agents of copolymers 21 , as curing agents of epoxy systems 22,23 , as well as plasticizers. In fact, many works report the advantages in using ILs as plasticizer agents in both synthetic and natural polymers. For instance, it is commonly reported in the literature losses of traditional plasticizers through volatilization when the material is processed under high temperatures; an issue that can be prevented using ILs, see the extensive study from Rahman et al. According to their results, the potential replacement of traditional plasticizers of poly(vinyl chloride) (PVC) by ammonium, imidazolium, and phosphonium-based ILs lead to excellent performances: despite the better plasticization induced by some of the ILs, they have shown better leaching and migration resistance as well 24 . The plasticizing effect of an imidazolium-based IL was also reported for a starch matrix. The presence of 1-butyl-3methylimidazolium chloride [(C4mIm] [Cl]) weakened the strong hydrogen bonds between the polymer chains, significantly decreasing the Tg, but especially allowing the melt processing production of thermoplastic starch 25 . In addition, one can also notice that some of the traditional plasticizers currently used are potentially toxic, limiting their applicability in medical areas, for instance. In this context, ILs which display good biological compatibility can be used as alternative to prepare biomedical devices 26 27 and poly(lactic acid) (PLA) 28 , respectively.

Scott et al. have already demonstrated the excellent ability of imidazolium-based ILs

for inducing plastic deformation in PMMA. Indeed, one of the traditional plasticizer agents used in PMMA, dioctyl phthalate (DOP), has a similar structure to the imidazolium cation, i.e., an aromatic ring with saturated alkyl chains 29,30 . However, from our knowledge, no work reports the use of ammonium-based ILs as modifying agents of PMMA. Hence, the aim of this work was to study the influence of imidazolium and ammonium-based ILs on the resulting properties of IL-modified PMMA prepared by melt mixing using a twin screw extruder. The influence of the chemical nature of the cation and/or anion on the morphology, thermal stability, and surface properties of the materials were analyzed. In addition, a comparative analysis of the crazing mechanism developed in tensile mode was done, in order to have a better understanding of the role of the IL on the mechanical properties of the IL-modified PMMA samples.

II.2. EXPERIMENTAL

Materials: PMMA was provided by Oroglas (Arkema Group). Its molar masses by number and mass average obtained by size exclusion chromatography (SEC) were 30. 
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PMMA Processing of IL-modified PMMA samples PMMA and 2 mass% of the corresponding IL

([C4mIm][PF6], [N1,1,1,4][PF6], [N1,1,1,6][Br] or [N1,1,1,6][TFSI]
) were prepared using a 15 g capacity microextruder (DSM 15) with co-rotating twin screws (length-to-diameter ratio = 18).

PMMA/IL mixtures were processed for 5 min at 100 rpm and 453 K, and then injected in a 10 cm 3 mold at 363 K to obtain dumbbell and disc shape specimens with 2 mm thickness.

Surface energy of PMMA/IL samples was determined from the sessile drop method using a DataPhysics Instruments (GmbH) OCA 20. Water and diiodomethane were used as probe liquids for contact angle measurements. The non-dispersive and dispersive components of surface energy were determined according to the Owens-Wendt theory 31 .

Transmission Electron Microscopy (TEM) was performed at the Technical Center of Microstructures, at University of Lyon, using a Phillips CM 120 field emission scanning electron microscope with an accelerating voltage of 80 kV. First, samples were cut using an ultramicrotome equipped with a diamond knife to obtain 60 nm-thick ultrathin sections and, then, set on cooper grids for observation.

Fourier Transform Infrared Spectroscopy (FTIR) FTIR spectra were recorded at room temperature using a Nicolet iSO10 Thermo Scientific spectrometer equipped with the attenuated total reflectance (ATR) setup from 4000 to 600 cm -1 with a resolution of 1 cm -1 .

Differential Scanning Calorimetry (DSC) analyses were performed using a Q20 TA instruments. The samples were sealed in hermetic aluminum pans and heated from 193 to 453 K at a rate of 10 K.min -1 under nitrogen flow (50 mL.min -1 ). Before all analyses, sample was heated to 393 K to erase its thermal history.

Thermogravimetric Analysis (TGA) was performed using a Q500 thermogravimetric analyzer TA Instruments. All samples were heated from 298 to 1173 K at different heating rates (5, 10, 15, and 20 K.min -1 ) under nitrogen flow (90 mL.min -1 ). The plots ln(β/T 2 ) versus 1/T, that was obtained from TGA curves for each mass degradation and heating rate, provide the activation energy 8,32 . The degradation kinetic analysis was determined according to Kissinger-Akahira-Sunose method (KAS) (Equation II.1) 33 .

𝑙𝑛 𝛽 𝑇 ! = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 - 𝐸𝑎 𝑅𝑇 (II.1)
β is the heating rate in K.min -1 , T is the temperature (in K) recorded at each degree of degradation (defined as the fraction of the total mass loss in the process, ranging from 10 to 90%), R is the universal gas constant and Ea is the activation energy (kJ.mol -1 ).

Uniaxial tensile tests were performed on IL-modified PMMA samples in order to obtain their respective Young's modulus, and strain at break. The dumbbell-shapped specimens were tested using a MTS 2/M eletromechanical testing system at 295 K and 50 % relative humidity using a crosshead speed of 2 mm.min -1 . In addition, and in order to analyze the crazing mechanism, the samples were set as the same way for uniaxial tensile test and subjected to a specific strain (ranging from 20 to 80% of elongation according to the sample). Then, samples were loaded off step by step (each step was +10 % of strain), and observed immediately under optical microscope (OM). For a better understanding, one can consider the case of PMMA/[C4mIm] [PF6]: sample was subjected to 20 % of strain in a typical uniaxial tensile test, loaded off of the equipment and its surface was observed by OM; then, the same sample was subjected to additional 10 % of strain (now correspondent to a total of 30 % of strain) and observed on OM. This procedure was carried out every 10 % of strain until completely failure of the material and run in duplicate.

II.3. RESULTS AND DISCUSSION

II.3.1. Surface properties of IL-modified PMMA

The influence of each IL on the surface properties IL-modified PMMA samples was studied by the sessile drop method. The contact angles with the probe liquids, total surface energies (γ t ), and their respective non-dispersive (γ nd ) and dispersive (γ d ) components obtained for the different IL-modified PMMA samples are summarized in Table II.2. We can clearly see that the incorporation of ILs into PMMA, whatever their chemical nature, induces a slightly increase in the total energy surface of the material. The major contribution to this phenomenon is the significant increase in the dispersive component; however, it is also possible to notice a decrease in the non-dispersive component of all ILmodified PMMA materials. One possible explanation to the increase in the total surface energy lies on the forces acting on the sample surface 34 In addition, we also observe that the non-dispersive components of all IL-modified PMMA materials are smaller than the one obtained for neat PMMA. ). These results are in accordance with the expected, since we can find in the literature that [PF6] -and [TFSI] -are considered hydrophobic anions, while [Br] - is hydrophilic 37 . Indeed, the anion is used to control the hydrophobicity/hydrophilic balance of an IL. However, the cation size also plays a role in this balance, as well as, in the hydrogen bonding ability 38,39 . In this sense, nevertheless the alkyl chain length of [N1,1,1,6] + was not long enough to "mask" [Br] -hydrophilicity, the cation was essential to increase the dispersive component of the material, leading to a more hydrophobic material compared to neat PMMA.

Overall, surface energy measurements showed that imidazolium and ammonium-based ILs were able to produce a more hydrophobic material, but the chemical nature of IL plays a key role in the extent of this change.

II.3.2. Morphology of IL-modified PMMA materials

The miscibility or dispersion of ILs in the PMMA matrix after the melt extrusion was ILs) 37 . The presence of [TFSI] -is also confirmed by the strong absorption bands in the frequency range between 740 and 1350 cm -1 : bands at 1347, 1328 and 1133 cm -1 are associated with SO2 vibrations, the -CF3 modes appear at the range between 1226 and 1178 cm -1 , and the characteristic S-N-S and C-S vibrations are found at 1052 and 788 cm -1 , respectively 42,43 . Waals forces. Thus, it is expected that the solubility of PMMA in the chosen IL will be governed by the nonpolar solubility parameter of the IL. In their work it was stated that, among a series of anions, [TFSI] -exhibits the highest affinity with PMMA, as a clear consequence of its high hydrophobicity (which means a high nonpolar solubility parameter) 38,44 .

In addition, Vittuci et al. have also demonstrated that [TFSI] -can properly interact with its corresponding cation on the IL ion pair, but also with others species present in the medium. This feature is related to the negative charge located in the S-N-S central group of [TFSI] -, remaining, consequently, close to the cation, while the -CF3 end groups are quite "free" to interact with neighboring species 45 .

Based on these statements, we can assume that the intrinsic nonpolar properties and the larger size of [TFSI] -contribute to its better interaction with PMMA. This pattern is a consequence of the electronegativity of fluorine combined to the size of [TFSI] -. So, the anion is able to interact with its ion pair, but also with the hydrogens on the methyl groups of PMMA.

For the [PF6] -anion (which has also fluorine atoms suitable to interact with by Van der Waals forces with the positively charged -CH3 end groups of PMMA), its smaller size and symmetry contributes to a strong cohesion between the [PF6] -and its counterions (

[C4mIm] + or [N1,1,1,4] + ),
showing a limited interaction with PMMA when compared to [TFSI] -. On the opposite way, the main interaction of the small and hydrophilic [Br] -is with its ion pair, [N1,1,1,6] + . This fact explains the lack of interaction between [N1,1,1,6][Br] and PMMA chains. In this way, we observed using FTIR that Van der Waals forces between the methyl groups of PMMA and the anion govern the interactions between the ILs and polymer chains, following the rank:

[TFSI] - > [PF6] ->> [Br] -.

II.3.3.2. DSC measurements

Using FTIR spectroscopy, we have demonstrated effective interactions between ILs and PMMA. Thus, DSC measurements were carried out to verify if these ILs were capable to properly reduce the intermolecular interactions along PMMA chains. In fact, as previously mentioned, many works described the use of ILs as plasticizer of polymer matrices, especially due to their similar characteristics with conventional plasticizers, such as low volatility, low leachability, high temperature stability, and thermodynamic compatibility with polymers 29,46 .

Ideally, a plasticizer has a solvating group located internally rather than at the ends of the molecules. Thereby, the charged structures of ILs are not much different. In general, the compatibility between the plasticizer and polymer matrix is controlled by the interactions between the polymer chains and the solvating group, whereas the end groups act as a barrier to reduce polymer chains entanglements 24 .

Table II As shown, the Tg obtained for PMMA was 367 K, the same value observed for 

II.3.4. Thermal stability

The thermal behavior of neat PMMA and IL-modified PMMA was characterized using TGA, in order to study the effect of the cation and the anion on the thermal stability of the -. These results are in agreement with other works in the literature. Indeed, it is widely reported that for a series of analogous ILs with different anions, the thermal stability of the compound appears to be primarily dependent on the hydrophobicity of the anion, often related to its nucleophilicity 39,47 . Actually, the thermal decomposition of imidazolium and ammonium-based ILs are attributed to the decomposition of the cation induced by a nucleophilic attack of the anion [48][49][50] . Thus, the poor nucleophilicity of [TFSI] -and [PF6] -confers a high thermal stability to the IL, whereas the nucleophilic [Br] -(and all halides anions) is known to dramatically induce the Tonset decrease 51 . Several studies report that the thermal decomposition of ILs is mainly controlled by the nature of the anion, whereas the cation seems to have a secondary influence 52,53 . However, these assumptions are only true when analogous cations are compared, since different cations have different thermal stabilities 47 . In fact, our results showed a decrease of 13 K of the Tonset

of [N1,1,1,4][PF6] compared to [C4mIm][PF6]
, which demonstrates a clear effect of the nature of the cation. Usually, imidazolium cations are considered more thermally stable than the ammonium corresponding ones. Such an effect can be related to the fact that the thermal treatment of imidazolium cations induces rearrangements in the 1-substitute imidazole groups in order to prevent ring fission, whereas ammonium cations undergo Hofmann's elimination under heating 51,54,55 .

It is also important to notice that several works report as a general feature that the longer the alkyl chain length, the less thermally stable the IL. As a longer alkyl chain confers an increased stability to the carbocation 47 . However, our results do not show any evidence about the effect of the alkyl chain of the cation on the thermal properties of ILs. were noticed.

Some clues about the role of the nature of the IL on the thermal properties of PMMA were obtained from TGA thermograms. So, to provide further information about the thermal degradation kinetics of IL-modified PMMA samples, TGA analyses were performed at different heating rates (5, 10, 15 and 20 K.min -1 ). Integral iso-conversional models, as KAS and Flynn-Wall-Ozawa methods can be used to calculate the apparent activation energy (Ea) at each step of thermal degradation. It is important to notice that, according to Vyazovkin et al., to compare two or more iso-conversional methods is not recommended, since it does not bring new kinetics information, but trivial differences related to the accuracy of the chosen method 32 .

The iso-conversional KAS plots of ln(β/T degree of degradation. Actually, the thermal depolymerization of many polymers (including PMMA) starts from the weak links, then occurs from the chain scission of C-C bonds, and finishes by the degradation of macro radicals. Thus, as the thermal degradation of polymers undergoes many steps to produce low molar mass species, it is expected that the activation energy of degradation varies throughout the process 56,57 . Considering this, we can suggest that between the carboxyl group of PMMA and hydroxyl groups onto silica surface contributes to prevent chain scission 58,59 .

(1000/T) / K -1 (lnβ/T 2 ) / K -2 PMMA/[N1,1,1,6][Br] 10% 90% -11,5 -11 -10,5 -10 -9,5 1,4 1,45 1,5 1,55 1,6 1,65 0 
In conclusion, imidazolium and ammonium-based ILs were able to improve the thermal properties of PMMA, due to the stabilization of the radicals released during heating.

II.3.5. Mechanical properties of IL-modified PMMA materials

From DSC analyses, we have demonstrated the ability of imidazolium and ammoniumbased ILs in properly reducing the intermolecular forces along PMMA chains. So uniaxial tensile tests were carried out to verify the impact of the IL on the mechanical properties of PMMA. Figure II.8 reports the strain-stress traces for IL-modified PMMA materials, and Table II.5 summarizes the values of Young's modulus and strain at break for the various materials. PMMA is considered as a rigid and brittle polymer having a high Young's modulus and low elongation at break 1,26 . Thus, the addition of plasticizers to the polymer matrix is a useful tool to improve the ability of the material to sustain plastic deformation 60 . As shown in Table II. 4, we observe that a plasticizing effect of the ILs exists, as slightly lower Young's modulus and substantially higher values of strain at break were obtained for IL-modified PMMA materials compared to neat PMMA.

In fact, the addition of 2 mass% did not significantly imparted the Young's modulus of the IL-modified PMMA samples. These results are well related with the works of Scott et al.,

that studied the properties of PMMA plasticized with two imidazolium-based ILs at higher concentrations. Indeed, the authors reported that the addition of IL by a concentration of 10 mass% nearly unchanged the Young's modulus of PMMA. Only as the content of IL increased from 20 to 50 mass%, a linear and significant decrease of the Young's modulus was observed 29,30 On the other hand, the presence of ILs into PMMA matrix plays a key role on the strain at break of the material. In a similar work, Rahman et al. reported the ability of a series of imidazolium, ammonium, and phosphonium-based ILs to improve the flexibility of PVC. In their work, the strain at break for the various IL-plasticized PVC lies in the range from 2 to 94 % depending on the chemical nature of the IL (values that could be much higher than the 1.4

% of strain at break obtained for neat PVC) 24 . In our case, the total fracture of neat PMMA occurs close to 24 % of strain, whereas all IL-modified PMMA samples display very high 

strains

PMMA materials

The process of deformation and fracture of polymers under mechanical stress involves three main steps: 1) the first one occurs at the molecular scale, with the rearrangement, slippage, orientation, disentanglement, and scission of the polymer chains; 2) the second step is governed by the appearance of crazes (crazing initiation, growth and breakdown) at the microscale level, followed by initiation and propagation of microcracks, and 3) ends at the macroscopic level, with the material failure induced by the extent of cracks 61 .

Under uniaxial tension, crazes and cracks propagate mainly perpendicular to direction of major stress, and grow by opening and extension of their length under specific conditions (a schema of the crazing propagation under tensile stress is shown in Figure II.9) 61,62 . In this context, the crazing mechanism of IL-modified PMMA samples was followed as a function of the strain under uniaxial tensile stress. As observed in OM micrographs, for neat PMMA the appearance of crazes preceded fracture in an extremely limited extent, whereas for all IL-modified PMMA the mechanism of craze growth was considerably slower and dependent on the chemical nature of IL used as modifying agent.

It is important to say that the appearance of crazes, mainly regarded as a sign of polymer failure, is actually a clear effect of toughening in thermoplastics. Crazes have a key role in absorbing energy during the deformation process, which means that numerous nucleation sites enhances the amount of energy absorbed, contributing efficiently to the material toughness by delaying fracture. Thus, in general, it is possible to say that enhancing the chain mobility, the crazing initiation is facilitated 63,64 

II.4. CONCLUSIONS

The Keywords: Ionic liquids; PMMA; polymer composites; cellular foams

III.A.1. INTRODUCTION

The reinforcement of polymeric materials has been an usual and advantageous way to replace conventional materials, as metals and ceramics 1 . Polymer composites combine polymer softness with the reinforcement lead by the presence of inorganic particles, responding to the high demands on strength and stiffness for materials in many industrial applications. At the same time, the addition of fillers facilitates the processability of the material and reduces its cost of production 2 . It is widely reported that the final properties of heterogeneous polymer systems are governed by four factors: 1) component properties, 2) composition, 3) morphology, and 4) interfacial interactions 3 . Although all factors equally influence the composite properties, a special mention must be made with regard to particle characteristics. In fact, particle size scale plays a fundamental role on composite behaviors. Tensile strength, for example, seems to increase as the particle size decreases 4,5 , as well as smaller particles require higher stress levels to start to debonding at the interface 6 . Actually, the synergistic advantage of nanoscale dimension has become a special area of interest concerning polymer science, due to the new physical properties and functionalities achievable by nanocomposites 7,8 .

The nanometric scale (ranging from 1 to 100 nm) is the transition between the macro and the molecular level 7 . Hence, fillers that have at least one dimension in the nanometric scale approach to the radius of gyration of polymer chains. Thus, individual polymer macromolecules are able to adopt stretched configurations to be adsorbed to the surface of nanoparticles. This phenomenon virtually connects filler particles (since particles can be seen as a hard core surrounded by a polymer shell), enhancing the effective filler volume fraction in nanocomposites 9,10 . On the other side, aggregation of nanoparticles (that usually leads to heterogeneity and can limit the material application) is an important issue concerning nanocomposites 11 . Thus, to avoid aggregation and to improve the material properties, a good compatibility between the inorganic nanoparticle surface and the organic polymer chains should be pursued.

A large variety of inorganic fillers with different shape, size, and chemical structures are commercially available. Among them, silica particles are commonly used as reinforcing agents 5,12 . However, bare silica surface is covered by silanol groups, so the hydrogen bonds between adjacent particles, allied to the intrinsic high surface area and surface energy of nanoparticles, lead to their aggregation 12 . In this context, to graft silane coupling agents or polymer chains on silica surface is an efficient route to improve the interfacial interactions in nanocomposites.

Moreover, the surface modification of silica based on physical interactions is a also suitable alternative 12,13 . In their work, Lai et al. used steric acid to treat silica nanoparticles in order to improve the dispersion of fillers in poly(ether-ether-ketone) (PEEK). The acid group is adsorbed on silica surface by hydrogen bonding, while the alkyl chain improved the compatibility towards the polymer matrix, thus, leading to a decrease in the aggregation, and better mechanical properties 14 . Hence, physical modifications usually involve surfactants or macromolecules that can be adsorbed by intermolecular and/or electrostatic forces onto the filler surface 12 . In this context, ionic liquids (ILs) emerge as potential adsorbing agents to increase the affinity between nanofillers and polymer matrices.

ILs are formed through the combination of an organic cation and an anion poorly coordinated, presenting relatively low-melting points, high ionic conductivity, high thermal and chemical stabilities, low-volatility, and negligible vapor pressure 15,16 . The tremendous possible combinations of cations and anions allow tuning the IL desirable properties, which explains their use in several fields 17 . In fact, several works reports the use of ILs as synthetic and stabilization media of metal nanoparticles. Indeed, ILs can be seen as a supramolecular network that provides an electrostatic and steric ionic layer around nanoparticles, preventing their agglomeration [18][19][20] . For example, Liu et al. have studied the absorption behavior of 1-dodecyl-3methylimidazolium bromide ([C12mIm] [Br]) on silica nanoparticles, founding that the IL concentration plays a significant role on its structuration onto silica surface: at low concentration, [C12mim] [Br] is bound on silica surface by both electrostatic attraction and hydrogen bonds in individual species; however, as the IL concentration increases, the hydrophobic effect of the long [C12mIm] + alkyl chain induces the appearance of micelle-like aggregates 21 .

Nowadays, researchers have also been focusing on the use of ILs as additive agents to prepare advanced polymer blends and composites 22 . For example, the use of ILs as intercalating agents of layered silicates, such as montmorillonite, led to a better dispersion of the inorganic clay in the polymer matrix. In addition, the use of thermally-stable ILs (as pyridinium, imidazolium, and phosphonium-based ILs) improved the thermal stability of the material when compared to conventional ammonium salts 22,23 aids, as well as decreasing the glass transition temperature (Tg) of the material, and increasing its electrical conductivity 24 .

Considering the ability of ILs for the stabilization of silica particles and the multiple potential functions from IL addition into polymer matrices, the aim of this work is to study the influence of imidazolium and ammonium based-ILs on the final properties of PMMA/silica composites. Here, we evaluate the role of ILs on the morphology, surface properties, thermal stability, and mechanical properties of two types of materials: 1) the first one is based on a colloidal 12 nm diameter silica (Ludox AS-30, denoted Si12); and 2) the second one contains silica particles with 180 nm in diameter (denoted Si180), synthetized according to the Stöber method 25 . In addition, PMMA/silica/IL composites were treated with supercritical carbon dioxide (scCO2) as foaming agent, and the resulting foam microstructures were analyzed.

Indeed, scCO2 has been used to replace conventional blowing agents, such as chlorofluorocarbons, in a greener alternative, thanks to its stability, non-toxicity, noninflammability and the easiness to be readily removed from the reaction medium 26,27 .

III.A.2. EXPERIMENTAL

Materials: Ammonium hydroxide, tetraethyl orthosilicate (TEOS) and Ludox AS-30 colloidal silica were supplied by Sigma-Aldrich. PMMA was provided by Oroglas (Arkema Group) -the number and mass average molecular mass obtained by size exclusion chromatography (SEC) PMMA Preparation of silica particles by Stöber process 5 mL of an aqueous solution of ammonium hydroxide (12.5 mol.L -1 ) and 7.5 mL of TEOS were added to a ethanol:water solution (100 mL:18 mL) at 348 K. After 2 h, the resulting particles were separated by centrifugation and washed with water (twice) and ethanol (twice). For each washing step, the nanoparticles suspensions were sonicated for 30 min and then centrifuged. Finally, the particles were dried at 373 K under vacuum for 4 h and calcinated at 873 K 25 .

Processing of PMMA/silica/IL composites Due to the poor dispersion of nanoparticles into polymer matrix and to avoid self-aggregation during extrusion, a masterbatch was prepared 28 . First dried silica particles (commercial 12 nm diameter Ludox AS-30, Si12, and synthesized 180 nm Stöber particles, Si180) were dispersed and sonicated in acetone for about 2 h. Then, pellets of PMMA were gradually added to the suspension under continuous stirring, in order to obtain a mass ratio of silica nanoparticles:PMMA equal to 4:1. These highconcentrated mixtures were dried at 343 K for about 24 h and different masterbatches (namely mbPMMA/Si12 and mbPMMA/Si180) obtained for subsequent use.

Then, mixtures containing PMMA, masterbatches (mbPMMA/Si12 or mbPMMA/Si180) and 2 mass% of the corresponding IL (

[C4mIm][PF6], [N1,1,1,4][PF6], [N1,1,1,6][Br] or [N1,1,1,6][TFSI])
were prepared using a 15 g capacity microextruder (DSM 15) equipped with co-rotating twin screws (length-to-diameter ratio = 18). Polymer/silica/IL mixtures were processed for 5 min at 100 rpm and 453 K, and then injected in a 10 cm 3 mold at 363 K to obtain dumbbell and disc shape specimens of a thickness of 2 mm. All samples were prepared in order to obtain nanocomposites containing 5 mass% of silica.

Transmission Electron Microscopy (TEM) was performed at the Technical Center of

Microstructures, at University of Lyon, using a Phillips CM 120 field emission scanning electron microscope with an accelerating voltage of 80 kV. First, the samples were cut using an ultramicrotome equipped with a diamond knife to obtain 60 nm thick ultrathin sections and, then, set on cooper grids for observation.

Surface energy of PMMA/silica/IL composites was determined from the sessile drop method using a DataPhysics Instruments (GmbH) OCA 20. Water and diiodomethane were used as probe liquids for contact angle measurements. The non-dispersive and dispersive components of surface energy were determined according to the Owens-Wendt theory 29 .

Thermogravimetric Analysis (TGA) was performed in a Q500 thermogravimetric analyzer TA Instruments. All samples were heated from 298 to 1173 K at 10 K.min -1 under nitrogen flow (90 mL.min -1 ).

Differential Scanning Calorimetry (DSC) analyses were performed using a Q20 TA instruments. The samples were sealed in hermetic aluminum pans and heated from 193 to 453 K at a rate of 10 K min -1 under nitrogen flow (50 mL.min -1 ). Before all analyses, the sample was heated to 393 K to erase its thermal history.

Uniaxial Tensile tests were performed on PMMA/silica/IL composites in order to obtain Young's modulus, and strain at break. The dumbbell-shapped specimens were tested using a MTS 2/M eletromechanical testing system at 295 K and 50 % relative humidity using a crosshead speed of 2 mm.min -1 .

Foaming process with scCO2 A batching foaming process was considered to prepare PMMA nanocomposites foams using scCO2 as foaming agent. Specimens of 5 x 5 x 2 mm 3 were placed into a 300 mL high-pressure reactor (PARR Instruments, series 4560), saturated with CO2 at 298 K and left for 4 h 30 . Then the temperature was increased to 328 K and the pressure was managed to reach 10 MPa. After 20 h, the autoclave was depressurized at an average rate of 1.5 MPa.s -1 and the foamed samples were collected.

Density analysis of foams was determined by a buoyancy method, following Archimede's theory. A density kit assembled to a balance (precision of 10 -4 g) was used to measure the weights of unfoamed and foamed samples in water and air. By Equation III.A.1 it was possible to determine the apparent density:

𝜌 = 𝑊 !"# 𝑊 !"# -𝑊 !"#$% 𝜌 !"#$% -𝜌 !"! + 𝜌 !"# (III.A.1)
Where ρ is the density of the sample (ρfoam for the foamed sample and ρs for the unfoamed sample), Wair and Wwater are the weight of the sample in air and in water, respectively, ρwater and ρair are the density of water and air. In addition, the volumetric porosity for the foamed samples (Vfoam) were obtained by the following equation (Equation III.A.2):

𝑉 !"#$ = 1 - 𝜌 !"#$ 𝜌 ! (III.A.2)
Scanning Electron Microscopy (SEM) was performed using a Phillips XL20 microscope with a tension of acceleration of 10 kV in order to characterize the foam morphology and cell size of PMMA/silica/IL composites. Unfoamed and foamed samples were previously freezefractured in liquid nitrogen and the fractured surfaces were coated with gold by sputtering.

The SEM images were processed using ImageJ software. The cells were manually measured in order to obtain information about the Feret diameter (i.e., the maximum distance between parallel tangents touching opposite sides of the object), perimeter and area of cells. By these results, it was possible to calculate the cell density (Ncell), i.e. the number of cells per cm 3 , as a function of the mean diameter (d) and the Vfoam, according to Equation III.A.3:

𝑁 !"!! = 6 𝜋𝑑 ! ×𝑉 !"#$ (III.A.3)
It is important to underline that we have reported the Ferret diameter in terms of average and standard deviation, but also in terms of cell diameter size distribution to highlight the heterogeneities in the morphology of samples.

III.A.3. RESULTS AND DISCUSSION

III.A.3.1. Morphology of PMMA/silica/IL composites

In order to study the morphology of composites, the state of dispersion of silica (known to be well related to the improvements in thermal, mechanical and optical properties of the material, for example 31 ) into PMMA matrix was analyzed by TEM. Figures III.A It is well known that particles in the range of micron or sub-micron dimensions can only interact if their distance is smaller than the particle size, whereas nanoparticles tend to agglomerate to minimize their high surface energy . Furthermore, the interactions between the inorganic particle and polymer chains are quite different as a consequence of the relative size of the polymer chains compared to the size of the particles, which makes the interface area between the polymer matrix and the particle much larger in nanocomposites than in microcomposites 10 . In this context, our results are well related to those reported in the literature. By analyzing TEM images and the size density distribution curves for all samples, we observe that the chemical nature of imidazolium and ammonium-based ILs plays a key role on the morphology of PMMA-based nanocomposites, but has no significant influence on the microcomposites.

TEM micrographs for all the materials filled with the sub-micron size Stöber silica Si180 (i.e. microcomposites) showed isolated and well dispersed particles. This is corroborated by the Feret diameter density distribution curves, as all peaks locate close to 200 nm, similar to the As mentioned, ILs can be used as dispersing agents in colloidal dispersions. Their ability to interact with nanoparticle surfaces (mainly via van der Waals, Coulomb and hydrogen bonding forces) creates an electrostatically double layer around the fillers that kept then apart 33 . Hydrophilic silica tends to act as a solid Lewis acid, i.e. hydrogen bond donor. Thus, ILs with higher Lewis basicity (or hydrogen bond acceptor) seem to attenuate silica aggregation, as a result from the enhancement in the interactions between silica and IL.

Considering the polarity parameters of ILs, we can briefly say that the Lewis acidity is commonly sensitive to the nature of the cation, whereas the Lewis basicity is more linked to the anionic structure 34,35 . According to Zhang et al., that studied the polarity of a series of ILs based on hydroxyethyl-imidazolium with various anions, [PF6] -and [TFSI] -have the strongest (and similar) capacity to interact with silanol groups by hydrogen bonds 35 . However, our results show completely different morphologies for the nanocomposites prepared with the ILs composed of [PF6] -and [TFSI] -anions. This difference can be explained by two combined factors: 1) the characteristic solvation mechanism of ILs in species dispersed as colloidal suspensions and 2) on the specific interaction of the ion pair when the IL is combined with silica and a polymer matrix. It is well known that, in the presence of water, silica particles are negatively charged as a consequence of the dissociation of silanol groups.

Hence, several authors have already reported that in colloidal aqueous suspensions ILs are attracted to the silica surface by Coulomb (especially the cation) and hydrogen bond (especially the anion) forces. In turn, these ions attract their counterions or/and supramolecular ILs aggregates, forming an electrical double layer, which, consequently, stabilizes the nanoparticles in the medium 33,36,37 . In addition, considering the specific compatibility between PMMA and the ILs used in this work, we can conclude that it is governed by the nature of the anion rather than the cation one. Indeed, the negative charge delocalized between the two oxygens induces a positive charge dipole to the methyl group of PMMA, so the anion can interact with the polymer chains in this specific site by Van der Waal forces. Also, comparing the anionic structures of [PF6] -[TFSI] -, and [Br], we can assume that strong interactions between PMMA and [PF6] -or [TFSI] -are achieved due to the electronegativity of fluorine. Furthermore, it was demonstrated that [TFSI] -anion can properly interact with the corresponding cation of the IL ion pair, but also with others species present in the medium. That because the negative charge is concentrated in the S-N-S central group of [TFSI] -, remaining, consequently, close to the cation, while the -CF3 end groups are quite "free" to interact with neighboring species 38 . This feature also induces a relative increase in the cation mobility and, therefore, avoid the formation of ion clusters in the medium, as demonstrated by Susan et al. 39 . On the other hand, the stronger cohesion between the cation and the smaller [PF6] -prevents the cation mobility. Based on these assumptions, we can propose that ILs containing [PF6] -anion (i.e., [C4mIm] [PF6] and [N1,1,1,4][PF6]) form ion clusters around silica nanoparticles and, consequently, aggregation due to the strong cohesion between the cation and the anion. This phenomenon also explains the larger aggregates observed for PMMA/Si12/[C4mIm] [PF6]. Indeed, the acid hydrogen of the imidazolium ring (N=C2H-N) can interact with the anion by additional hydrogen bonds, leading to higher ion pair cohesion than the corresponding ammonium-based IL.

As a conclusion, ILs have a significant influence on the morphology of materials based on nanoparticles (Si12), whereas no difference was observed for composites based on Si180, as a clear effect of the particle sizes. For the nanocomposites, ILs induced an increase in the size of aggregates according to the following ranking:

[N1,1,1,6][TFSI] < [N1,1,1,6][Br] << [N1,1,1,4][PF6] < [C4mIm][PF6]
. Thus, imidazolium and ammonium-based ILs combined with [PF6] -anion induced very large aggregates due to the strong ion cohesion. On the other side, the ability of [TFSI] -in interacting with neighbor species seems to increase the mobility of [N1,1,1,6] + cation.

Consequently, it led to weaker ion cohesions, limiting silica particles agglomeration.

III.A.3.2. Surface properties of PMMA/silica/IL composites

Contact angle measurement is a powerful tool used in this study to provide information about the wettability of PMMA/silica/IL composites. The contact angles with the probe liquids, total surface energies (γ t ), and their respective non-dispersive (γ nd ) and dispersive (γ d ) components obtained for PMMA, PMMA/silica and PMMA/silica/IL are summarized in Table III.A.2. In all cases, the incorporation of bare silica particles, denoted Si12 and Si180, into PMMA led to the increase of the hydrophilicity of the composite. For both samples, this feature was characterized by a reduction in the contact angle with water, but also by the increase in their surface energies and their corresponding non-dispersive component. In fact, compared to neat PMMA, the total surface energies of PMMA/Si12 and PMMA/Si180 increased up to 10 and 18 mN.m -1 , respectively. Indeed, it widely reported in the literature that the incorporation of silica particles, which have a high surface energy (close to 70 mN.m -1 ), leads to polymer composites with higher surface energy than the neat matrix 40 . Chen and Iroh have demonstrated that the increase in the surface energy of a new class of polyimide (PI)/silica composites was directly dependent on the silica content and, consequently, on the number of polar groups. For example, the surface energy obtained for the neat PI was 44.0 mN.m -1 , value that increased to 49.5 and 58.3 mN.m -1 due to the addition of 9.8 and 24.4 mass% of silica, respectively 41 .

On the other side, as seem in Table III.A.1, the combination of silica particles with ILs, whatever the chemical nature of the IL, led to a decrease in the total surface energy of the composites compared to PMMA/silica materials (even though it is still higher than the value found for neat PMMA). In fact, the adsorption of IL onto silica surface can act screening the effect of the OH groups of silica surface, but also preventing particle migration towards the surface of the samples. The latter phenomenon is due to an improvement of the interactions between silica particles and the polymer matrix via the location of ILs at the interface between silica and polymer chains. Thus, our results can be an indicative that a better compatibilization was achieved from the addition of ILs to PMMA-based composites. However, it is also important to notice that the presence of IL in polymer matrices can also induce an increase in the surface energy of the material, thanks to the appearance of new intermolecular forces (i.e., Coulomb forces) into the material 42 . However, the extent of the surface energy increase is considerably smaller than the effect induced by silica particles, explaining then the lower values obtained for the surface energy of the composites prepared with ILs compared to the materials prepared with bare silica particles.

Indeed, we see that the major effect induced by the presence of ILs is to significantly decrease the non-dispersive component of the composites. It is well known that the chemical nature of the anion governs the hydrophilic/hydrophobic balance of the IL, whereas the cation has a secondary influence 43,44 . [PF6] -and [TFSI] -are known to be hydrophobic, whereas [Br] -is considered hydrophilic 45 . However, our results demonstrated that all composites containing ILs were less polar than the composites prepared with bare Si12 and Si180, which means that [N1,1,1,6][Br] is less hydrophilic than silica particles.

In summary, our results revealed that ILs can be used to screen the intrinsic hydrophilicity of silica particles. Such a feature could be used to prepare more hydrophobic materials. In fact, ILs are supposed to be localized onto silica surface, i.e. at the polymer/silica interface, covering the hydroxyl groups of silica, and leading to samples with lower surface energies, but also less polar. This assumption is also corroborated by TEM images, which evidence that the presence of ILs induced different morphologies to the nanocomposites, as an evidence of specific interactions established between silica nanoparticles and ILs. Comparing the data in Table III.A.2 we observe that the nature of both silica particles and ILs are important factors concerning the thermal stability of PMMA-based composites.

III

Several works in the literature describe the ability of silica particles in enhancing the thermal stability of PMMA. Such an enhancement can be explained from three main mechanisms: 1) silica particles trap and act like a gas barrier to the radicals formed during the thermal decomposition; 2) silica particles can restrict the mobility of polymer chains (as a consequence of the steric hindrance promoted by the filler), protecting the groups more suitable to undergo depolimerization under thermal treatment and 3) the hydrogen bonding between the C=O groups in PMMA and the OH groups in silica could delay the degradation propagation 46,47 for the other materials is similar to neat PMMA. Overall, our results suggest that nanocomposites have better thermal stability than microcomposites. Indeed, it is well known that the filler content and the dispersion state of the particles into the polymer matrix, as well as filler shape and size are important parameters that should be considered to properly induce better thermal stabilities to the composites 48 . In this context, the effect of the size of the filler on the thermal properties has been reported as a consequence of the surface area of the particles, i.e. the smaller the radius of the particles, higher its specific surface area 49 . The mechanisms associated with the presence of silica particles for enhancing the thermal decomposition of PMMA take place at the particle surface (or at PMMA/silica particle interface), which explains the better performance of Si12.

Concerning the role of the IL on the thermal behavior of composites, we observe the highlighted effect of [C4mIm] [PF6] for increasing the thermal behavior of PMMA-based composites (i.e., Tonset, Tmax, and example, compared to neat PMMA, improvements up to 19 K and 9 K for Tmax were observed for PMMA/Si12/[C4mIm] [PF6] and

PMMA/Si180/[C4mIm][PF6]
, respectively. On the other side, the materials prepared with the incorporation of ammonium-based ILs showed similar results with the corresponding composited prepared with bare silica particle. These results can be explained according to the interactions via hydrogen bonds between [C4mIm] + and the carboxyl group of PMMA. Indeed, these strong interactions influence the electron density of PMMA, which can interrupt the depropagation of chain under thermal treatments, thus, leading to a higher decomposition temperature 50 .

On the other hand, ammonium cations do not show any specific group suitable to interact with PMMA. According to the morphology of the composites, we can assume that the anion preferentially interacts with silica surface. Thus, no specific interaction between either the cation or anion with PMMA is achieved for composites prepared with ammonium-based ILs.

As a consequence, no significant improvements on thermal stability are observed.

As a conclusion, we can state that the combined effect of silica nanoparticles (Si12) and The effect of the incorporation of fillers in polymer matrices is still a controversial area in the literature, as one can find works reporting that fillers may increase, decrease or had no influence on the polymer's glass transition temperature (Tg). In fact, several factors as polymer/filler interactions, filler size and shape, as well as the state of dispersion of particles may affect polymer chain dynamics, resulting in different thermal behaviors 51,52 .

Our results show that, compared to neat PMMA, the incorporation of silica particles have no or slightly influence on the Tg of the material. On the other hand, samples containing ILs showed a slightly decrease of the to interact with PMMA, which can be the response to the higher decrease on Tg obtained for the samples containing this IL (noted 363 and 364 K for the nanocomposite and microcomposite, respectively). The additional interaction of the cation with PMMA can better disrupt the bonds between polymers chains, increasing its mobility, than the composites According to general features, the mechanical properties of polymer nanocomposites are related to the interfacial interactions between the inorganic and the organic phases. Silica nanoparticles, as the majority of inorganic fillers, present better mechanical properties than polymer matrices. In addition, if the interface between both phases is strong enough, an efficient energy dissipation mechanism under deformation is achieved and, consequently, better mechanical properties 54,55 . As expected, the addition of silica particles, whatever the size of them, lead to higher Young's modulus and yield stress for all PMMA-based composites.

Nevertheless, the largest effects are observed for the PMMA-based nanocomposites possible due to a percolation network achieved by these samples.

In the opposite, a dramatic decrease of the strain at break was also reported for all samples, except for PMMA/Si12/[C4mIm] [PF6]. The total failure of neat PMMA is observed close to 24 % of strain, whereas PMMA-based composites prepared with bare silicas, Si12 and Si180, as well as with the addition of ammonium-based ILs decreased the strain at break in about 10 % of the value obtained for PMMA. In fact, silica particles act as stress concentration zones, and the lack of interactions between PMMA and the ammonium-based ILs led to lower strain at break. On the other side, as previously shown, despite the large aggregates induced by After studying the morphology and the physicochemical properties of PMMA and PMMA/silica/ILs composites, the roles of silica particles and imidazolium and ammoniumbased ILs on the morphology of foamed materials was investigated. This part of this work was motivated concerning by the potential properties achieved by these materials. Indeed, polymer nanocomposites foams are a class of material that find applications in advanced areas, such as thermally insulating materials, sensors or tissue engineering scaffolds, as they can exhibit higher strength, surface area, and damping properties when compared to traditional foams 26,56 .

The principle of scCO2 foaming process can be divided in two main steps: 1) scCO2 sorption and saturation and 2) cell nucleation and growth. During the first step, the pressure gradient at the surface of the material induces the dissolution and the diffusion of the gas through the polymer matrix. Then, on the second stage, thermodynamic destabilization causes cell nucleation and growth 57 . One usual way to obtain a material with reduced cell size and high cell density is to add nucleating agents to the polymer matrix. Fillers can be seen as a distinct second-phase if they reach a given concentration, acting, then, as nucleation sites for heterogeneous nucleation process in foaming composites 58 . Furthermore, the presence of micro or nanometric particles decrease the energy barrier for cell nucleation 59 . In addition, many works described the production of foamed PMMA material using scCO2, due to the high affinity between PMMA and CO2 [59][60][61] Our results revealed that the foaming process induced a decrease in the density (ρfoam)

of PMMA and PMMA-based composites after the treatment under scCO2, which indicates that foamed structures where obtained for all samples. However, as observed by SEM micrographs (shown in Figures III.A.10 to III.A.12), we clearly observe the effect induced by silica particles in decreasing the the cells size of the materials: whereas the foaming process for PMMA proceeds from a homogeneous nucleation mechanism, leading to a foamed material with larger 
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where fhet is the frequency factor of gas molecules joining the nucleus, Chet is the concentration of the heterogeneous nucleation sites and ΔG * het is the Gibbs free energy of the heterogeneous nucleation.

In addition, the preferential nucleation sites are at the interface between silica nanoparticles and polymer chains, since the high energy of this region reduces the Gibbs' free energy for nucleation 62,63 . As a consequence of these facts, and as exemplified by many experimental works, the concentration and the homogeneous particles distribution are important factors that must be considered to reduce the cell diameter and increase Ncell 27,59,64 . If we compare the results obtained by the foamed samples, we can observe that foams prepared from PMMA/Si12/IL nanocomposites show smaller cell size and higher Ncell values than the corresponding materials made from PMMA/Si180/IL microcomposites. All composites contain the same amount of silica particle (5 mass%), although the number of Si12 particles is significant higher in the nanocomposites than the number of Si180 particles in the microcomposites. Despite the aggregation of Si12 particles, those aggregates (assumed as only one nucleation site) are still smaller than Si180 particles (as shown by TEM micrographs). In this manner, more nucleation sites are available on the nanocomposite samples, explaining the higher Ncell values observed in the foamed materials. Furthermore, by comparing the cell size distribution curves for the samples, we observe that foams made from PMMA/Si12/IL nanocomposites produced more uniform structures, whereas broad cell size distribution was observed for foamed PMMA/Si180/IL microcomposites. Again, the number of particles can be the answer for that effect, as suggested by Zhai et al., which studied the effect of silica nanoparticles on foamed polycarbonate nanocomposites. According to their results, cell size distributions became more and more uniform as the silica content increased, which is a clear effect of the number of nucleation sites that also limit the cell growth. Moreover, they also demonstrated that the foaming process improved the dispersion of the aggregates 62 .

On the other hand, all samples containing ILs display an increase in the cell size of the material when compared to the materials prepared with bare silica particles. Furthermore, differences on the foam morphology related to the chemical nature of the ILs were observed.

Many works describe that the homogeneous nanoparticle dispersion account for the significant decrease in cell size diameter 62 . Thus, we could explain these differences based on the size of aggregates for the nanocomposites, since all ILs induce, in some way, aggregation of Si12.

However, foams made from PMMA/Si12/[C4mIm] [PF6] and PMMA/Si12/[N1,1,1,4][PF6] lead to similar morphologies, with a cell size diameter of about 100 µm. Following, we have foamed PMMA/Si12/[N1,1,1,6][TFSI], with a average cell size of 153 µm, and then foamed PMMA/Si12/[N1,1,1,6][Br], which, indeed, demonstrate a substantial increment on the average cell size (272 µm). Overall, these results are inconsistent with the size of silica nanoparticles aggregates determined by TEM. In addition, the same trend is observed for the foamed material obtained from PMMA/Si180/IL samples, in which the nature of the IL have shown no further influence on the state of dispersion of Si180 particles. Hence it is clear that the nature of the IL should be considered to explain the foam morphology of the materials. Indeed, to coat nanoparticles with CO2-philic groups, as fluorocarbons, fluoroethers and siloxanes, is a known strategy to obtain foamed materials with improved morphologies 59 .

Based on the great applicability of ILs as additives of polymer matrices, Livi et al. studied the influence of a series of ILs on polystyrene (PS)/ILs foams prepared under scCO2 conditions.

The authors highlighted that the functionalization of pyridinium, imidazolium and phosphonium cations with perfluorinated chains (noted CO2-philic) considered reduced the cell size of the foams, whereas the long alkyl chains cations (CO2-phobic) have demonstrated the opposite behavior 65 . Likewise, ILs containing fluorinated anions tend to exhibit a higher CO2 affinity compared with non-fluorinated anions 66 . Punctual weak Lewis acid-base interactions between [PF6] -, [TFSI] -and CO2 is a way to explain the better results obtained for the materials containing these anions, as we can consider these specific interactions as nucleation sites.

Actually, many authors have speculated that the anion governs the CO2 solubility in ILs. However, more recently the theory of free volume raises as an alternative over the anion effect to explain the affinity between ILs and CO2 67 . Klähn and Seduraman performed molecular dynamic simulations of mixtures of ILs and CO2, observing a strong correlation between the ratio of unoccupied space in pure ILs and their ability to absorb CO2. The weakest the ion cohesion, the more unoccupied space: weak cation/anion interaction facilitates ion displacement and enable an expansion of empty space to accommodate CO2 66 . As already discussed in this paper, the ILs containing the [PF6] -anion have strong cohesion between the cation and the anion, having small free volume, which limit the solubility of CO2 and prevent bubbles coalescence during the foam preparation. Moreover, it is widely known that the ion density, given by the ion sizes, primarily determines the strength of ion cohesion 66 . So, ILs containing the largest [N1,1,1,6] + cation seems to have the weakest attractive ion interactions and, consequently, more empty volume. However, comparing the size of the anions, it seems that the cohesion between [N1,1,1,6] + and [TFSI] -is weaker than with [Br] -. In this manner, combining the free volume theory to the anion CO2-affinity should be a better alternative to As a conclusion, the presence of silica particles in the material significantly decreased the cell sizes and increased the cell density of the foamed material compared to the foam processed from neat PMMA. In addition, it was proposed that the foam morphologies achieved for PMMA-based composites containing ILs are related to a combined effect between the strong ion pair cohesion and the good affinity between CO2 and the anion.

III.A.4. CONCLUSIONS

In this work, the role of imidazolium and ammonium-based ILs and the effect of silica particle size on PMMA-based composites were evaluated. The main conclusion is that the chemical nature of the IL induced improvements on the nanocomposites properties (prepared with the commercial 12 nm diameter silica, denoted Si12), but has little influence on the microcomposites (prepared with the Stöber particles with 180 nm, denoted Si180). In fact, the morphology for PMMA-based microcomposites, observed by TEM, is exactly the same for all samples (isolated and well dispersed particles). Hence, the thermal, and mechanical properties of the microcomposites seem to be more affect to the size of Si180, than to the effect of the IL.

On the opposite, TEM images obtained for PMMA-based nanocomposites revealed the role of imidazolium and ammonium-based ILs on the state of dispersion of Si12. Indeed, the size of silica nanoparticles aggregates seemed to be linked to the cation/anion interaction and the Lewis basicity of the anion. In fact, [PF6] -and [TFSI] In addition, foamed materials were successfully prepared using scCO2 as foaming agent.

The presence of silica particles in the sample significantly decreased the cell sizes and increased the cell density of the foamed material compared to the foam processed from neat PMMA, as Si12 and Si180 act as nucleation sites. The presence of ILs on PMMA-based composites slightly increased the cell sizes, and, here, the nature of the IL influenced the foam morphologies of both nano and microcomposites. The smallest cell sizes achieved by [C4mIm][PF6] and [N1,1,1,4][PF6] are related to the CO2-affinity of the anion, but also with their strong ion pair cohesion, that reduces the empty space, known to be an important factor related to CO2 solubility on ILs. In this study, we investigated the use of supercritical carbon dioxide (scCO2) as an environmental friendly process for the surface grafting of silica nanoparticles with a series of imidazolium IL-functionalized silane. The effects of the reacting conditions on grafting of nanoparticles were characterized using thermogravimetric analyses (TGA) and transmission electronic microscopy (TEM). Then, grafted silica nanoparticles were combined to a conventional polymer, i.e. poly(methyl methacrylate) (PMMA), via melt mixing in order to design the nanocomposites. The key role of the alkyl chain length of the imidazolium ILfunctionalized silane on the morphology of PMMA-based nanocomposites is highlighted. In addition, the thermal, rheological and mechanical properties were also studied. Improvements of the thermal stability, as well as of the mechanical performance of the PMMA-based nanocomposites were observed. Indeed, it was noticed that the role of grafted silica nanoparticles on the properties of PMMA-based nanocomposites is strongly dependent on the dispersion state of nanoparticles within the PMMA matrix.

III.Bn CHEMICAL MODIFICATION OF SILICA SURFACEn BY IONIC LIQUIDSn

Keywords: Supercritical carbon dioxide; ionic liquid; silane coupling agent; surface treatment; silica nanoparticles; PMMA; nanocomposite.

III.B.1. INTRODUCTION

Polymer nanocomposites have been extensively studied during the last few decades due to their potential as high-performance materials to be used in several fields, such as aerospace, automotive, electrical, microelectronics, infrastructure, medical, and chemical industries. At the same time, the addition of nanofillers facilitates the processability of the material and reduces its cost of production 1,2 . To incorporate inorganic nanoparticles into organic polymer matrices can result in a material that reach both constituents specific properties: the ability of the polymer to display deformation allied to the reinforcement brought by the nanoparticles 2 . In this context, silica nanoparticles appear as a material with potential intrinsic properties that can be explored in such a several fields. For example, in recent years, the chemical inertness, non-toxicity and good biocompatibility of silica nanoparticles are attracting interest to design new medical devices 3 . Furthermore, incorporation of silica nanoparticles into polymer matrices can enhance the thermal stability of the material, as their large surface area act as well as a superior thermal insulator, as a mass transport barrier to volatiles compounds released in the course of thermal decomposition 4 . Moreover, the intrinsic reduced brittleness and enhanced ductility achieved by silica nanoparticles can be explored to produce polymer nanocomposites having better mechanical properties 5 . Nevertheless, homogeneous dispersion of nanoparticles into polymer matrix must be achieved in order to properly attain the expected improvements on the material properties 6,7 . However, aggregation of nanoparticles is a well-known phenomena in polymer nanocomposites processing 8 . In fact, silica nanoparticles, having a surface based on silanol groups, tend to aggregate with strong cohesion due to hydrogen bonds formed between adjacent particles, especially if the interfacial interactions between silica and the polymer matrix are not strong enough 9 . In this context, surface modification of silica nanoparticles by organosilane coupling agents could be an alternative to improve their interactions with several polymers 10,11 .

Alkyltrialkoxysilanes, having a generic chemical structure such as R'-Si-(OR)3 (being R' a functional groups and R a hydrolysable alkyl group), are a class of organosilanes commonly used to modify silica surface. Such a feature is due to the three hydrolysable groups present in alkyltrialkoxysilanes which are suitable to react with silanol groups, while their organic functional groups can better interact (or react) with polymer chains 10 . The process of grafting alkyltrialkoxysilanes onto silica surface involves two steps: the hydrolysis of the alcoxy groups, followed by the condensation with the silanol groups of silica. Conventional grafting process can be carried out in organic solutions, but also via the vapor phase deposition. Indeed, the first method is the most commonly used approach to modify silica surface with silane coupling agents, while the second one is used for specific organosilanes having low boiling point [12][13][14][15] .

More recently, precisely by the end of the 1990's, the use of supercritical carbon dioxide (scCO2) emerged as an alternative route, following a greener approach, to achieve silanization 16,17 . Indeed, some of the disadvantages of the conventional grafting processes can be easily avoided using supercritical fluids: 1) for the solvent route, organic solvents are replaced by an inert and non-destructive reaction medium; 2) the vapor phase route is governed by the vapor pressure of the organosilane, thus it is generally performed at high temperatures, which limit the number of suitable organosilanes that can undergo condensation under these conditions; on the other side, scCO2 has favorable critical properties (critical temperature, TC = 304 K and critical pressure, PC = 7.38 MPa) and it is a good solvent for organosilanes 14,18 ; 3) agglomeration of nanoparticles and incomplete grafting can be avoided thanks to scCO2's gaslike diffusivity and low surface tension, that can completely wet the internal surface of mesoporous aggregates; 4) hydrolysis and condensation reactions of alkoxysilanes have an optimum pH close to 3-4; in fact, in CO2 medium, water becomes acidic, due to the formation of carbonic acid, which could catalyze the grafting process and 5) it was found that scCO2 can extract the adsorbed water from silica surface, leaving the silanol groups available to react 16,19,20 .

By now, several works reporting some interesting results obtained from the use of scCO2 as reaction medium for grafting processes can be found in the literature. For example, Loste et al. reported results on the functionalization of hydroxyapatite and TiO2 particles with γ-methacryloxypropyltrimethoxysilane (MPTMS) using a conventional solvent-based method (i.e. carried out in methanol), as well as scCO2. First, their results revealed that, for the conventional method, the final amount of MPTMS grafted onto particles surface increased as function of an additional curing time. Nevertheless, this additional step was no longer necessary if the reaction was performed under scCO2 19 . Motivated by the different nature of the hydroxyl groups present on the surface of several metal oxide particles, Wang et al. investigated the interactions between a titanate coupling agent and these particles after treatment under scCO2.

According to their results, interactions proceeding from physical adsorption or chemical grafting were observed. For instance, the acidity of the hydroxyl groups of silica and Al2O3 surfaces allowed a properly reaction with the titanate agent. Nevertheless, for ZrO2 and TiO2, in which the hydroxyl groups have a basic character, no reactions were observed, instead, it was evidenced a strong adsorption of titanate onto particles surface 20 . More recently, Stojanovic et al. considered the concept of the use of a co-solvent to improve the grafting efficiency. By combining scCO2 with ethanol as reaction medium, a better deagglomeration of nanoparticles was achieved, increasing the percentage of silane grafted onto silica surface 21 . In another study, Sanz-Moral et al. demonstrated that the operating pressure considered to modify silica aerogels under scCO2 could be tuned to control the degree of surface functionalization. Besides the production of a homogeneous functionalized surface, the reaction conditions used for the aerogels surface treatment under scCO2 also conserved their monolith structure 18 . Overall, considering the previous studies, the use of scCO2 as reaction medium could be an interesting route to modify a number of inorganic nanoparticles with organosilanes, indicating, moreover, the versatility of this new approach.

Recently, ionic liquids (ILs) appeared as a new class of functional additives of polymer matrices, such as plasticizers, processing aids, or interfacial agents, to design polymer-based materials with enhanced properties 22 . In addition, several studies report the use of ILs as media to stabilizing metal nanoparticles. In fact, ILs can be bound to nanoparticles surface via both Coulomb forces and hydrogen bonds, and, thus, they can be seen as a supramolecular network that provides an electrostatic and steric ionic layer around nanoparticles, preventing their agglomeration 23,24 . In this context, ILs can be considered as coupling agents for polymer nanocomposites thanks to their ability to readily interact with both polymer matrix and nanofillers 25 . Recently, our research group demonstrated the use of imidazolium and phosphonium-based ILs as intercalating agents of montmorillonite (MMT). Besides the better compatibility between polyethylene and MMT nanocomposites, a better thermal stability was also noticed 26 Both of these studies considered the functionalization of nanoparticles surface via physical interactions. However, surface functionalization of nanoparticles using chemical treatments is receiving considered attention as such route can lead to strong interactions between the filler and the modifier, and, consequently to a more permanent compatibilization between the grafted particle and the polymer matrix 4,9 . For these reasons, the aim of this work is to study the surface treatment of silica nanoparticles under scCO2 by ILs, and the impact of these grafted nanoparticles on the resulting properties of PMMA-based nanocomposites. Thus, first, a series of task specific ILs, i.e., imidazolium-based ILs containing hydrolysable methoxy groups (denoted imidazolium IL-functionalized silane) were synthetized. In a second step, these ILs were used to modify silica nanoparticles surface under scCO2. The effect of processing conditions, such as the operating pressure and the content of ILs, were investigated. Finally, the role of these grafted silica nanoparticles was studied concerning the morphology of PMMAbased nanocomposites, as well as on their resulting properties such as surface, thermal, rheological, mechanical ones.

III.B.2. EXPERIMENTAL

Materials All chemical products required for the synthesis of the coupling agents based on imidazolium IL-functionalized silane, i.e. imidazole (≥99 %), 1-methylimidazole (99%), 1iodobutane (99%), 1-iodooctane (98%), 1-iodooctadecane (95%) and (3-chloropropyl) trimethoxysilane (≥99 %), Al2O3, tetrahydrofuran (THF, 99%), dichloromethane and ethanol (99%), were supplied from Sigma-Aldrich. NaOH (≥99 %) and MgSO4 were supplied by Carl

Roth. All products were used as received. The silica used in this work, denoted Ludox AS-30 (30 mass% in water) with a specific area of 230 m 2 g -1 and diameter of 12 nm, was also provided by Sigma Aldrich. Carbon dioxide (>99.99 % pure) was obtained from Air Liquide.

PMMA was purchased by Oroglas (Arkema Group) -the number and mass average molar mass obtained by size exclusion chromatography (SEC) were 30.3 10 3 and 36.0 10 3 g.mol -1 , respectively.

III.B.2.1. Synthesis of imidazolium IL-functionalized silanes

All the protocols considered in this work are based on the literature with some modifications [28][29][30] . Sodium imidazolate (ImNa) was prepared in a solvent-free condition 28 . Imidazole (200 mmol) and NaOH (205 mmol) were introduced in a 50 mL round-bottom flask equipped with a condenser, magnetic stirring. The suspension was allowed to react at 383 K under continuous stirring for 4 h. A homogeneous liquid phase was obtained and the product was placed in a vacuum oven for 24 h at 353 K in order to remove all water produced in the course of the reaction. The pale yellow dehydrated product was cooled down and stored in a dark glass vessel under inert nitrogen atmosphere.

N N R + (1) (2, 3, 4) 

III.B.2.1.2. Synthesis of N-functionalized imidazoles

ImNa (25 mmol) was immersed in 10 mL of THF and stirred at room temperature (298 K) for 30 min. Then, the corresponding (RI compound, in which R is C4H9, C8H17, or C18H37) (23 mmol) was added drop wise to the slurry and the reaction was stirred at room temperature for 3 h under reflux. Then, when a clear solution was obtained, the apparatus was heated at 338 K under continuous stirring. After 21 h, the reaction was stopped, cooled down, and filtered (with additional washes of THF). The solvent was then removed by evaporation under vacuum. The crude product was solubilized in CH2Cl2 in order to precipitate NaI, obtained as sub-product. Activated carbon (∼ 0.5 g) and MgSO4 (∼ 0.5 g) were added to the organic phase and the vessel was left stirring for about 5 min. The final suspension was filtered through a filter containing basic activated Al2O3, producing a transparent pale yellow solution, which was concentrated by evaporation under vacuum. A pale yellow viscous oil was obtained for 1-butylimidazole (2) and 1-octylimidazole (3) and a pale yellow solid was obtained for 1octadecylimidazole (4).

III.B.2.1.3. Synthesis of the series of 1-(3-trimethoxysilylpropyl)-3alkylimidazolium chloride ILs (imidazolium IL-functionalized silanes)

A mixture of the corresponding N-functionalized imidazole (1-methylimidazole, 1butylimidazole, 1-octylimidazole or 1-octadecylimidazole) (50 mmol) and (3-chloropropyl) trimethoxysilane (50 mmol) was stirred at 373 K for 24 h. Crude 1-(3-trimethoxysilylpropyl)-3methylimidazolium chloride (denoted ImC1, 5), 1-(3-trimethoxysilylpropyl)-3-butylimidazolium chloride (ImC4, 6), and 1-(3-trimethoxysilylpropyl)-3-octylimidazolium chloride (ImC8, 7) were washed five times (5x10 mL) with diethyl ether to remove the unreacted materials. Finally, the solvent was removed by evaporation under vacuum and the purified product (ImC1, ImC4 and ImC8) was dried for 24 h at 333 K under vacuum. Concerning the purification of 1-(3trimethoxysilylpropyl)-3-octadecylimidazolium chloride (ImC18, 8), the procedure was different: 1) the crude product was firstly solubilized in acetonitrile and the precipitate was removed, and 2) acetonitrile was reduced by evaporation under vacuum and the final product was heated at 348 K overnight in a vacuum oven.

The assignments of 1H NMR resonance peaks are a signature of the successful synthesis of the series of imidazolium IL-functionalized silane. In order to provide a better visualization of the structure and designation used to denote each imidazolium IL-functionalized silane, these informations are summarized in Table III.B.1. In addition, the glass transition temperature (Tg) and melting temperature (Tm) determined by differential scanning calorimetry (DSC), as well as the maximum temperature of thermal degradation (Tmax), obtained from the thermogravimetric thermogram, are also reported. 

III.B.2.2. Surface modification of silica nanoparticles under scCO2

The apparatus used for the surface treatment of silica nanoparticles is presented in Ludox AS-30 nanoparticles (denoted Sibare) suspension was diluted in an ethanol:water (9:1) solution to the concentration of 1g.10 mL -1 and treated under sonication for 2 h at 313 K.

Then, 20 mL of this diluted suspension was introduced into a high-pressure autoclave the desired amount of each imidazolium IL-functionalized (ImC1, ImC4, ImC8, or ImC18) was added. The autoclave was sealed and CO2 was introduced to the system. Thus, the temperature was raised to 338 K and the desirable pressure was then set. After 1 h, the system was opened and the grafted nanoparticles (denoted Si-g-ImCx, where Cx corresponds to the alkyl chain of the imidazolium IL-functionalized silane grafted onto silica surface, i.e., C1, C4, C8, or C18) were dried at 338 K under vacuum for 6 h and washed several times with ethanol (twice) and dichloromethane (twice). In order to study the grafting ration achieved by the nanoparticles, pressure and silica OH group/silane ratio were varied. All experiments are summarized in Table III Si-g-ImC1 -C4H9

Si-g-ImC4 -C8H17

Si-g-ImC8 -C18H37

Si-g-ImC18

III.B.2.3. Processing of PMMA/Si-g-ImCx nanocomposites

Due to the poor dispersion of nanoparticles with the polymer matrix and to avoid selfaggregation during extrusion process, a masterbatch material was prepared in a first 31 . Dried silica nanoparticles without or with surface treatment. i.e. Sibare and Si-g-ImCx, respectively, were dispersed and sonicated in acetone for 2 h. Then, pellets of PMMA were gradually added to the suspension under continuous stirring, in order to obtain a mass ratio of silica nanoparticles:PMMA equal to 4:1. These highly concentrated mixtures were dried at 343 K for about 24 h and different masterbatches were obtained for subsequent use. Then, mixtures containing PMMA and the correspondent masterbatches (containing Sibare or Si-g-ImCx) were prepared using a 15 g capacity microextruder (DSM 15) equipped with co-rotating twin screws (length-to-diameter ratio = 18). The mixtures of PMMA and the corresponding silica nanoparticles were processed for 5 min at 100 rpm and heated at 453 K and then injected in a 10 cm 3 mold at 363 K to obtain dumbbell and disc shape specimens of a thickness of 2 mm. All samples were prepared in order to obtain nanocomposites containing 5 mass% of silica nanoparticles. It is important to note that the 5 mass% of silica was calculated due to the silica core content (which means that the total content of grafted nanoparticles introduced into PMMA matrix was slightly higher).

III.B.2.4. Characterization methods

Thermogravimetric analysis (TGA) of imidazolium IL-functionalized silanes, untreated silica nanoparticles (Sibare), grafted silica nanoparticles (Si-g-ImCx), and PMMA/Si-g-ImCx nanocomposites were performed using a Q500 thermogravimetric analyzer TA Instruments under nitrogen flow of 90 mL min -1 . However, the thermal treatments are quite different for each of these systems. Imidazolium IL-functionalized silanes were heated at a continuous rate of 10 K min -1 from 298 to 1173 K. On the other side, Sibare and Si-g-ImCx powders were heated from 298 to 393 K at 10 K.min -1 , held at this temperature for 15 min and heated to 1173 K at 20 K min -1 . Finally, PMMA/Si-g-ImCx nanocomposites were also heated from 298 to 1173 K, but at different heating rates (5, 10, 15 and 20 K min -1 ), in order to determine the activation energy for the thermal degradation process of the materials. Differential scanning calorimetry (DSC) analyses were performed using a Q20 TA instruments. Imidazolium IL-functionalized silanes and PMMA/Si-g-ImCx nanocomposites were sealed in hermetic aluminum pans and heated from 193 to 453 K at a rate of 10 K min -1 under nitrogen flow (50 mL min -1 ). Before all analyses, the sample was heated to 393 K to erase its thermal history.

Transmission Electron Microscopy (TEM) was carried out in order to characterize shape and size of grafted silica nanoparticles (Si-g-ImCx), as well as the dispersion of silica nanoparticles into PMMA nanocomposites. The analyses were performed at the Technical Center of Microstructures, at University of Lyon, using a Phillips CM 120 field emission scanning electron microscope with an accelerating voltage of 80 kV. Si-g-ImCx samples were prepared from a suspension of grafted silica in ethanol/water (9:1 v/v), deposited on cooper grids, and left until a complete solvent evaporation before observation. For PMMA/Si-g-ImCx nanocomposites, samples were cut using an ultramicrotome equipped with a diamond knife to obtain 60 nm thick ultrathin sections and, then, set on cooper grids for observation.

Small angle neutron scattering (SANS) were performed at rest at the Laboratoire Léon Brillouin (Saclay/France) using a PA20 spectrometer. The three configurations are defined by a constant wavelength λ=6Å, three sample-to-detector distances (1.2, 8, and 16 m), and three collimation distances (2, 8, and 16 m). These setups enable to cover a total q-range from 4.10 -3 to 0.3 Å -1 . Solid samples were placed into a sample changer and measured under ambient conditions. The 2D patterns were reduced to 1D spectra, I(q) versus q, after a radial averaging around the center of the scattered beam. Standard corrections by sample thickness, neutron beam transmission, empty beam signal subtraction, detector efficiency, electronic background, and subtraction of incoherent scattering were applied to get the scattered intensities on an absolute scale (cm -1 ). Data reduction was done using a home-made software "Pasinet".

• SANS modeling description When mixed with a polymer matrix, the primary nanoparticles can organize as multi-scale structures due to van der Waals interactions: they can form primary aggregates that can themselves form secondary larger structures, denoted usually agglomerates or secondary aggregates. The understanding of these complex structures as a function of the primary particle concentration is often disturbed by eventual modification of the primary aggregates form factor as well as by the superposition of the structure factor contribution. The shape factor of a fractal aggregate made of a finite size number (Nagg) of native beads (R0, σ) arranged according to a more or less ramified order (Df) can be described as follow 32 . The scattering function presents three distinct behaviors as a function of Q separated by two cut-offs QC1 and QC2.

1.

At very large Q (for Q > QC2), the scattering can be identified with the form factor of the primary particle assumed to be a compact sphere:

𝐹 𝑄 = [3𝑓 𝑄𝑅 ] ! 𝑤𝑖𝑡ℎ 𝑓 𝑥 = sin 𝑥 -𝑥𝑐𝑜𝑠(𝑥) 𝑥 ! (III.B.1)
Where R is the radius of the sphere.

The polydispersity in size is described by a log-normal distribution with the mean radius, R0, and the polydispersity, σ.

𝑃 𝑅, 𝑅 ! , 𝜎 = 1 2𝜋𝑅𝜎 𝑒𝑥𝑝 -1 2𝜎 ! 𝑙𝑛 ! 𝑅 𝑅 ! (III.B.2)
The form factor with polydispersity is calculated by integration:

𝐹 𝑄 = 𝑃 𝑅, 𝑅 ! , 𝜎 𝐹 𝑄, 𝑅 𝑑𝑅 (III.B.3)

2.

At intermediate Q (for QC1 > Q >Q C2), the scattering function scales as:

𝐹 𝑄 = 𝑄 !! ! (III.B.4)
Where Df is the fractal dimension of the aggregates.

3.

At low Q (for Q>QC1), the scattering function is reduced to:

𝐹 𝑄 = 𝑁 !"" 𝑃(𝑄 → 0, 𝑅) (III.B.5)
Nagg is the number of primary particle per aggregates.

The form factor of the aggregates can finally be expressed as a function of the native beads form factor as follow:

𝑃 !"" 𝑄 = 𝑁 !"" 𝑄 !!" P Q,R L(R,σ)R 3 dR ∞ 0 R 3 L R,σ dR ∞ 0 (III.B.6)
The total scattering intensity resulting from a PMMA-silica nanocomposite can then be expressed as follow:

I Q = φ SiO 2 ∆ρ 2 VP agg Q S Q (III.B.7)
Where ϕSiO2 is the volume fraction of the silica particles, Δρ² is the contrast term, and V is the characteristic volume of the aggregates. S(Q) represents the entire structure factor including all the interactions between the different entities of the system. It is mainly dominate by the interactions between the particles inside the aggregates:

S Q =S intra agg (III.B.

8)

In the intermediate Q range, a clean repulsion peak illustrates the inter-aggregates interactions. We have chosen to model the structure factor with the classical Percus-Yevick (PY) function, representing the interactions between non-charged hard spheres 33 , depending only of two parameters, an effective volume fraction ϕeff and the mean distance between the centers of mass of the interacting objects d0. Wertheim has proposed an analytical solution. The Fourier transform of the direct correlation function can be calculated as:

NC Q =-24φ eff 1 sin Qd 0 -(Qd 0 )cos(Qd 0 ) (Qd 0 ) 3 -6φ eff λ 2 Qd 0 2 cos Qd 0 -2 Qd 0 sin Qd 0 -2 cos Qd 0 +2 (Qd 0 ) 4 -φ eff λ 1 2 
Qd 0 4 cos Qd 0 -4 Qd 0 3 sin Qd 0 -12 Qd 0 2 cos Qd 0 +24 Qd 0 sin Qd 0 +24cos Qd 0 -24

(Qd 0 ) 6 (III.B.9)
With λ1 and λ2 defined as:

𝜆 ! = 1 + 2𝜑 ! 1 -𝜑 ! 𝑎𝑛𝑑 𝜆 ! = -1 + 𝜑/2 ! 1 -𝜑 ! (III.B.10)
The structure factor is given by:

S Q = 1 1--NC(Q) (III.B.11)
Surface energy of Si-g-ImCx nanoparticles and PMMA/Si-g-ImCx nanocomposites were determined from the sessile drop method using a DataPhysics Instruments (GmbH) OCA 20.

Water and diiodomethane were used as probe liquids for contact angle measurements. The nondispersive and dispersive components of surface energy were determined according to the Owens-Wendt theory 34 .

Melt oscillatory rheology PMMA/ Si-g-ImCx nanocomposites were studied using a Physica MCR301 rheometer (Anton Paar) equipped with disposable parallel plate geometry with 25 mm diameter stainless steel disks (1.0 mm gap separation). Measurements were performed in an oscillatory shear configuration (ranging from 100 to 0.01 rad s -1 and amplitude of 1 %) at 453 K, corresponding to the extrusion temperature.

Dynamical Mechanical Analysis (DMA) of PMMA/Si-g-ImCx nanocomposites was carried out using a Mettler Toledo DMA/SDTA861 working in tensile mode. Rectangular samples (19.5 x 6.0 x 2.0 mm 3 ) were used, and tests were performed under isochronal conditions at 1 Hz, from 298 to 413 K (heating rate of 3 K min -1 ).

Uniaxial tensile tests PMMA/Si-g-ImCx nanocomposites were evaluated in order to obtain Young's modulus, and strain at break. The dumbbell-shapped specimens were tested using a MTS 2/M eletromechanical testing system at 295 K and 50 % relative humidity using a crosshead speed of 2 mm min -1 .

III.B.3. RESULTS AND DISCUSSION

III.B.3.1. Surface modification of silica nanoparticles under scCO2

As shown by NMR spectra, we successfully synthesized a series of imidazolium-based IL containing hydrolysable methoxy groups (denoted imidazolium IL-functionalized silanes). In this section we investigate the surface modification of silica nanoparticles by such compounds using scCO2 as reaction medium. Thus, the effects of the process parameters (i.e. the amount of imidazolium IL-functionalized silanes and the operating pressure of the system), as well as the chemical structure of imidazolium IL-functionalized silanes were investigated concerning the degree of silanization and the morphology of grafted silica nanoparticles (denoted Si-g-ImCx). the condensation of bridged silanols, whereas at higher temperatures (873 to 1073 K), condensations of the free silanols continues in a slower rate 35,36 .

Commercial Ludox AS-30 nanoparticles, denoted in this work as Sibare, are considered as a monodisperse and fully condensed silicon nuclei colloidal silica. Hence, as reported in the literature, TGA measurements can be used in as a simple and reliable technique to estimate the density of silanol groups onto silica surface 35,37 . In that order, the silanol number (αOH, given at OH nm -2 ) of Sibare nanoparticles can be calculated using the mass loss recorded during the second thermal degradation step evidenced on TGA thermogram (i.e., ranging from 393 to 1173 K), according to Equation III.B.12 21,36 :

𝛼 !" = 𝛽 𝛼 !",!!"# ×𝑆𝑆𝐴×𝑚 !!"# + 𝑚 !"! -𝑚 !!"# 𝑀𝑀 !!! 𝑁𝐴 ×2 𝑆𝑆𝐴×𝑚 !"! (III.B.12)
Where β is the calibration factor (0.625), m393 and m1173 are the remaining sample mass at 393 and 1173 K, respectively, NA is the Avogadro's constant (6.022 x 10 23 mol -1 ), MMH2O is the molar mass of water (18 g.mol -1 ), SSA is the specific surface area of silica nanoparticles (230 m 2 .g -1 ) and αOH,1173 is the concentration of hydroxyl groups at 1173 K (determined as 1 OH.nm -2 ) 36,38 . It is important to note that Equation III.B.12 takes into account that silanols groups onto silica surface condensate to form water during heating, which is calculated at the right term in the dividend. In addition, many works have shown that thermal treatments above 1473 K are capable to induce the complete condensation of silanol groups, and it is assumed that, at 1173 K, 1 OH.nm -2 remains onto silica surfaces, explaining the additional term in the left 37,38 .

From Equation III.B.12, the value obtained for silanol number of Sibare was 4.3 OH.nm -2 .

In good agreement with the Zhuravlev's statement, which considers silanol number as a physico-chemical constant, whatever the silica source 39 .

In this work, the quantification of the silanol groups present onto Sibare surface was a key parameter to determine the imidazolium IL-functionalized silane concentration used in the surface treatment process. The molar ratio between imidazolium IL-functionalized silanes and the silanol groups of silica, as well as the influence of operating pressure of the process were investigated in order to study the effect of these parameters on the degree of silanization of grafted silica nanoparticles (Si-g-ImCx). From TGA thermogramsm we verify that all Si-g-ImCx nanoparticles display a very slight mass loss at low temperatures (from 298 to 393 K), differently from the TGA curve obtained for Sibare. Thus, this can be assigned to the replacement of the residual water molecules attached onto untreated silica surface by the imidazolium IL-functionalized silanes.

In addition, it is possible to observe that all samples grafted with ImC1 (i.e. Si-g-ImC1_a to d, see Table III.B.4) two thermal degradation steps are presented. On the other hand, TGA thermograms for all Si-g-ImC4, Si-g-ImC8 and Si-g-ImC18 nanoparticles present also to main steps for thermal degradation, but an additional shoulder for the first step can be evidenced. )

Si-g-ImC18_a Si-g-ImC18_b Si-g-ImC18_c Si-g-ImC18_d
This feature can be attributed to the cleavage of the longer alkyl chains released during the thermal treatment. Such a hypothesis is well related to the TGA data for neat imidazolium ILfunctionalized silanes (shown in Annex B). In fact, this first and main step observed at TGA thermograms for all Si-g-ImCx nanoparticles (ranging from 523 to 673 K) is related to the thermal degradation of the alkyl chains attached to the imidazolium ring (which is supported by the increase in the mass loss as the alkyl chain of the grafted imidazolium IL-functionalized silanes increases), as well as for the imidazolium ring itself 40 . On the other hand, the last degradation step (ranging from 673 to 872 K) consists on a constant mass loss of about 5-6 % for all samples. This feature can be explained based on the work of McElwee et al., in which the thermal degradation of a series of alkyl-silanes supported onto silica was investigated using TGA combined to a mass spectrometer. From the analysis of the pyrolysis gases, the authors have demonstrated that the dramatic first mass loss (ranging from 473 to 673 K) was attributed to the thermal degradation of the alkyl chain of the silanes grafted onto silica surface, which percentage of mass loss followed the alkyl chain length of the compound. On the other hand, a second thermal degradation step appeared in the range between 673 and 873 K only for the silanes which structure contained -CH3 groups attached to silicon atom (Si-CH3), which is not able to react with the silanol groups of silica surface 41 . Indeed, these statements are in agreement with TGA data obtained in this work. Thus, we can suggest that not all Si(OCH3) groups react with the silanol groups onto silica surface. In fact, it is widely reported in the literature that trialkoxysilanes can undergo one or two SiS-O-Si bonds (where Sis represents the silicon atom on silica surface), but forming three siloxanes bonds are quite impossible due to steric hindrance, as can be seen in Figure III.B.5 42 . Finally, it is important to say that the remaining mass at 1173 K recorded for the Si-g-ImCx nanoparticles also counts with the Si atom that belongs to the inorganic portion of the imidazolium IL-functionalized silanes, that remains attached to silica surface as silicates 41 . Imidazolium IL-functionalized silanes content (percentage in mass) onto silica surface after surface treatment under scCO2 Furthermore, TGA thermograms can be also used to estimate the percentage of imidazolium IL-functionalized silane present onto silica surface after the surface treatment. In fact, knowing the residual mass at 1173 K for each neat imidazolium IL-functionalized silane, and for Sibare, it is possible to quantify the amount of IL that remained onto silica surface, after the washing purification process, according to Equation III.B.13 21 :

𝑚% !"!!!!"#$ = 𝑚% !" !"#$ ,!!"# -𝑚% !"!!!!"#$ ,!!"# 𝑚 %!"!!!!"#$ ,!!"# -𝑚 %!"#$,!!"# × 100 % (III.B.13)
Where 𝑚% !"!!!!"#$ is the percentage of imidazolium IL-functionalized silane present on silica nanoparticle after treatment, 𝑚% !" !"#$ ,!!"# , 𝑚% !"!!!!"#$ ,!!"# , and 𝑚 %!"#$,!!"# are the remaining percentages by mass obtained for Sibare, Si-g-ImCx nanoparticles and neat imidazolium IL-functionalized silane at 1173 K, respectively. Table III From the values obtained for 𝑚% !"!!!!"#$ (shown in Table III.B.4), we can clearly see that the molar ratio between the OH groups of silica surface and imidazolium IL-functionalized silane plays a key role to control the final amount of IL grafted onto silica nanoparticles. That means that as higher the concentration of imidazolium IL-functionalized silane presents in the reaction medium, higher the percentage of the IL grafted to the nanoparticles. However, it is important to notice that the values obtained for the percentage of imidazolium ILfunctionalized silane present on Si-g-ImCx nanoparticles are considerably high, especially for Sig-ImC8 and Si-g-ImC18 samples. Indeed, it is well established in the literature that the use of trialkoxysilanes can lead to a number of different structures onto the nanoparticle surface depending on the reactivity of the compounds, as well as on the reaction conditions. The three hydrolysable groups of trialkoxysilanes can react with the silanol groups onto silica surface to form an assembled monolayer around the particle, but they can also polymerize onto silica surface forming a hybrid organic-inorganic layer [42][43][44] . In this context, we can propose that the high percentages for the ILs grafted onto silica surface are due to the formation of these polycondensed structures.

In addition, if we compare assays two a two (i.e. the same OH group:IL molar ratio, different pressure), it is also possible to observe the effect of the operating pressure on the final amount of IL present onto Si-g-ImCx nanoparticles. at pressure (17 MPa) evidence a slight increase in the mass percentage of the imidazolium ILfunctionalized silane present onto silica surface. Our results agree with the work of Stojanovic et al.. Their results evidenced that increasing the pressure from 16 to 20 MPa, the percentage of silane grafted onto silica nanoparticles increases by 7 % 21 . In fact, it is widely reported that the operating pressure used in surface treatments conducted under scCO2 is a key parameter to govern the percentage of the modifying agent attached onto the substrate surface. Such a feature is attribute to impact lead by the pressure of the system on the solubility of the organosilanes in scCO2. Usually, the higher the pressure, the higher the silane solubility 18,45 .

Furthermore, concerning the results for assays conducted at different pressure (10 or 17

MPa), we can notice interesting differences among each group of Si-g-ImCx nanoparticles.

Samples grafted with ImC1 and ImC4 show similar percentages of grafted IL onto silica whatever the operating pressure, whereas the use of ImC8 and ImC18 lead to remarkable differences between samples prepared at 10 and 17 MPa. For example, the percentage of IL for Si-ImC1_d (i.e. prepared at 17 MPa) was found to be 18.8 %, only 0.3% higher than the percentage obtained for Si-ImC1_c (prepared at 10 MPa). On the other hand, comparing Si-ImC18_c (10 MPa) and Si-ImC18_d (17 MPa), this difference increases up to 13 %. As a first thought, this phenomenon could be attributed to the differences in the molar masses between the ILs. However the molar mass of ImC18 (MMImC18 = 519 g mol -1 ) is only 1.85 times higher than ImC1 (MMImC1 = 279 g mol -1 ), which cannot explain the large difference resulting from different operating pressures. Otherwise, the molar mass of the silane influences its solubility in CO2 media. In fact, it is reported in the literature that for a series of compounds, the longer the alkyl chain, the lower its solubility in CO2 11 . Thus, we can assume that ImC8 and ImC18, due to their long alkyl chain, have limited solubility in CO2. So increasing the operating pressure from 10 to 17 MPa could lead to improved solubility of ImC8 and ImC18 in CO2.

Consequently, the amount of ImC8 or ImC18 in the reaction medium is higher, leading to an increase of the reaction yield (i.e., increasing the percentage of ImC8 and ImC18 present onto silica surface for the surface treatment conducted at higher pressure). On the other hand, we can considerer that both ImC1 and ImC4, due to their short alkyl chain lengths, are highly soluble in CO2 even at low pressure (10 MPa). Thus, slight differences on the values calculated for 𝑚% !"!!!!"#$ (comparing samples conducted at 10 or 17 MPa) are noticed.

TGA was found to be a suitable method to determine the percentage of grafted imidazolium IL-functionalized silane onto silica surface after scCO2 treatment. In addition, due to the high percentage of IL grafted onto Si-g-ImC8 and Si-g-ImC18 nanoparticles, we propose those silica surfaces are covered by a polycondensed structure rather than a self-assembled IL monolayer.

III.B.3.1.1.2. Ions-pair surface density of Si-g-ImCx nanoparticles

By analyzing only the percentage in mass of imidazolium IL-functionalized silane present onto Si-g-ImCx nanoparticles, it is not possible to further understand the effect of the alkyl length of the IL on the surface treatment conducted under scCO2. In that order, Equation III.B.14 uses data from TGA measurements to estimate the number imidazolium ILfunctionalized silanes per nm 2 (ions-pair surface density, given in order of ions-pair.nm -2 ) present on Si-g-ImCx nanoparticles 11 .

𝐼𝑜𝑛𝑠 𝑝𝑎𝑖𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑑 ! ! ×𝑁𝐴 𝑀 ! ! ×𝑆𝑆𝐴 (III.B.14)
Where 𝑑 ! ! is the amount of grafted IL per gram of silica, NA is the Avogadro's constant (6.022 x 10 23 mol -1 ), 𝑀 ! ! is the rearranged molar mass of the IL and SSA is the specific surface area of silica nanoparticles (230 m 2 .g -1 ). Indeed, to have a better understanding, some considerations must be made concerning Equation III.B.14. First of all, as previously mentioned, TGA curves for Si-g-ImCx nanoparticles present two main mass loss steps (the first one related to thermal degradation of the alkyl chain and imidazole ring of the IL, and the second one to the unreacted OCH3 group). Hence, only the mass loss recorded from 393 to 673 K has been taken into account to estimate the ions-pair surface density using Equation III.B.14. In that order, the amount in grams of grafted IL per gram of silica (term 𝑑 ! ! , given in 𝑔 !"#$ . 𝑔 !! !! ) was calculated from TGA curves. Then, in order to suppress the effect of the chain length in the mass loss, 𝑑 ! ! is divided by the molar mass calculated for the alkyl-imidazole group and the [Cl] -anion present on each IL, denoted as 𝑀 ! ! . Next, the obtained molar density was expressed as the number of ions-pair per gram of silica and, finally, changed to the number of ions-pair per nm 2 by dividing it by the specific surface area of Sibare. In fact, it is important to summarize this is not an accurate method to determine the ions-pair surface density of Si-g-ImCx nanoparticles. However, Equation III.B.14 can provide useful insights about the effect of the alkyl chain length of the IL on the final amount of IL present onto silica nanoparticles. The ions-pair surface densities range from 0.8 for Si-ImC1 samples to 5.7 ions-pair.nm -2 for Si-g-ImC18. However, considering the silanol number obtained for Sibare as 4.3 OH.nm -2 , one can conclude that the resulting grafting density for Si-g-ImC1 and Si-g-ImC18 samples is lower and higher than expected, respectively. These results can be explained considering the reaction conditions, but also the chemical nature of the imidazolium IL-functionalized silane. However, ) Si-g-ImC1

Si-g-ImC4

Si-g-ImC8

Si-g-ImC18

it is important to remark that not all silanol groups onto silica surface are readily suitable to react with coupling agents. For example, according to the work of Hair and Hertl, only free silanols present onto silica surface are able to react with hexamethyldisilazane, whereas vicinal silanols, which are less reactive, remains intact after the surface treatment 46 .

As previously mentioned, the surface treatment carried out in scCO2 is performed under acidic catalysis. It is well stated in the literature that under acidic conditions, the hydrolysis of a trialkoxysilanes is carried out by a nucleophilic attack of the hydroxide anion on the silicon atom of the silane, producing a negative pentacoordinate intermediate. Hence any substituent suitable to stabilize that negative charge present on the silicon atom in this transition state, can, then, increases the hydrolysis kinetics 16,47 . Thus, considering the structures of the imidazolium IL-functionalized silanes a lower cohesion between the ions lead to a "free" delocalized positive charge at the imidazolium ring, that could stabilizes the pentacoordinate intermediate. In this context, recently Yee et al. performed molecular dynamics simulations of some hydrophobic and hydrophilic ILs in order to understand their dissociation in aqueous solution. Their work revealed that [Cl] -has favorable hydration characteristics, but also that the preference for dissociation decreases as function of an increase in the alkyl chain length in the IL 48 . Hence, based on the work of Yee et al., we can infer that the cation and anion in ImC1 are highly dissociated in aqueous solution, inducing a stabilizing effect on the negative intermediate, and enhancing the hydrolysis reaction. However, we also need to consider that ImC1 is hydrophilic. So, the high availability of the hydrolyzed ImC1 in aqueous solution induces competitive reactions. Such competitive reactions can produce condensed oligomers, which ends limiting the proper reaction between the hydrolyzed ImC1 and the silanol groups of silica 42 . In the opposite, the lower dissociation of ImC18 combined to its hydrophobic character limit the hydrolysis of ImC18 and, consequently, its availability on aqueous solution. In addition, van der Waals interactions between the long alkyl chains induce ImC18 aggregation 11,41 . If this aggregation takes place onto silica surface, the process of hydrolysis and condensation of ImC18 can lead to nanoparticles with higher amounts of IL, as previously proposed. In fact, the combined effect of aggregation and steric hindrance induced by the long alkyl chains of ImC18 corroborate what was previously proposed, that Si-g-ImC18 nanoparticles should present polycondensed structures. Indeed, it is stated in the literature that a closely packed monolayer structure is achieved when the grafting density of the sample reaches 3 molecules per nm 2 . Values above that number are usually related to polymerized structures 42,49 Besides the IL concentration and the operating pressure, the effect of the alkyl chain length of the imidazolium IL-functionalized silane was also a key parameter to be considered during the surface treatment of silica nanoparticles under scCO2. According to the particle-size density distributions, the mean diameter obtained for Sibare was 15 nm, while it increases to about 19 nm for all Si-g-ImCx nanoparticles, whatever the chemical nature of the imidazolium IL-functionalized silane used to treat silica nanoparticles. Indeed, it was expected that an increase of the particle diameter would be observed after surface treatment. However, by analyzing TEM images, it was not possible to distinguish between the various Si-g-ImCx nanoparticles, as the IL layer thickness cannot be evidenced clearly on TEM micrographs. In fact, García-González et al. also reported this feature in their study concerning the grafting of TiO2 nanoparticles with different organosilanes under scCO2. In their work, uranyl acetate was deposited around the silane layer present on TiO2 surface to facilitate the observation of the grafted layer by TEM. In fact, they used this strategy aiming that the electron opaque uranyl acetate induced the appearance of a pale silane phase compared to the dark TiO2 phase, which would enable permit to measure the layer thickness. However, such a method appears to be effective only for the nanoparticles grafted with octadecyltrimethoxy silane, which longer alkyl chain induces a visible layer thickness 11 .

In summary, morphological results have highlighted that treatment do not induce changes on the shape of silica nanoparticles, i.e. the grafted layers covers homogenously the silica nanoparticles surface.

III.B.3.2. Influence of the presence of Si-g-ImCx nanoparticles on the resulting properties of PMMA-based nanocomposites

As previously mentioned, preparing nanocomposites from PMMA and silica nanoparticles require a surface treatment of these ones to enhance the compatibility between both materials, i.e. to improve interfacial interactions between the polymer matrix and the nanoparticles surface. In fact, grafting organic species onto silica surface is a well-known alternative to prevent nanoparticles aggregation dispersed in polymer matrices 10,50,51 . Thus, in this section, the series of Si-g-ImCx nanoparticles were introduced into PMMA matrix, and the morphologies of the PMMA-based nanocomposites, as well as their resulting properties, such as thermal, mechanical, and rheological ones, were investigated. In addition, to provide a better understanding on the influence of the chemical nature of the imidazolium IL-functionalized silane on the dispersion of grafted silica nanoparticles, the histograms and the particle-size density distributions (given in terms of systems are characterized by the presence of isolated and well-dispersed nanoparticles combined with some small aggregates (5-8 particles). On the other hand, a large range in the size of aggregates is observed for the others samples, as clearly shown by the broader particle-size density distributions: clusters of nanoparticles above 6000 nm 2 (i.e. composed for about 30 particles) were observed for PMMA/Sibare and PMMA/Si-g-ImC18 nanocomposites, but small aggregates (7-8 particles) were also obtained; PMMA/Si-g-ImC1 displays aggregates mostly with 600 nm 2 , but, unlike the others nanocomposites, the shape of the nanoparticles considerably changed.

Indeed, the size of aggregates obtained for each type of nanocomposite can be explained in terms of interfacial interactions between Si-g-ImCx nanoparticles and PMMA. Considering TEM observations, better interfacial interactions are obtained according to the following ranking: PMMA/Si-g-ImC1 < PMMA/Si-g-ImC18 < PMMA/Sibare < PMMA/Si-g-ImC4 <

PMMA/Si-g-ImC8. In fact, these observations can be also related to the morphology evidenced on the fracture surfaces of PMMA/Si-g-ImCx nanocomposites obtained by SEM (illustrated in of PMMA/Si-g-ImCx nanocomposites. Nevertheless, TEM micrographs combined to the size density distributions of dispersed nanoparticles also highlighted the heterogeneous nature of dispersions for some materials, such as PMMA/Si-g-ImC18. In order to get a better characterization of the distribution of grafted silica nanoparticles into PMMA, Small Angle Neutron Scattering (SANS) analyzes were carried out for the various nanocomposites.

III.B.3.2.1.2. Small Angle Neutron Scattering (SANS)

Scattering pattern were fitted by fixing some parameters of the model previously described, such as: 1) the radius of the primary nanoparticles R=7.6 nm, 2) the log-normal polydispersity σ=0.14, 3) the volume fraction of particles on the PMMA equal to 2 vol.%, and 4) the contrast term Δρ²=5.81 10 21 cm -4 determined between silica (SLD= 3.47 10 10 cm -2 ) and PMMA (1.06 10 10 cm -2 ). For the structure factor calculation, the inter-particle distance (d0) is fixed to be two times the mean radius of the primary nanoparticles, i.e. d0=15.2 nm, considering that the nanoparticles are in close contact inside the primary aggregates. Thus, the fitting parameters are reduced to only three: the aggregation number Nagg, the fractal dimension Df of the primary aggregates and the effective volume fraction ϕeff of the particles inside the aggregates. The results of the fitting parameters are reported in Table III.B.5.

Knowing the aggregation number (Nagg), the fractal dimension (Df), and the radius of the primary particles (R = 7.6 nm), one can calculate the mean radius of the aggregates according to 𝑅 !"" = (𝑅×𝑁 !"" )/𝐷 ! , which is also reported in Table III.B.5. The main effect highlighted from SANS analysis is the decrease of the aggregation number (Nagg) as the alkyl chain length of the IL grafted onto silica nanoparticles increases. In addition, noticing that the fractal dimension (Df) of the clusters remains whatever the alkyl chain of the IL grafted onto nanoparticles surface, which corresponds to compact aggregates, the decrease of the aggregation number is then related to the decrease of the mean aggregate radius, as reported in Figure III.B.10. The effective volume fraction (ϕeff) ranging between 0.3 and 0.4 corresponds to significant densities of particles in close packing inside the cluster, which is in line with the compactness of the clusters. However, we can notice an exception for PMMA/Si-g-ImC1 nanocomposite, which displays a lower value for the effective volume fraction (i.e. 0.12), which can be explained due to the polydispersity effect, not included in the structure factor calculation. Contact angle measurements evidence two different behaviors depending on the surface nature of silica nanoparticles used to produce PMMA/Si-g-ImCx nanocomposites. The presence of Sibare, Si-g-ImC1, Si-g-ImC4 and Si-g-ImC8 induced a decrease in the water contact angles leading to an increase in the non-dispersive component. On the opposite, a very different behavior was observed for the sample prepared with Si-g-ImC18 nanoparticles. In fact, comparing the results for PMMA/Si-g-ImCx nanocomposites, the effect of the alkyl chain length has a real influence on the non-dispersive component of the material, that decreases as follows: PMMA/Si-g-ImC1 > PMMA/Si ≈ PMMA/Si-g-ImC4 > PMMA/Si-g-ImC8 >

PMMA/Si-g-ImC18. Indeed, due to the OH groups onto silica surface, it was expected that the incorporation of Sibare would make the nanocomposite more hydrophilic. However PMMA/Si-g-ImC1 seemed to reinforce this behavior, whereas the others Si-g-ImCx nanoparticles conferred a more hydrophobic character to the samples. This effect could be associated to the coverture by the IL of nanoparticles surface. In fact, it is well known that the chemical nature of the anion governs the hydrophilic/hydrophobic balance of the IL. Moreover, halide anions, as [Cl] -, are known to be hydrophilic. However, if the alkyl chain length of the cation is long enough, it can "mask" the intrinsic hydrophilicity of the anion, leading to a compound more hydrophobic [53][54][55] .

This behavior can be exemplified by the results obtained by Ueno et al. while studying the solubility of PMMA in a series of 1-alkyl-3-methylimidazolium-based ILs ([CnmIm] + ). They reported, for example, that for the hydrophobic bis(trifluoromethylsulfonyl imide) anion ([TFSI] -), the better interaction with PMMA was achieved when the alkyl chain length of the cation was equal to four. On the other side, for trifluoromethanesulfonate ([TfO] -), known to be more hydrophilic than [TFSI] -, the most suitable cation becomes [C8mIm] + (i.e. the alkyl chain contains eight carbons) 53 . Thus, based on this work, we can conclude that to graft silica nanoparticles with ImC1 confers a more hydrophilic character to Si-g-ImC1 thanks to the effect of the hydrophilic [Cl] -anion. On the other side, an increase in the alkyl chain length of the cation led to the opposite effect, i.e. treating silica nanoparticles surface with ImC4, ImC8 and ImC18 produced hydrophobic nanoparticles. In fact, Si-g-ImC18 seems to considerably induce a hydrophobic character to the samples, as PMMA/Si-g-ImC18 displays a lower non-dispersive component than neat PMMA. Moreover, we can propose that this highlighted effect of Si-g-ImC18 is due to the intrinsic hydrophobicity of ImC18, but also a consequence of the high coverture of silica nanoparticles by ImC18, as suggested based on the results obtained for ionspair surface density.

In addition, it was noticed that the presences of Sibare, Si-g-ImC1, Si-g-ImC4, or Si-g-ImC8 in the PMMA-based nanocomposite display an increase of the surface energy of the materials. In fact, it is well know that the incorporation of silica particles, which have a high surface energy, could lead to polymer composites with higher surface energies than the corresponding neat matrix 56 . Chen and Iroh have demonstrated that the increase of the surface energy of a new class of polyimide (PI)/silica composites was directly dependent on the silica content and, consequently, on the number of polar groups. For example, the surface energy obtained for the neat PI was 44.0 mN.m -1 , whereas values of 49.5 and 58.3 mN.m -1 are obtained with the addition of 9.8 and 24.4 mass% of silica, respectively 57 . In addition, the presence of IL in polymer matrices can also induce an increase of the surface energy of the material due to the appearance of new intermolecular forces (i.e. Coulomb forces) into the material 58 . As a consequence, the combination of both phenomena can explain the increases of the surface energies of PMMA/Sibare, PMMA/Si-g-ImC1, PMMA/Si-g-ImC4 and PMMA/Si-g-ImC8 nanocomposites compared to neat PMMA.

On the other side, our results also shown that the presence of Si-g-ImC18 induced a decrease in the surface energy of the nanocomposite. Actually, compared to PMMA/Sibare, we clearly observe that the surface energy of PMMA/Si-g-ImCx nanocomposites decreases as a function of the alkyl chain length of the imidazolium IL-functionalized silane grafted onto silica nanoparticles surface. The explanation for this behavior lies with the three dimensional structuration of ILs. Indeed, ILs are structured in a polar network (ions centers) surrounded by dispersive domains (aliphatic alkyl chains). In this manner, an increase in the alkyl chain length of the cation and in the anion size enhance the dispersion of the ion charge, reducing the surface energy of the corresponding IL 59 Several works in the literature describe the ability of silica particles in enhancing the thermal stability of PMMA 7,61 . Such an enhancement can be explained from three main mechanisms: 1) silica particles trap and act like a gas barrier to the radicals formed during the thermal decomposition; 2) silica particles can also restrict the mobility of polymer chains (as a consequence of the steric hindrance promoted by the filler), protecting the groups more suitable to undergo depolimerization under thermal treatment and 3) the hydrogen bonding between the C=O groups in PMMA and the OH groups in silica could delay the degradation propagation 61,62 . In fact, our results are in agreement with the literature, since for all nanocomposites, a slight increase of the Tonset, Tmax and Tfinal compared to neat PMMA is observed.

To provide further information about the role of the different Si-g-ImCx nanoparticles on the thermal degradation kinetics of PMMA/Si-g-ImCx nanocomposites, TGA measurements were performed at different heating rates (i.e. 5, 10, 15, and 20 K.min -1 ). Integral isoconversional models, as KAS and Flynn-Wall-Ozawa methods, are useful to calculate the apparent activation energy (Ea) at each thermal degradation degree 63 Where: β is the heating rate (in K min -1 ), T is the temperature (in K) recorded at each fraction of degradation (defined as the fraction of the total mass loss in the process, ranging from 10 to 90%), R is the universal gas constant and Ea is the activation energy (in kJ.mol -1 ). As expected, the presence of Sibare, as well as Si-g-ImCx nanoparticles delays the thermal degradation of PMMA, as confirmed by the increase in the values of the activation energy (Ea) of the degradation reaction. In fact, it is important to notice that silica nanoparticles do not change the thermal degradation mechanism of PMMA, but only interfere on the temperature range of depolymerization, as reported by Saladino et al. In their work, the thermal degradation of PMMA nanocomposites containing different amounts of silica (1, 2, and 5 mass%) was investigated using a TGA equipment coupled with a Fourier transform infrared (FTIR), spectrometer, in order to determine the nature of the degradation products. The authors reported that all spectra display the characteristics bands of methyl methacrylate and no new peak or peaks shift were observed for the nanocomposites. However, comparing the spectra of neat PMMA and PMMA nanocomposites obtained at the same temperature, it was clear that there was a decrease in the intensity of the peaks, validating the assumption that silica nanoparticles only delayed the thermal degradation of PMMA without changing the its mechanism 64 .

From the data shown in Figure III.B.12, we observe that the values obtained for Ea increase in the following ranking: PMMA < PMMA/Si-g-ImC8 < PMMA/Sibare PMMA/Si-g-ImC4 < PMMA/Si-g-ImC1 < PMMA/Si-g-ImC18. In this context, we observe that there is no direct dependence of Ea on the alkyl chain length of Si-g-ImCx nanoparticles. For PMMA/Sibare and PMMA/Si-g-ImC1, we can propose that the poor dispersion of Sibare and Si-g-ImC1 nanoparticles into PMMA led to an enhanced thermal stability. This assumption is based on the work of Hu et al., that reported that silica aggregates increased the number of active sites that can trap radicals during the thermal decomposition, improving, then, the thermal stability of the corresponding nanocomposite 62 . On the other side, SANS results evidenced a better ) Degree of degradation / % PMMA PMMA/Si PMMA/Si-g-ImC1 PMMA/Si-g-ImC4 PMMA/Si-g-ImC8 PMMA/Si-g-ImC18 bare dispersion of Si-g-ImC18 in PMMA, but TEM micrographs also displayed large silica aggregates in PMMA/Si-g-ImC18. Such a result could then contributes to the higher thermal stability achieved by PMMA/Si-g-ImC18, in agreement with Hu et al. 62 . Indeed, PMMA/Si-g-ImC18 induced an increase up to 100 kJ.mol -1 on the value of Ea at 10% of conversion compared to neat PMMA. Thus, we can assume that this considerable increase is a consequence of the presence of some large aggregates in the sample, but also due to the better thermal stability of Si-g-ImC18 nanoparticles themselves. As previously presented, as the alkyl chain length of ImCx increased, better the thermal stability of the Si-g-ImCx nanoparticle (for these samples, Tmax was founded to be: 557 K for Si-g-ImC1 < 569 K for Si-g-ImC4 < 581 K for Si-g-ImC8 < 587 K for Si-g-ImC18).

In summary, TGA analyses highlighted the effect of the presence of silica nanoparticles for improving the thermal stability of PMMA-based nanocomposites.

III.B.3.2.4. Rheological properties of PMMA/Si-g-ImCx nanocomposites

The presence of nanoparticles in molten polymers can induce changes in their rheological properties, since such a behavior is considered extremely sensitive to the structuration of the nanoparticles in the medium, especially at the low frequencies 65 Neat PMMA displays a typical terminal regime, with G' ∝ ω 2 and G" ∝ ω, indicating a liquid-like viscoelastic behavior 52,66 . On the other hand, this typical behavior disappeared for all PMMA-based nanocomposites, and their higher G' moduli (compared to PMMA) suggest that the materials kept some flow restriction induced by the presence of nanoparticles 67 .

In fact, this behavior is pronounced for PMMA/Sibare and PMMA/Si-g-ImC18, which the highest (and similar) values for G' at the terminal regime, despite the difference on the state of dispersion of the nanoparticles achieved for these nanocomposites. In PMMA/Si-g-ImC18, the favorable interactions between the alkyl chain of Si-g-ImC18 nanoparticles and PMMA creates a silica network in the bulk, which increases the number of reinforcement sites 66 . On the other hand, the increase in the G' moduli at lower frequencies for PMMA/Sibare is related to presence of large silica aggregates. Indeed, at this region the rheological properties can be dominated by the particle-particle cohesion rather than particle/polymer interaction in systems with poor interfacial interactions 65 .

It is also important to notice that PMMA/Si-g-ImC4 displayed the lowest values for G', besides the good compatibility achieved between Si-g-ImC4 with PMMA. In fact, it is well stated in the literature that grafting nanoparticles with organosilanes can lead to polymer nanocomposites with a homogeneous morphology, i.e. individually dispersed nanoparticles.

Such a state of dispersion can induce low G' and G" moduli at the terminal regime, thanks to the loss on the direct polymer/particle interactions 68 . As shown in the work of Zhang and Archer, bare silica particles and two different organosilane-grafted silica particles were First, it is important to remark that the complex viscosities (η*) of PMMA nanocomposites indicate that at higher frequency range no differences between the materials can be noticed. In fact, at high frequencies, in which the three dimensional network of the material starts to be disrupted, polymer chains are oriented according to the flow direction and, so at this region the viscosity is mainly governed by the polymer matrix 70 . However, as the angular frequency decreases (from 1 to 0.01 rad s -1 ) important deviations are noticed.

PMMA shows a Newtonian plateau in the intermediate frequencies (which corresponds to a conventional behavior of linear polymers), and a decrease of the η* at the terminal regime, whereas all nanocomposites exhibit a typical pseudo-plastic shear-thinning behavior.

η* values for PMMA/Sibare are quite similar to the matrix even at intermediate frequencies (i.e. 1 to 0.01 rad s -1 ), but they drastically increase at low frequencies. In fact, if we consider untreated silica as non-deformable particles, it is clear that nanoparticles can act as barriers, reducing the mobility of polymers chains, and considerably increasing η* of the system, as observed from 0.1 to 0.01 rad.s -1 . On the other hand, all PMMA/Si-g-ImCx nanocomposites, compared to neat PMMA, display lower values for the complex viscosity at the region between 0.1 and 1.0 rad.s -1 before increasing at the terminal regime. The low values for the η* of PMMA/Si-g-ImC4 are an indicative that Si-g-ImC4 can act as a plasticizer of PMMA, as an effect of the small butyl chain. On the other side, the good dispersion of Si-g-ImC18 into PMMA, allied to its long octadecyl chains can be seen as tangled to PMMA chains, acting as reinforcing agents 52 .

In conclusion, the rheological properties of PMMA nanocomposites highlighted some interesting differences on the specific interactions between the polymer matrix and Si-g-ImCx nanoparticles. SEM micrographs and SANS demonstrated that Si-g-ImC4, Si-g-ImC8 and Si-g-ImC18 nanoparticles were all well dispersed into PMMA, however Si-g-ImC4 induced lower G' and η*, whereas the opposite effect was noticed for Si-g-ImC8 and Si-g-ImC18. Compared to neat PMMA, all nanocomposites enhanced the storage modulus of the sample at the glassy state (T < Tg), as a consequence of the higher stiffness of silica nanoparticles dispersed in the matrix. As the temperature rises and approaches to the Tg, the values for the storage moduli for PMMA increased with respect to the others nanocomposites.

But, above 373 K, PMMA/Si-g-ImC8 and PMMA/Si-g-ImC18 displayed remarkable higher storage moduli than neat PMMA. Hence, the good interfacial interactions achieved between Si- In general, the mechanical properties of polymer nanocomposites are related to the interfacial interactions between the inorganic and the organic phases of the material. In addition, at high levels of strain, silica nanoparticles, as the majority of inorganic fillers, can lead to an efficient energy dissipation mechanism and, consequently, to reinforcement 71,72 . So, in order to reveal the impact of Si-g-ImCx on the mechanical performances of PMMA-based nanocomposites, uniaxial tensile tests were performed. nanoparticles into PMMA matrix led to an increase in the values obtained for the Young's modulus, up to 22 % for PMMA/Si-g-ImC18, up to 10 % for PMMA/Sibare, PMMA/Si-g-ImC14 and PMMA/Si-g-ImC8, and up to 4 % for PMMA/Si-g-ImC1. The higher effect induced by the presence of Si-g-ImC18 is possibly due to the longer alkyl chain of the IL that, compatible to PMMA, properly tangles with the polymer matrix, reinforcing the sample. On the other side, the lowest stiffness observed for PMMA/Si-g-ImC1 was consequence of the poor interfacial interactions between the compounds in that sample.

Concerning the strain at break, PMMA/Si-g-ImC4, and PMMA/Si-g-ImC8 seems to display the better results. Indeed, compared to neat PMMA, which completely failure is observed close to 24 % of strain, an increase up to 77 % and 14 % in the strain at break was recorded for PMMA/Si-g-ImC8 and PMMA/Si-g-ImC4, respectively (if PMMA/Sibare is considered, these values rise to 161 % and 68 %). As shown by TEM and SANS, Si-g-ImC4 and Si-g-ImC8 are homogeneously well dispersed into PMMA, which means that a good compatibility between the compounds is achieved. In addition the small alkyl chains of ImC4 and ImC8, especially ImC4 (that act as a plasticizer in PMMA/Si-g-ImC4, as shown by DMA) seems to enhance the mobility of these grafted nanoparticles through PMMA chains 71 . On the opposite, the incorporation of Sibare, Si-g-ImC1, or Si-g-ImC18 to PMMA decreased the values for the strain at break. Indeed, the large nanoparticles aggregates present in PMMA/Sibare and PMMA/Si-g-ImC1 act as stress concentration zones, leading to the premature failure of the material. For PMMA/Si-g-ImC18 the low mobility of Si-g-ImC18 nanoparticles induced by the long alkyl chain length of the IL explains this behavior.

In summary, favorable interfacial interactions between grafted nanoparticles and PMMA, as well as the size od alkyl chain length of the imidazolium IL-functionalized silane are the answer to the improvements in the mechanical properties of the samples. Entanglements between Si-g-ImC18 and PMMA leads to a reinforced material with improved Young's modulus, while the small alkyl chain lengths of Si-g-ImC4 and Si-g-ImC8 enable their mobility trough polymer chains, resulting in higher percentage of strain.

III.B.4. CONCLUSIONS

A series of imidazolium-based ILs containing alkoxygroups (denoted imidazolium ILfunctionalized silanes) was synthesized and used in order to modify silica nanoparticles surface under scCO2 conditions. The choice of scCO2 medium to treat silica nanoparticle rather than conventional methods displayed great advantages to the process, such as removal of organic solvents and a considerable decrease in the reaction time. The operating pressure and amount of the IL in the reaction medium, but also the alkyl chain length of the IL seem to affect the ions-pair surface density of the grafted nanoparticles. In a second part of this work, these Si-g-ImCx nanoparticles were used to prepare PMMA/Si-g-ImCx nanocomposites, in order to study the effect of the alkyl chain of ImCx on the morphology and thermal, rheological and mechanical properties of the resulting materials. TEM micrographs and SANS analyses suggest favorable interfacial interactions between Si-g-ImC4, Si-g-ImC8, and Si-g-ImC18 and PMMA; on the other hand, the hydrophilic character of Si-g-ImC1 contributed to its poorest interactions with the polymer matrix. In addition, as displayed by the complex viscosities and DMA results, the specific interaction between PMMA and Si-g-ImC4, Si-g-ImC8 or Si-g-ImC18 leads to different patterns: Si-g-ImC4 acts more like a plasticizer of PMMA, while Si-g-ImC8 and Si-g-ImC18 can lead to reinforcement. These behaviors can be identified by the decrease of the Tg of PMMA/Si-g-ImC4, but also by the increase of the strain at break achieved for the sample. The incorporation of Si-g-ImC8 nanoparticles into PMMA also considerably increased the strain at break of the material, but the viscoelastic results obtained for PMMA/Si-g-ImC8 revealed its reinforcement character. Finally, the better state of dispersion achieved by PMMA/Si-g-ImC18 resulted in improvements on the thermal properties of, as well as on a increase of about 20 % of the Young's modulus. The deprotonation of imidazole with a strong base is the most employed method in laboratory settings for the obtention of N-functionalized imidazoles. This class of material can be used as building blocks for compounds of both chemical and biological interest: in pharmaceutical industries as antifungal 1 and antibacterial 2 products, in catalysts 3 and, more important for this work, serve as starting material for imidazolium-based ILs. Practical, this first procedure is preceded by only one step: the reaction with an alkyl halide, which specially contains a suitable leaving group. The analyses of NMR spectrum for the compound revealed that all imidazole was converted in ImNa, in a solvent-free procedure. The yield reported for ImNa (99 %) could be virtually true due to remaining amounts of NaOH on the sample. However, it was previously reported that residual NaOH do not affect the ability to produce N-functionalized imidazoles 4 , as indicated by excellent yield obtained for all products (91 % for 1buthylimidazole, 87 % for 1-octylimidazole and 85 % for 1-dodecylimidazole). Another advantage of this synthesis concerns the considerable purity degree for the obtained compounds, using an extremely simple process of purification that avoids distillation, for example. Finaly, the third step of the synthesis of imidazolium IL-functionalized silanes also concerns a free-solvent method, avoiding also the use of complicated purification apparatus. This methodology has been widely used in literature [5][6][7] , showing its efficacy and contributing to some green-chemistry principles, as atom economy and reduced derivates 8 .

Thermal stability of imidazolium IL-functionalized silanes

The thermal behavior of neat imidazolium IL-functionalized silanes was investigated by TGA in order to reveal the effect of the alkyl chain length on their thermal stability. The The thermal decomposition for all imidazolium IL-functionalized silanes, i.e. ImC1, ImC4, ImC8 and ImC18, showed a first step of mass loss from 298 to about 373 K, which is probably due to volatilization of residuals solvents used during purification process, as well as unreacted reagents, that remained in the product after purification. Then, the second and main step of thermal degradation (from about 473 to 673 K) is related to cleavages on the Nalkylimidazoles, but also to the release of 1-alkylhalides. According to the literature, it is well known that under thermal treatment, alkylated imidazolium-based ILs produce as decomposition products mono-N-alkylimidazoles and 1-alkylhalides following SN2 mechanism [9][10][11] . This behavior explains the appearance of a main peak around 573 K (related to the alkyl elimination from the imidazolium ring), but also the presence of a shoulder observed at the DTG curves around 623 K (related to the thermal degradation of the 1-alkylhalides, in order to produce smaller and more stable product) 12,13 . Finally, the last step of thermal degradation, around 823 J, corresponds to the decomposition of Si(OCH3) groups, remaining at 1173 K about 20 % in mass of residual amorphous silicon dioxide.

DSC measurements

The DSC thermograms for ImC18 (ranging from 173 to 373 K), as well as the DSC ImC1, ImC4 and ImC8 are liquid at room temperature, while ImC18 is obtained as a pale yellow solid. DSC curves confirmed that the room temperature silane-ILs are liquids even at sub-ambient temperatures, presenting the glass transition temperature (Tg) at 192, 205 and 208 K °C for ImC1, ImC4 and ImC8, respectively. These Tgs are in agreement with the typical values recorded for 1-alkyl-3-methylimidazolium-based ILs, which lies in the region between 183 and 213 K. According to the literature, these results can be explained by the presence of the methoxysilane group, that prevents any form of crystallization on the all imidazolium ILfunctionalized silanes. In fact, two interconnected aspects can explain this effect: 1) the asymmetry of the cation that provides weaker interionic interaction with the anion and 2) the presence of [Cl] -that can interact with different domains of the cation, avoiding packing in crystal structures 11,14 . On the other hand, ImC18 presents both Tg (244 K) and melting point temperature (Tmp) (316 K). Despite the highlighted asymmetry of the cation, the long alkyl chain of Imc18 can be structured in non-polar domains, which leads to an increased stability of the crystalline phase. Based on the multifunctional roles of ILs imparted to PMMA in the previous chapter, Chapter III.A was then conducted aiming to study the potential of these same commercial imidazolium and ammonium-based ILs in improving the compatibility between PMMA and silica particles. In the first part of this work, it was demonstrated that the chemical nature of the IL was essential to tailor the properties of the nanocomposites (i.e., samples prepared with the 12 nm diameter silica, denoted Si12), but has little influence on the microcomposites (prepared with particles with 180 nm, denoted Si180). Indeed, it is possible to conclude that the properties of PMMA microcomposites were governed only by the size of the particles. On the other hand, TEM micrographs of PMMA nanocomposites revealed that the size of silica aggregates was dependent on the ion pair cohesion of the IL used to prepare each sample, as well as on the basicity of the anion. Once again, the role of [bmIm] [PF6] in imparting better thermal, rheological and mechanical properties of the PMMA nanocomposites was highlighted.

On a second section of this same chapter, foamed materials were successfully prepared using scCO2 as foaming agent. The incorporation of silica particles significantly decreased the cell sizes and increased the cell density of the materials compared to neat foamed PMMA. Here, the nature of the IL seemed to govern the foam morphology of both PMMA nano and microcomposites, due to their influence on the extent of CO2 affinity and/or CO2 solubility of the sample.

Chapter III.B was developed in the light of the better results achieve by the samples prepared with the incorporation of imidazolium-based ILs. In a first moment, the use of scCO2

as reaction medium revealed to be a great choice to graft silica nanoparticles surface with imidazolium IL-functionalized silanes The operating pressure and amount of the IL in the reaction medium, but also the size of the alkyl chain of the IL seemed to affect the ions-pair surface density of the grafted nanoparticles. Then, PMMA nanocomposites (prepared with the incorporation of such modified particles) with improved thermal, rheological and mechanical properties were successfully obtained. In addition, TEM and SANS were used to characterize the morphology of the samples, highlighting the key role of the alkyl chain length of imidazolium IL-functionalized silanes in the state of dispersion of the modified silica nanoparticles in PMMA.

In summary, the results reported in this thesis contribute to the still recent research on ILs in polymer science. Here we tried to highlight the multifuncional role that ILs can play when incorporated as additives to polymers. Hence, the results presented here were effective to emphasize the ability of ILs in working as plasticizers, processing aids, and coupling agents in PMMA materials. It is important to note that materials with excellent new properties were achieved using only small amounts of IL, which is interesting, since ILs are still high-cost compounds. In addition, we also aimed to use accessible and inexpensive preparation techniques, as well as to replace potential hazardous materials by a greener approach, notably using scCO2 (as both foaming agent and reaction medium for the surface treatment of silica nanoparticles).
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  modulus IFP Institut Français du Pétrole IL Ionic liquid IL-108 Tributyl(methyl)phosphonium methyl-sulfate IL-C18 Octadecyltriphenylphosphonium iodide IL-Cl Trihexyl(tetradecyl)phosphonium chloride IL-TMP trihexyl(tetradecyl)phosphonium bis-2,4,4-(trimethylpentyl)phosphinate ImCx Imidazolium IL-functionalized silane (Cx corresponds to the alkyl chain of the imidazolium IL-functionalized silane, i.e., C1, C4, C8, or C18) ImC1 1-(3-trimethoxysilylpropyl)-3-methylimidazolium chloride ImC18 1-(3-trimethoxysilylpropyl)-3-octadecylimidazolium chloride ImC4 1-(3-trimethoxysilylpropyl)-3-butylimidazolium chloride ImC8 1-(3-trimethoxysilylpropyl)-

Figure I. 1

 1 Figure I.1 displays the timeline of the discovery of ILs, as well as the chemical structures of the mains compounds discussed here.

Figure I. 1 .

 1 Figure I.1. Historical timeline of the discovery process of ILs: 1) mid-1800s: structure of the "red-oil" obtained on the course of a Friedels-Crafts alkylation 1 ; 2) 1914: ethylammonium nitrate synthetized by Walden 4 ; 3) 1960s: example of one reaction conducted by Yoke et al., in which an equimolar mixture of solids CuCl and triethylammonium chloride lead to an liquid complex 6 ; 4) 1970s: reaction between 1-ethylpyridinium bromide and AlCl3 (1:2) to obtain the liquid [C2Py][Br]-AlCl3, discovered in 1951, and used in 1972 as reaction medium to study the electrochemistry of organometallics 7,8 ; synthesis of the all-chloride system [C4Py][Cl]-AlCl3 9 ; 5) 1980s: some of the cations studied on the computational simulations led by Wilkes and Hussey 10 ; 6) 1990s: 1-ethyl-3methylimidazolium-based ILs combined with different anions as synthetized by Wilkes and Zaworotko 12 .

  Figure I.2 brings the schematic evolution of the scientific focus on ILs as proposed by Hough et al., as well as some example of ILs with their corresponding properties.

Figure I. 2 .

 2 Figure I.2. Evolution of the scientific focuses on ILs, from unique physical properties (Generation 1), physicochemical properties (Generation 2), to biological and pharmaceutical properties (Generation 3). Adapted from Hough et al. 15 .

  tetrafluoroborate ([BF4] -), hexafluorophosphate ([PF6] -), acetate ([CH3CO2] -), nitrate ([NO3] -), bis(trifluoromethylsulfonyl)imide ([(CF3SO2)2N] -, denoted [TFSI] -), etc. 20,24 . Typical cations and anions of ILs are shown in Figure I.3.

Figure I. 3 .

 3 Figure I.3. Some commonly cations and anions in IL systems

  . These findings are well documented by experimental results reported in the literature. For instance, Figure I.4.B displays the melting point as function of the alkyl chain length of 1-alkyl-3-methylimidazolium ([CnmIm] + ) and n-alkylammnonium-based ILs combined with different anions. One can see that for both systems the melting point, whatever the chemical nature of anion, decreases as the alkyl chain increases to a turning point (notably three carbons for ammonium-based ILs and close to 10

Figure I. 4 .

 4 Figure I.4. A) Chemical structure of 1-methyl-3-octadecylimidazolium cation showing the structural regions important for determining the melting point: the charge-rich region (green) localized on the imidazolium ring, the symmetry-breaking region (yellow) and the hydrophobic region (purple) 27 . B) Graphical representations of the melting point of n-alkylammonium-based ILs combined with [NO3] -(×), [HCO2] -(formate, ■), [HSO4] -(hydrogen sulfate, ▲) and [SCN] -(+) (note: data points for zero carbon atoms correspond to the [NH4][X] salts, being [X] the anion) and 1-n-alkyl-methylimidazolium combined with [PF6] -(■), [BF4] -(▲), [TFSI] -(◆), [Cl] -(•) 25 .

  spectrometry was used to induce dissociation of [(cation)2] + [anion] and/or [cation][(anion)2] -ions of imidazolium, pyridinium, pyrrolidinium, and piperidinium-based ILs combined with a large set of anions ([Cl] -, [BF4] -, [PF6] -, [CF3SO3] -, and [TFSI] -), in order to provide a systematic and comprehensive study of the relative interaction energies of such ILs. The results on the cation/anion relative interactions were interpreted according to the anion size, cation core, charge dispersion, and steric hindrance. Some interesting results obtained by Fernandes et al. concern the dependence of the dissociation energy with the alkyl chain length in imidazoliumbased ILs combined with [Cl] -and [TFSI] -. The energy required for the separation of the anion from the [cation][(anion)2] -structure is almost independent of the alkyl chain length of the cation. On the other side, the energy of separation of the cation from the [(cation)2] + [anion]

I. 5 .

 5 A reports the influence of the chemical nature of the cation on the dissociation energies of [(cation)2] + [anion] aggregates. Aromatic-based ILs (pyridinium and imidazolium) present lower values to the relative interaction strength than their saturated counterparts (piperidinium and pyrrolidinium), due to the charge delocalization in aromatic rings that reduces the electrostatic strength when compared to the localized positive charge on saturated rings. The cation/anion interaction energy as a function of the anionic radius in the [cation][(anion)2] -aggregates of 1butyl-3-methylimidazolium-([C4mIm] + )-based ILs was also investigated, which results are shown in Figure I.5.B. It is possible to see that a linear dependence is achieved, which reveals

Figure I. 5 .

 5 Figure I.5. A) Dissociation energy for pyrrolidinium (C3mPyr), piperidinium (C3mPip), imidazolium (C3mIm) and pyridinium (C3mPy)-based ILs. B) Cation/anion interaction energy as a function of the anionic radius in the [cation][(anion)2] -aggregates of the [C4mim]-based ILs combined with [Cl] -, [BF4] -, [PF6] -, [CF3SO3] -, and [TFSI] -14 . C) Schematic diagram of the interaction potential, Upot, change with the alkyl chain size of 2-alkyl-1-ethylpyridinium-based ILs 29 .

Figure I. 6 .

 6 Figure I.6. A) Schematic illustration of the stable structures of the ion pairs in the tertiary ammonium-based ILs,being the most stable that one in which the anions are in contact with the N-H group of the cation, as a clearly effect of the stabilization induced by the hydrogen bonding between the ions; on the other hand, for the quaternary ammonium-based ILs four stable structures are found, and they all enable the short contact of the anion with the positive nitrogen of the cation, in order to increase the electrostatic interaction between them (adapted from Tsuzuki et al.34 ). B) Optimized geometry of [C2mim] + and [HOEmIm] + -based ILs (the hydrogen bonds are indicated as dashed lines)35 .

  a section of the work of Zhang et al., the structural properties of a series of ILs were obtained by density functional theory (DFT) calculations in order to understand the role of the hydrogen bonding on the structural geometry, as well as on the extend of the cation/anion interaction. For this purpose, 1-hydroxyethyl-3-methylimidazolium ([HOEmIm] + ) or [C2mim] + combined with [PF6] -, [CH3CO2] -or [Cl] -were used. Figure I.6.B shows the optimized geometries of the hydroxyl and nonhydroxyl-containing ILs. For the [C2mim][X] series (being [X] the

  This result was attributed to the stronger hydrogen bonding between [C4mim] + and [PF6] - compared to [BF4] -. Furthermore, based on conductivity measurements, the authors suggested that the bulk structure of this IL was composed of [C4mim] + and [BF4] -in an extended hydrogen-bonded network43 . In another work, Fumino et al. measured the far-infrared spectra of alkylammonium cations combined with [NO3] -in order to obtain information about the hydrogen bond vibrational modes. Their results demonstrated that the stretching and bending modes of hydrogen bonds on ILs are comparable to those found for water. In addition, based in DFT calculations, it was possible to determine that the hydrogen atoms of the ammonium cation could interact through hydrogen bonding with the oxygen atoms of the nitrate. This leads to a three-dimensional hydrogen-bonded network structure, similar to the structure achieved by water molecules in the liquid state. Figure I.7.B shows the network structures of ethylammonium nitrate obtained from DFT calculations on larger aggregates (the blue lines

  2003, Urahata and Ribeiro carried out molecular dynamics simulations of ILs containing [CnmIm] + cations ("n" being 1, 2, 4 and 8 carbons) combined with [F] -, [Cl] -, [Br] -, and [PF6] -in order to understand the effect of the alkyl chain and the size of the anion on the equilibrium structures of these ILs on the bulk. Interestingly, their results showed that as the length of the alkyl chain increased, the neighboring anions were displaced from the volume occupied by the flexible alkyl chain. Furthermore, [C4mim] + and [C8mim] + -based ILs exhibited nanoscale segregation 47 . According to Shimizu et al., this pioneering study opened the interest concerning self-assembled structures in ILs 38 .Then, in 2005, Wang and Voth used a multiscale coarse-graining method to explore the aggregation effect in ILs. For cations with long alkyl chains, competitions between electrostatic interactions in the ions pairs, and Van der Waals forces between the non-polar alkyl side chains were observed. In fact, that competition induces the aggregation of the tail groups of cations in spatially heterogeneous domains, while the head groups and the anions are distributed as uniformly as possible to maximize the electrostatic interactions. Figure I.8.A brings one snapshot of the simulation for 400 ion pairs, in which it is possible to observe that the head groups of cations and anions are homogeneously distributed, whereas the alkyl chain seems to aggregate in heterogeneous domains48 . In the same context, but using atomistic simulation, the results obtained by Lopes and Padua also present the same nanostruction pattern induced by long alkyl side chains. Figure I.8.B displays the simulation snapshots for the [CnmIm][PF6] series ("n" ranging from 2 to 12 carbons), where one can easily see the evolution of the structures obtained in function of the size of the cation. All ILs exhibit polar domains (red)

Figure I. 9 .

 9 Figure I.9. Annual World synthetic polymer production (left) and European demand by segment in 2014 (right)(according to the report headed by PlasticsEurope in 2015[START_REF]PlasticsEurope. Plastics -the facts: an analysis of European plastic production, demand and waste data[END_REF] ).

  Figure I.10, the number of publications concerning the combination of ILs and polymers is increasing as those concerning all other fields of the research on ILs also increases, which suggests potential applications.

Figure I. 10 .

 10 Figure I.10. Publications containing the terms "Ionic liquids" and "Ionic liquids and Polymers" determined from Web of Science in the last fifteen years.

  . With the light on the pioneer work done by Graenacher in 1934, the dissolution of cellulose in ILs are now under evaluation. Indeed, among all studies concerning polymer solubility in ILs, cellulose is the system most studied 100 . Swatloski et al. developed a comprehensive study on cellulose dissolution in imidazolium based-ILs combined with a range of anions (from small and hydrogen bond acceptor, such as[Cl] -, to larger and noncoordinating anions, such as [PF6] -). The largest solubility efficiency was obtained using [C4mIm][Cl] as solvent. As discussed by the authors, the effect of the anion seemed to be of a prime importance in this result as the higher chloride concentration and activity was effective to breaking the hydrogen bond-based network of cellulose, leading to faster dissolution and higher concentrations of cellulose than conventional solvents. On the opposite, ILs combined with [BF4] -or [PF6] -were considered as non-solvents 101 . Moreover, Fukaya et al. described the dissolution of cellulose in imidazolium based-ILs combined to a series of phosphate anions. The use of these high polar anions considerably increased the ability of these imidazolium-based ILs in dissolving cellulose, being able to solubilize large amounts of cellulose at mild temperatures and for a short time. Figure I.11 shows the process of dissolution of a filter of cellulose in IL containing the dimethyl phosphate as anion at 298 K, as shown in the work of Fukaya et al. 102 . Indeed, the solubility of cellulose in ILs seems to be well related to the Lewis basicity (or hydrogen bond basicity) of the IL, which can properly disrupt the hydrogen bond-based network of cellulose. This effect is also reported in other systems, such as silk 103 and poly(N-isopropyl acrylamide) 104 .

Figure I. 11 .

 11 Figure I.11. Dissolution process of cellulose (filter paper, 1 mass%) in 1-ethyl-3-methylimidazolium methyl phosphonate ([C2mIm][(MeO)HPO2]) at room temperature 102 .

Figure I. 12

 12 Figure I.12. A) SEM micrographs for the cross-sectional area of neat regenerated cellulose and cellulose/[C4mIm][TFSI] samples (with 0.06 and 0.1 % of IL). B) Dependence of Tg (right) and Young's modulus (left) of cellulose/[C4mIm][TFSI] materials with the amount of the IL 114 .

  et al. studied the influence of the chemical nature of both the cation and anion on the morphology, and on the final properties of poly(tetrafluoroethylene) (PTFE). The effect of imidazolium, pyridinium, and phosphonium cations functionalized with long alkyl chains (denoted [C18C18Im] + , [C18Py] + and [C18P] + , respectively) on the distribution of ionic domains into the polymer matrix can be well seen in Figure I.12. The dispersion of the imidazolium and pyridinium counterparts led to nanoscale ion clusters aggregates, whereas an excellent dispersion was achieved and a well-defined "spider-web" morphology was observed for the phosphonium-based IL. The chemical nature of the anion was also identified to play a key role on the nanostructuration of PTFE. As observed in Figure I.12, the replacement of [I] -by [PF6] - or [Br] -on the phosphonium-based IL induced the appearance of large IL domains and a coarse morphology, showing important contrast to the pattern achieved by PTFE/[C18P][I] sample. Indeed, one highlighted effect of this well-dispersed morphology of PTFE/[C18P][I] was the unprecedented flexibility of this sample, only 1 mass% of this IL was capable to dramatically increase the strain at break up to 190 % compared to neat PTFE 122,123 .

Figure I. 13 .

 13 Figure I.13. Transmission electron microscopy (TEM) images for neat PTFE and PTFE/IL blends, showing the effect of the different cations and anions on the nanostructuration of the polymer matrix (adapted from Livi et al. 122 ).

  Figure I.15 displays the schematic representations of interactions between PLA and PBAT and the ILs, and the interface structure of such blends 128 .

Figure I. 14 .

 14 Figure I.14. TEM micrographs of PBAT/PLA, PBAT/ PLA/IL-Cl, PBAT/PLA/IL-TFSI, PBAT/PLA/IL-TMP, PBAT/PLA/IL-EHT, and PBAT/PLA/IL-EHP (note: IL refers to the common cation, trihexyl(tetradecyl) phosphonium, EHT is 2-ethylhexanoate, and ETP is bis(2-ethylhexyl)phosphate) 127 .

Figure I. 15 .

 15 Figure I.15. Schematic representations of the interactions between PLA and PBAT with the addition of IL-Cl and IL-TMP (right) and of the interface between PBAT/PLA, PBAT/PLA/IL-Cl, and PBAT/PLA/IL-TMP 128 .

  Figure I.16.B.b 144 .

Figure I. 16

 16 Figure I.16. A) TEM images of PMMA/carbon nanotubes prepared without or with different amounts of [C4mIm][PF6] 109 . B) Physical interactions between epoxy, silica nanoparticles and [C10mIm][BF4] in a) the absence of HCl, in which a core-shell structure is formed by the interaction of the IL with silica and b) the continuous path of physically interacting species in the epoxy network in the presence of [C10mIm][BF4] and HCl 144 .

Figure I. 17 .

 17 Figure I.17. SEM micrographs for foamed PS, PS/[C18C18Im][I], and PS/[C18C12FIm][I] prepared under scCO2 151 .

Figure I. 18 .

 18 Figure I.18. Simplified view of the relative size of polymer chains whit radius of gyration of 5 nm and micro (1 µm) (right) and nanoparticles (10 nm) (left) 167 .

Figure I. 19 .

 19 B brings some examples of hexagonal close-packed full-shell clusters, clearly showing the important increase in the percentage of surface atoms along with the decrease of cluster size. Although real nanoparticles diverges from the ideal full-shell structure, the percentage of surface atoms as a function of nanoparticle size behaves in the same way 171-173 .

Figure I. 19 .

 19 Figure I.19. A) Visual representation of the total surface area of cubic structures formed by different amounts of individual cubes 171 . B) Comparison of idealized hexagonal close-packed full-shell metal clusters with different shells,where one can observe that as the size of a cluster increases, the percentage of its surface atoms decreases 173 .

  simplest and most effective method to synthetize spherical silica particles in the sub-micron to nanometer size range170,180,181 . Equations I.1 and I.2 show the hydrolysis and condensation steps in a typical Stöber process using TEOS as tetraalkoxysilane, and Equation I.3 reports the overall reaction. Furthermore, Figure I.20 displays the hydrolysis and condensation mechanisms of TEOS to subsequent form silica nanoparticles. During the hydrolysis, which is base-catalyzed by ammonia, the nucleophilic hydroxide group attacks the ethoxy groups of TEOS, forming the intermediate Si(OC2H5)4-x(OH)x, in which the ethoxy groups are being substituted by the hydroxyl groups. Subsequent hydrolysis yields to fully hydrolyzed intermediates. However, condensation, also base-catalyzed, readily occurs as soon as at least one hydrolyzed group is formed. Thus, the nucleophilic deprotonated silanol could attack either a remaining ethoxy group of a hydrolyzed intermediate (alcohol condensation, Equation I.2a) or the hydroxyl group (water condensation, Equation I.2b) in order to form dimers with Si-O-Si linkages (it is important to notice that the water condensation is considerably faster than alcohol condensation). Further condensation yields to oligomers and low density polymeric structures 181,182 .

Figure I. 20 .

 20 Figure I.20. Hydrolysis and condensation of TEOS by the conventional Stöber process 181 .

secondary particles 181 .

 181 All these mechanisms are exemplified in Figure I.21.A, which also shows the effect of multistage growth on the structure of silica nano and microparticles 183 .

Figure I. 21

 21 Figure I.21. A) Particle growth diagram for the multistage growth lead by the introduction of additional TEOS in alcohol-water-ammonia medium. B) Micrographs of silica particles growth (i.e. from 1 to 1.3 µm): a) initial particles, b) 1 min, c) 5 min, d) 10 min, e) 30 min, and f) 60 min after the introduction of more TEOS in the reaction system (scale bar = 500 nm) 183 .

Figure I. 22 .

 22 Figure I.22. Classification of silanol groups onto silica particles surface.

  193 and proteins194 ) onto several silica particles. As mentioned, ILs can strongly interact with nanoparticles, thus some studies concerning their adsorption onto silica surface have already been reported in the literature. For example, Liu et al. studied the absorption behavior of 1-dodecyl-3-methylimidazolium bromide ([C12mIm][Br]) onto silica nanoparticles. It was demonstrated that the concentration of the IL plays a significant role on its structuration onto silica surface: at low concentration, [C12mim][Br] could be bound onto silica surface in individual species via both electrostatic attraction and hydrogen bonds; however, as the concentration of IL increases, the hydrophobic nature of the long [C12mIm] + alkyl chain induces the appearance of micelle-like aggregates 132 .

particle 200 .

 200 The schematic representations of the "grafting to" and "grafting from" methods are shown in Figure I.23.

Figure I. 23 .

 23 Figure I.23. Schematic representations of the "grafting to" and "grafting from" methods to the synthesis of organic/inorganic materials 200 .

Figure I. 24 .

 24 Figure I.24. Possible products of the reaction of mono-, di-and trialkylchlorosilanes with silica surface 205 .

  one can cite the work from Sanz-Moral et al., which demonstrated that the operating pressure used to modify silica aerogels under scCO2 could be tuned to control the degree of functionalization of material. Besides the production of a homogeneous functionalized material, the reaction conditions used to the treatment under scCO2 also conserved the monolith structure of the aerogels215 . Other example is the work of Stojanovic et al., in which the concept of a co-solvent is applied to improve the grafting degree. To combine scCO2 with ethanol as reaction medium led to a better deagglomeration of nanoparticles, but also increased the percentage of silane grafted onto silica surface 218 . More recently, Purcar et al. investigated the in situ preparation of silica nanoparticles under scCO2 using TEOS as a precursor, and octyltriethoxysilane (OTES) as surface modifying agent. It was observed that both operating pressure and temperature were key parameter to define the resulting size of grafted nanoparticles (ranging between 100 and 250 nm). In addition, water contact angle measurements and FTIR spectroscopy confirm the grafting process219 . One can still found in the literature works concerning the advantages in using scCO2 in grafting processes for numerous nanoparticles otherwise silica. For example, in the work of Loste et al., ) using the conventional liquid method (carried out in methanol), as well as scCO2. First, their results revealed that the final amount of MPTMS grafted to TiO2 surface increased as function of an additional curing time for the conventional method. However, interestingly, this step was no longer necessary if the reaction was performed under scCO2216 . Motivated by the different nature of the hydroxyl groups present on the surface of several metal oxide particles, Wang et al. investigated the interactions between a titanate coupling agent and these particles after treatment under scCO2. According to their results, interactions between physical adsorption or chemical reaction were observed.

Figure I. 25 .

 25 Figure I.25. Chemical structure of PMMA.

n

  PMMA is an amorphous transparent thermoplastic. Indeed, as observed in Figure I.25, the presence of an adjacent methyl group acts preventing packing on crystalline structures, resulting in an amorphous polymer. PMMA has shown to have important characteristics, such as high optical properties, chemical and ultraviolet resistance, tensile strength, shatterresistance, and processability239,242 . Thus, since 1933, when it became commercially available,

5 .

 5 Mechanical properties of IL-modified PMMA materials ............................ 97 II.3.5.1. Influence of ILs on the deformation and fracture mode of IL-modified PMMA materials .......................................................................................................................... 99 II.4. CONCLUSIONS ........................................................................................................ 104 II.5. REFERENCES .......................................................................................................... 105 IIn IONIC LIQUIDSn AS MODIFYING AGENTS FOR PMMAn II. IONIC LIQUIDS AS MODIFYING AGENTS OF PMMA Imidazolium and ammonium-based ionic liquids as modifying agents for poly(methyl methacrylate): impact on thermal and mechanical properties Abstract The intrinsic characteristics of ionic liquids (ILs) open a large range of possibilities as modifying agents for polymer materials. In this work, imidazolium and ammonium-based ILs were used as modifying agents for poly(methyl methacrylate) (PMMA). ILs were incorporated into the polymer matrix in the molten state by melt mixing using a twin screw extruder. Then, the influence of the chemical nature of the cation and/or anion on the resulting properties of IL-modified PMMA samples was evaluated. Structural characterization highlighted the role of the fluorinated anions on the miscibility with the polymer chains due to Van der Waals interactions occurring between fluorine and the methyl groups of PMMA. The better compatibility between PMMA and 1-butyl-3-methylimidazolium hexafluorophosphate ([C4mIm][PF6]) was achieved from the additional interaction by hydrogen bonds between the cation [C4mIm] + and PMMA. It was found that, even using low amounts of ILs (2 mass%), improved thermal stability were achieved. Nevertheless, the plasticizing effect induced by such ILs was evidenced from the decrease of the glass transition temperature (Tg) of samples, which allows a substantial increase of the strain at break of IL-modified PMMA samples (up to 280 or 400 % compared to neat PMMA). The investigation of the deformation and fracture mechanisms in PMMA, i.e. crazing propagation under uniaxial tensile mode, revealed that the presence of IL delayed the incubation time for the appearance of first microscopic crazes.Keywords: Ionic liquids; PMMA; plasticizer; mechanical properties; thermal stability.

  3 10 3 and 36.0 10 3 g.mol -1 , respectively. Imidazolium and ammonium-based ILs (supplied by Solvionic Co.) are considered: 1-butyl-3-methylimidazolium hexafluorophosphate ([C4mIm][PF6]), N-trimethyl-Nbutylammoniun hexafluorophosphate ([N1,1,1,4][PF6]), N-trimethyl-N-hexylammoniun bromide ([N1,1,1,6][Br]) and N-trimethyl-N-hexylammoniun bis(trifluoromethanesulfonyl)imide ([N1,1,1,6][TFSI]). All the chemical structures of ILs and PMMA are given in Figure II.1. In addition, Table II.1 summarizes the chemical structure of ILs, as well as displays their melting point (Tm) and molar masses (MM). It is important to notice that we have chosen these four ILs in order to understand the respective role of the anion and cation in the resulting properties of IL-modified PMMA samples. Thus, we choose either a similar cation, [N1,1,1,6] + , combined with a small ([Br] -) or a large ([TFSI] -) anion, but also a similar anion, [PF6] -, combined with an imidazolium ([C4mIm] + ) or an ammonium ([N1,1,1,4] + ) cation with the same alkyl side chain length.

Figure II. 1 .

 1 Figure II.1. Chemical structure of PMMA as well as the ones of imidazolium and ammonium-based ILs.

  . In the case of PMMA, only Van der Waals forces are acting, while Coulombic forces are superimposed to Van der Waals forces on ILmodified PMMA samples. Comparing IL-modified PMMA samples among them, we observe a decrease in the surface energy in the following sense: PMMA/[C4mIm][PF6] ≈ PMMA/[N1,1,1,4][PF6] > PMMA/[N1,1,1,6][Br] > PMMA/[N1,1,1,6][TFSI]. This trend can be explained analyzing the chemical structure of these ILs. In fact, ILs are usually considered moderately polar compounds due to its three dimensional structuration, i.e., a polar network surrounded by dispersive domains. So an increase in the alkyl chain length of the cation and in anion size reduce the surface energy of IL, especially due to the dispersion of the ion charge 35 . As discussed by Santos et al., for a homologous series of [1-n-3-methylimidazolium][TFSI] ILs ("n" ranging from 2 to 8 carbons), as the alkyl chain increases, also the dispersive domain increases.Consequently, the number of Van der Waals interactions between the ions pairs increases, although the Coulomb forces remain constant36 . In this way, as [N1,1,1,6] + has a longer alkyl chain than the butyl chains present in [C4mIm] + and [N1,1,1,4] + cations, a decrease on the Coulombic-to-Van der Waals forces ratio was expected. Leading, consequently, to a slighter decrease on the surface energy of the samples prepared with the [N1,1,1,6] + -based ILs. In addition, we can assume that the lowest surface energy obtained for PMMA/[N1,1,1,6][TFSI] is due to the additional effect of the large[TFSI] -in the balance of these intermolecular forces, compared to the small[Br] -.

  Figure II.2.

Figure II. 2 .Figure II. 3 .

 23 Figure II.2. TEM micrographs of neat PMMA and IL modified PMMA samples.

Figure II. 3

 3 Figure II.3 brings the FTIR spectra for neat [C4mIm][PF6], [N1,1,1,4][PF6], [N1,1,1,6][Br] and [N1,1,1,6][TFSI]. First, the imidazolium ring in [C4mIm][PF6] is well characterized by the absorption bands at 3169 and 3125 cm -1 , attributed to the C-H stretching vibration, and by the bands in 1467 and 751 cm -1 , corresponding to the C=N and C-N stretchings, respectively.The aliphatic asymmetric and symmetric C-H stretching vibrations are related to the 2939 and 2878 cm -1 absorption bands, respectively. The asymmetric and the symmetric stretching of [PF6] -appeared at 819 and 740 cm -1 , respectively41 . For [N1,1,1,4][PF6], the absorption bands associated to the anion are shifted to 823 and 738 cm -1 . Despite the different length of the alkyl chain of ammonium cations ([N1,1,1,4] + and [N1,1,1,6] + ), the characteristic absorption bands in FTIR spectra are similar (the specific values for each sample can be seen in Figure3): C-H stretching are find in the frequency range between 3050 and 2860 cm -1 , C-H bending close to 1490 and 1480 cm -1 , and at the lowest frequencies (about 970 and 900 cm -1 ) we can find the characteristic vibrations of the C-N-C torsion bonds. Concerning [N1,1,1,6][Br] FTIR spectrum, the broad absorption band between 3600 and 3000 cm -1 is due to the water uptake, which confirms the more hydrophilic nature of this IL, as an effect of[Br] -. On the other hand, for the [N1,1,1,6][TFSI], the strong hydrophobicity of[TFSI] -prevent water uptake and none evidence of residual water is found on FTIR spectrum of this IL (the same effect applies to [PF6] --based

Figure II. 4 .

 4 Figure II.4. FTIR spectra for neat PMMA and IL-modified PMMA samples (the figure at right displays the spectra for the ILs ranging only from 3100 and 2800 cm -1 ).

Figure II. 4

 4 Figure II.4 illustrates FTIR spectra of PMMA and IL-modified PMMA samples. For PMMA, absorption bands appearing at 2990 and 2847 cm -1 are relative to the asymmetric and symmetric stretches of C-H in the methyl group, respectively. The band at 2950 cm -1 is assigned to -CH2 backbone asymmetric stretching vibration. The C=O vibration modes are characterized by the bands at 1723 (stretching), 808 (in-plane banding), and 750 cm -1 (out ofplane bending). In the finger print region, one can find the bands related to the -CH3 deformation (1477, 1446 and 1434 cm -1 ) and twisting (1142 cm -1 ), but especially the intense band at 1238 cm -1 , associated with the C-O bond stretching.Considering FTIR spectra of all IL-modified PMMA samples, it is well noticed that only the vibrational bands assigned to PMMA are observed, which was indeed expected, due to the small amount of IL in the material. However it is possible to notice some shifts in the wavenumbers related to methyl stretching vibrations (frequencies ranging from 3100 to 2800 cm -1 , which are highlighted in Figure II.4 at right). This means that, despite the chemical nature of the IL, we can assume that strong interactions between PMMA and IL take place in the -CH3 of PMMA chains.By analyzing PMMA structure, we can observe that the negative charge delocalized between the two oxygens of the methacrylate group induces a positive charge on the hydrogens of the methyl group. In this context, it seems that [PF6] -,[Br] -and [TFSI] -, present in the ILs used in this work, can readily interact with this positive dipole produced on the -OCH3 group of PMMA. Especially [PF6] -and [TFSI] -due to the strong electronegativity of fluorine. Hence we can consider that the compatibility between PMMA and IL is dictated by the anion rather than the cation. In fact, this assumption is supported by the work of Ueno, Funkai et al.

  PMMA/[N1,1,1,6][Br]. On the other side, a decrease in the Tg was noticed for all others ILmodified PMMA materials. In this way, the non-plasticizing effect on PMMA/[N1,1,1,6][Br] confirms the poor interactions between PMMA and [N1,1,1,6][Br], as already observed using FTIR spectroscopy.Usually, the interactions between the polymer matrix and the plasticizer are weak and a dynamic interaction process exists in the bulk, where one plasticizer molecule (or ions pair, in the case of ILs) interacting with the polymer chains network can be dislodged and replaced by another. For this reason, different compounds with different functional groups induce different plasticization effects depending on the possible polymer/plasticizer interactions. For example, Rahman and Brazel found out that, among a series of ILs composed by a large range of cations and anions, ILs containing dioctylsulfosuccinate ([doss] -) have the lowest ability in lowering the Tg of PVC. According to the authors, a clear effect of the carbonyl groups present in this anion cause an additional bonding with the polymer chains, restraining its mobility. In addition, the chemical nature of the cation combined with [doss] -was also analyzed to be concerned with the plasticization of PVC induced by these ILs. The authors have found that, compared to phosphonium and ammonium cations, imidazolium induced the lowest plasticizing effect. This difference is then attributed to the high solvating effect concentrated at the imidazolium aromatic ring, whereas the alkyl chains of the symmetric structure of phosphonium and ammonium cations are able to coordinate the charge on P and N atoms, respectively, as expected in the case of ideal plasticizers24 . However, our results showed another trend. The Tg for PMMA/[C4mIm][PF6] was 360 K, 7 K lower than PMMA; on the other hand, for the ammonium-based ILs [N1,1,1,4][PF6] and [N1,1,1,6][TFSI] the plasticizing effect was not so evident, as a slight decrease of 3 K (Tg = 364 K) and 2 K (Tg = 363 K) was achieved for these samples, respectively. Comparing the cations structure, it is evident that the acid hydrogen of the imidazolium ring (N=CH-N) can interact with the carboxyl group, enhancing the compatibility between the IL and polymer matrix. In the opposite, for the ammonium cations no additional interactions are achieved. Hence, in our case, the specific interaction between PMMA and both [C4mIm] + and [PF6] -can be the way to better disrupt the intermolecular bonds in the polymer chains, increasing its mobility. Based on the results of FTIR spectroscopy and DSC, Figure II.5 displays the representative interaction between PMMA and ILs. It is important to notice that as no interaction between PMMA and ammonium cations was observed, the structures of [N1,1,1,4] + and [N1,1,1,6] + in [N1,1,1,4][PF6] and [N1,1,1,6][TFSI] are not represented; on the other hand, [N1,1,1,6][Br] is represented as a ion pair to highlight its poor interactions with PMMA.

Figure II. 5 .

 5 Figure II.5. Schematic representation of interactions between the methyl group of PMMA (-OCH3) and A) [C4mIm][PF6], B) [N1,1,1,4][PF6], C) [N1,1,1,6][Br], and D) [N1,1,1,6][TFSI].

  materials. The intrinsic thermal stability of neat ILs, neat PMMA and IL-modified PMMA samples are shown in Figure II.6.

Figure II. 6 .

 6 Figure II.6. TGA and DTG traces for imidazolium and ammonium-based ILs (left) and for IL-modified materials (right) under nitrogen atmosphere, heating rate at 10 K.min -1 .

  [N1,1,1,6][TFSI] having the longer alkyl chain is the most stable IL. Such an evidence contradicts the expectation that the imidazolium-based IL, i.e. [C4mIm][PF6], is more thermally stable than the ammonium ones. Overall, a clear effect of the nature of the anion on governing the thermal stability was observed for these ILs. II.3.4.2. Thermal properties of IL-modified PMMA materials The main information obtained from TGA thermograms for neat PMMA and ILmodified PMMA materials is the good compatibility between PMMA and [C4mIm][PF6], [N1,1,1,4][PF6] and [N1,1,1,6][TFSI], which is characterized by a single-step of thermal degradation. In the opposite, the use of [N1,1,1,6][Br] as modifying agent for PMMA leads to the appearance of an additional degradation peak at lower temperatures (about 553 K). In fact, this first step appears at the same temperature range for the thermal decomposition of neat [N1,1,1,6][Br]. Such a phenomenon evidences the exudation of such IL during melt mix processing, due to its poor interactions with PMMA chains and confirms the assumptions issued from TEM micrographs. To have a better understanding of TGA thermograms for neat PMMA and IL-modified PMMA materials, the Tonset, maximum (Tmax) and final degradation temperatures (determined as the temperature from which there is no more mass losses, Tfinal) obtained from the TGA traces (see in Figure II.6) are detailed in Table II.4.

2 )

 2 versus 1/T and the Ea values (calculated from the slope of the linearized line in a given degree of degradation, according to Equation II.1) for each material are given in Figure II.7.

Figure II. 7 .

 7 Figure II.7. A) Iso-conversional KAS plots for neat PMMA and IL-modified PMMA samples; B) Dependence of Ea values on the degree of degradation for all samples.
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  C4mIm][PF6] and [N1,1,1,4][PF6] (mainly due to the interactions between PMMA and [PF6] -), are able to stabilize both the polymer chain and radicals released during the thermal treatment. As a consequence, such a combined phenomena delay the thermal degradation process of PMMA. This assumption can also explain the highest Ea values obtained for PMMA/[C4mIm][PF6]. As already mentioned, opposite to the ammonium cations, [C4mIm] + can also interact via hydrogen bonds with PMMA chains leading to an additional stabilization effect. In fact, this assumption agrees with what is proposed to explain the known ability of silica particles in improving the thermal stability of PMMA. According to many authors, the hydrogen bonding

Figure II. 8 .

 8 Figure II.8. Strain-stress curves for neat PMMA and IL-modified PMMA materials (295 K, 50 % relative humidity, and using a crosshead speed of 2 mm.min -1 )

  Figure II.9 shows OM micrographs of neat PMMA and IL-modified PMMA materials at different tensile strain. In addition, Table II.5 summarizes the mean values for craze growth in length (due to the expansion of the craze which generates more fibrils) and width (due to the normal separation of craze surfaces lengthening the craze fibrils) recorded as function of the tensile strain (20 to 80 % of strain).

Figure II. 9 .

 9 Figure II.9. OM micrographs of neat PMMA and IL-modified PMMA at difference tensile strain.

  effect of the incorporation at low content (2 mass%) of imidazolium and ammonium-based ILs into PMMA was evaluated in order to highlight the role of the cation and anion on the final properties of the materials. Morphological characterization suggests an important miscibility between [C4mIm][PF6], [N1,1,1,4][PF6] and [N1,1,1,6][TFSI] within PMMA; on the other hand, a poor interaction between PMMA and [N1,1,1,6][Br] was observed, which can be a consequence of the high cohesion between the ions of such IL, preventing further interaction with the polymer chains. FTIR spectra showed that specific Van der Waals interactions between the miscible IL (i.e., [C4mIm][PF6], [N1,1,1,4][PF6] and [N1,1,1,6][TFSI]) and polymer chains take place between the anion and the -CH3 groups of PMMA. In addition, the extent of these interactions contributes to the plasticizing effect of ILs, as demonstrated using DSC. While no change on the Tg of PMMA/[N1,1,1,6][Br] was noticed, samples containing [N1,1,1,4][PF6], [N1,1,1,6][TFSI] and, especially, [C4mIm][PF6] showed an increase in the polymer chain mobility, as shown by the decrease of Tg. Overall, specific interactions between PMMA and both [C4mIm] + and [PF6] -can be the response to the better plasticizing effect induced by [C4mIm][PF6] on PMMA/[C4mIm][PF6].Thermal stability analyses demonstrated that the stronger the intermolecular interaction between IL and PMMA, the more thermally stable the material. These conclusions are confirmed by the increase of the activation energies (Ea) obtained for each degree of themal degradation. These improvements suggest that ILs can stabilize radicals released during the thermal degradation of PMMA. ILs also seemed to positively impact the mechanical properties of IL-modified PMMA samples. Slight decreases of the Young's modulus combined to the improvements on the strain at break are well related to the plasticizing effect imparted by imidazolium and ammonium-based ILs on IL-modified PMMA materials, except for PMMA/[N1,1,1,6][Br]. Thus, crazing initiation and propagation analysis clarify the effect of IL on the mechanical properties of PMMA. For PMMA/[C4mIm][PF6], PMMA/[N1,1,1,4][PF6] and PMMA/[N1,1,1,6][TFSI], the substantial increase of the strain at break of the material is attributed to the plasticization effect of IL on the sample. In the opposite way, for PMMA/[N1,1,1,6][Br] it is attributed to the heterogeneity of the material, where [N1,1,1,6][Br] rich domains act as stress concentration zones, delaying the rupture of the sample. In summary, imidazolium and ammonium-based IL can be used as modifying agents for PMMA, acting as processing aids in melt extrusion, as well as producing materials having improved thermal and mechanical properties.
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 4 Mechanical properties of PMMA/silica/IL composites ......................... 132 III.A.3.5. Influence of silica particle sizes and imidazolium and ammonium-based ILs on the morphology of foamed PMMA-based composites processed under scCO2 ...................................................................................................................... 134 III.A.4. CONCLUSIONS ..................................................................................................... 140 III.A.5. REFERENCES ....................................................................................................... 141 and ammonium based-ionic liquids on the properties of poly(methyl methacrylate)/silica composites: Effect on nano and submicron-size silica-based composites and on foamed materials AbstractThe dual function of ionic liquids (ILs) as stabilizers of inorganic nanoparticles and as modifying agents of polymer matrices was studied in order to prepare poly(methyl methacrylate)-based (PMMA) micro and nanocomposites with enhanced properties. In this work, the role of imidazolium and ammonium based-ILs was investigated on the properties of PMMA/silica composites containing nano (using the commercial Ludox AS-30, with 12 nm diameter, and denoted Si12) and sub-micron (obtained from the Stöber process, with 180 nm diameter, Si180) particles prepared by melt-mixing. First, we have demonstrated from Transmission electronic microscopy (TEM) that the size of Si12 aggregates can be linked to the cation/anion cohesion and Lewis basicity of the anions, whereas the presence of ILs has no influence on the morphology of the microcomposites. Thus, we have highlighted that the combined effect of silica particles and IL led to improvements on the thermal behavior of the composites, especially for the samples prepared with [C4mIm][PF6]. Furthermore, the effect of [C4mIm][PF6] as plasticizing agent of PMMA was demonstrated by the decrease of the glass transition temperature (Tg) and the increase of the strain at break for the resulting nanocomposites. Finally, foamed PMMA-based composites were successfully prepared under supercritical carbon dioxide (scCO2) conditions. In fact, it was observed a substantial decrease in the cell size of the foams processed from the composites (ranging from 280 to 49 µm) compared to ones processed from neat PMMA (800 µm).

were 30 .

 30 3 10 3 and 36.0 10 3 g.mol -1 , respectively. Imidazolium and ammonium-ILs, denoted as 1,1,1,6][TFSI]), were supplied by Solvionic. All the chemical structures of ILs and PMMA are represented in Figure III.A.1. In addition, Table III.A.1 summarizes the chemical structure of ILs, as well as displays their melting point (Tm) and molar masses (MM). It is important to notice that we have chosen these four ILs in order to understand the respective role of the anion and cation in the resulting properties of IL-modified PMMA samples. Thus, we choose either a similar cation, [N1,1,1,6] + , combined with a small ([Br] -) or a large ([TFSI] -) anion, but also a similar anion, [PF6] -, combined with an imidazolium ([C4mIm] + ) or an ammonium ([N1,1,1,4] + ) cation with the same alkyl chain length.

Figure III.A. 1 . 1 .

 11 Figure III.A.1. Chemical structure of imidazolium and ammonium-based ILs and PMMA.

  .2 and III.A.3 display TEM images of the nanocomposites (prepared from the Ludox-AS30 silica, i.e. Si12) and microcomposites (from Stöber silica, Si180), respectively. In addition, to have a better understanding of the influence of the chemical nature of the ILs on the dispersion of silica particles (both nano, Si12, and sub-micron particles, Si180), the histograms and the density estimation curves for the size of silica particles or aggregates (in terms of area and Feret diameter) calculated by image analysis are shown in Figures III.A.2 and III.A.3.

Figure III.A. 2 .

 2 Figure III.A.2. TEM micrographs and size density distribution curves of A) PMMA/Si12, B) PMMA/Si12/[C4mIm][PF6], C) PMMA/Si12/[N1,1,1,4][PF6], D) PMMA/Si12/[N1,1,1,6][Br], and E) PMMA/Si12/[N1,1,1,6][TFSI].

Figure III.A. 3 .

 3 Figure III.A.3. TEM micrographs and size density distribution curves of A) PMMA/Si180, B) PMMA/Si180/[C4mIm][PF6], C) PMMA/Si180/[N1,1,1,4][PF6], D) PMMA/Si180/[N1,1,1,6][Br], and E) PMMA/Si180/[N1,1,1,6][TFSI].

  of Si180 individual particles. As mentioned, silica particle surface interacts by hydrogen bonds with PMMA chains. Thus, these results demonstrate that ILs are not capable to induce further interactions and change the morphology of PMMA-based microcomposites.In the opposite, the chemical nature of the ILs significantly influences the state of dispersion of the particles in the nanocomposites (i.e., materials prepared using Si12). Although all PMMA/Si12/IL materials display nanoparticles heterogeneously dispersed in PMMA matrix, PMMA/Si12 (prepared without IL) achieves a better dispersion. Comparing the size density distribution curves for the nanocomposites (Figure III.A.2), we observe that PMMA/Si12 showed the smallest aggregates (in the order of 155 nm 2 and 20 nm for area and Feret diameter, respectively), and, consequently, the better dispersion. These results confirm, then, that the presence of imidazolium and ammonium-based ILs leads to the aggregation of silica nanoparticles. However, two behaviors are observed: 1) despite some aggregation induced by [N1,1,1,6][Br] and [N1,1,1,6][TFSI] (for instance, the area of the aggregates increased to 508 nm 2 for PMMA/Si12/[N1,1,1,6][Br] and 243 nm 2 for PMMA/Si12/[N1,1,1,6][TFSI]), we are still able to identify the individual particles, with their spherical shape; 2) in the opposite, [C4mIm][PF6] and [N1,1,1,4][PF6]) led the creation of huge agglomerate clusters (which sizes lies close to 640 and 2245 nm 2 , respectively).
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 33 Thermal properties of PMMA/silica/IL composites III.A.3.3.1. Thermal stability of PMMA/silica/IL composites The influence of silica particles and imidazolium and ammonium-based ILs on the thermal stability of PMMA was investigated by TGA. The mass loss and the derivative of the mass loss (DTG) traces as a function of the temperature for all PMMA/Si12/IL and PMMA/Si180/IL materials are given in Figures III.A.4 and III.A.5, respectively. In addition, the Tonset, maximum (Tmax) and final degradation temperatures (determined as the temperature from which there is no more mass loss, Tfinal) obtained from TGA thermograms are detailed inTable III.A.3.

Figure III.A. 4 .

 4 Figure III.A.4. TGA and DTG curves for PMMA/Si12/IL nanocomposites (nitrogen atmosphere, heating rate: 10 K.min -1 ).

Figure III.A. 5 .

 5 Figure III.A.5. TGA and DTG traces for PMMA/Si180/IL microcomposites (nitrogen atmosphere, heating rate: 10 K.min -1 ).
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  C4mIm][PF6] seemed to be essential to design a material having an enhanced thermal stability. III.A.3.3.2. Effect of silica particles and imidazolium and ammonium-based ILs on the glass transition temperature (Tg) of PMMA/silica/IL composites The DSC traces of PMMA/silica/IL composites are given in Figure III.A.6. For better visualization, the different values of Tg are summarized also in Table III.A.2.

Figure III.A. 6 .

 6 Figure III.A.6. DSC thermograms of PMMA/Si12/IL (left) and PMMA/Si180/IL (right) composites (N2 atmosphere, heating rate: 10 K.min -1 ).

  containing ammonium-based ILs. In fact, Scott et al. have already demonstrated the excellent ability of imidazolium-based ILs in acting as plasticizer agents of PMMA. In their work, ILs displayed a remarkably linear relationship between Tg and plasticizer content, for example, 10 mass% of IL caused a drop in Tg from 393 K (neat PMMA) to about 373 K. Moreover, increasing the IL content to 30 mass%, the Tg decreased to 333 K 53 . In summary, DSC measurements showed the ability of [C4mIm][PF6] in acting as a plasticizer agent of PMMA-based composites. III.A.3.4. Mechanical properties of PMMA/silica/IL composites From DSC, we have demonstrated the effect of [C4mIm][PF6] in reducing the intermolecular forces along PMMA chains. In such context, uniaxial tensile tests were carried out to check the influence of silica particle sizes, as well as of the presence of imidazolium and ammonium-based ILs on the mechanical properties of PMMA-based composites. Figure III.A.9 reports the strain-stress traces for PMMA-based composites and Table III.A.4 summarizes the values of Young's modulus and strain at break for the various materials.

Figure III.A. 7 .

 7 Figure III.A.7. Strain-stress curves for PMMA and PMMA/silica/IL composites (295 K, 50 % relative humidity, and using a crosshead speed of 2 mm.min -1 ).

[III.A. 3 . 5 .

 35 C4mIm][PF6] on Si12, the hydrogen bond interactions existing between PMMA chains and [C4mIm] + lead to higher interactions at the particle/polymer interface, at the same time that lead to a higher mobility of PMMA chains. This assumption is based on the hypothesis that ILs are localized onto silica surface. So, an increase of 45 % in the strain at break of PMMA/Si12/[C4mIm][PF6] compared to neat PMMA was observed, confirming the plasticizer nature of [C4mIm][PF6]. For the microcomposite, i.e. PMMA/Si180/[C4mIm][PF6], no further difference was achieved compared to other ILs. In summary, once again we observe the lack of influence of the ILs on the properties of the microcomposites, as well as the plasticizing effect of [C4mIm][PF6], that induced better mechanical properties to the correspondent PMMA-based nanocomposite. Influence of silica particle sizes and imidazolium and ammonium-based ILs on the morphology of foamed PMMA-based composites processed under scCO2

Figure III.A. 8 .

 8 Figure III.A.8. SEM micrograph of foam made from PMMA (magnification 15x).

Figure III.A. 9 . 10 .

 910 Figure III.A.9. SEM micrographs and cell size distribution curves of foams made from A) PMMA/Si12, B) PMMA/Si12/[C4mIm][PF6], C) PMMA/Si12/[N1,1,1,4][PF6], D) PMMA/Si12/[N1,1,1,6][Br], and E) PMMA/Si12/[N1,1,1,6][TFSI] (magnification 50x).

  lower cell density, foams processed from PMMA-based composites, treated under the same foaming conditions (i.e. 328 K and 10 MPa), achieved a significant decrease of these parameters.The known ability of fillers in inducing substantial decrease in the cell sizes of the foamed materials is dictated by the classical nucleation theory. According to such theory, the heterogeneous nucleation rate (Nhet) is an Arrhenius function of the free energy of nucleation, as shown by Equation III.A.4:

  explain our results. Hence, we can propose that samples containing [N1,1,1,6][TFSI] have bigger cell size than the samples containing the [PF6] -anion (i.e., [C4mIm][PF6] and [N1,1,1,4][PF6]) as a consequence o of the weaker ion cohesion between [N1,1,1,6] and [TFSI] -. On the other hand, thanks to the fluorinated affinity to CO2, [TFSI] -can act as nucleation sites, which is not the case for [Br] -. Thus, materials containing [N1,1,1,6][Br] possibly can absorb more CO2 due to its weaker ion cohesion, and the lack of nucleation sites lead to foamed materials with large cell sizes.

  -have similar capacity to interact with silanol groups by hydrogen bonds. However the ion pair cohesion in [C4mIm][PF6] and [N1,1,1,4][PF6] are stronger than in [N1,1,1,6][TFSI]. Thus, ions clusters of [C4mIm][PF6] and [N1,1,1,4][PF6] are formed onto and around silica nanoparticles, leading, consequently, to aggregation. Improvements on the thermal properties of the composites were achieved, especially for the nanocomposites and the samples containing [C4mIm][PF6]. Furthermore, mechanical properties confirmed the role of [C4mIm][PF6] as plasticizer of PMMA, due to an additional interaction between [C4mIm] + and the methyl groups of PMMA.
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  . In addition, Zhao et al. considered the multifunctional role of 1-butyl-3methylimidazolium hexafluorophosphate ([C4mIm][PF6]) for the design of novel PMMA/carbon nanotubes nanocomposites. The authors demonstrated that increasing the amount of [C4mIm][PF6] on the PMMA-based nanocomposites significantly improve the interfacial interactions between the filler and the polymer matrix. Moreover, it was noticed that [C4mIm][PF6] also act as a processing aid for PMMA/carbon nanotubes nanocomposites 27 .

  Figure III.B.1 reported the schema for the synthesis of the imidazolium ILfunctionalized silanes. First, as shown in Figure III.B.1.A, sodium imidazolate (ImNa, product 1) is obtained from the deprotonation of imidazole with NaOH. In a second step, Nfunctionalized imidazoles (with different alkyl chains, i.e., R = C4H9, C8H17 or C18H37) are obtained from the subsequent alkylation of ImNa. And finally, these N-functionalized imidazoles were reacted with (3-chloropropyl) trimethoxysilane to obtain the series of imidazolium IL-functionalized silane, as shown in Figure III.B.1.B.

Figure III.B. 1 .

 1 Figure III.B.1. Scheme for A) synthesis of ImNa (product 1) from imidazole and NaOH, followed by the synthesis of N-functionalized imidazoles (products 2, 3 and 4), and B) synthesis of imidazolium IL-functionalized silane with different alkyl chain lengths (products 5, 6, 7 and 8).
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Figure

  Figure III.B.2. It consists of a CO2 cylinder attached to a mini reactor (PARR Instruments, series 4560) equipped with autoclave of 300 mL capacity which counts with fed and depressurization valves for CO2 and compressed air, a heater and a pressure and temperature transducer (monitored by a control system).

Figure III.B. 2 .

 2 Figure III.B.2. Schematic setup of the equipment used for the scCO2 grafting procedure.

  3 displays the schematic chemical structure of Si-g-ImCx nanoparticles, as well as their denominations used in this work.

Table III.B. 3 .

 3 Schematic representation for Si-g-ImCx nanoparticles and their denominations.
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 2 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI041/these.pdf © [C. Fedosse Zornio], [2017], INSA Lyon, tous droits réservés

  III.B.3.1.1.Thermal stability of grafted Si-g-ImCx nanoparticlesThe thermal stability of untreated (i.e., bare Ludox AS-30, denoted Sibare) and grafted silica nanoparticles (i.e., Si-g-ImCx) were investigated by TGA, which thermograms are presented in Figures III.B.3 and III.B.4. Indeed, TGA thermograms are a useful to tool to determine the silanol number of Sibare (αOH, given at OH nm -2 ), but also the organic content present onto Si-g-ImCx nanoparticles after the surface treatment.

Figure III.B. 3 .

 3 Figure III.B.3. Mass loss as a function of temperature for untreated silica nanoparticles (denoted Sibare) determined by TGA (nitrogen atmosphere, heating rate: 10 K.min -1 ).

  Figure III.B.4 displays the TGA thermograms for each sample prepared under the different experimental conditions (which are summarized in Table III.B.1 presented at the Experimental section).

Figure III.B. 4 .

 4 Figure III.B.4. TGA and dTG traces for Si-g-ImCx nanoparticles prepared under different conditions, which are defined in Table III.B.2 (nitrogen atmosphere, heating rate: 10 K.min -1 ).

Figure III.B. 5 . 37 + 2 O

 5372 Figure III.B.5. Reaction scheme for the surface modification of Sibare with imidazolium IL-functionalized silanes under treatment with scCO2.

Figure

  Figure III.B.6 brings the ions-pair surface density as function of the alkyl chain length of the imidazolium IL-functionalized silane used to treat silica nanoparticles.

Figure III.B. 6 .

 6 Figure III.B.6. Ions-pair surface density, expressed as ions-pair nm -2 , onto silica nanoparticles.

III.B. 3 . 1 . 2 .

 312 Morphology and particle size aggregates of Si-g-ImCx nanoparticles Si-g-ImCx nanoparticles were investigated by TEM in order to reveal the morphologies of these particles after surface treatment under scCO2. TEM micrographs for Sibare and Si-g-ImCx nanoparticles, but also the particle-size density distributions obtained for each sample are presented in Figure III.B.7.

Figure III.B. 7 .

 7 Figure III.B.7. TEM micrographs and particle-size density distributions of A) Sibare, B) Si-g-ImC1, C) Si-g-ImC4, D) Si-g-ImC8 and E) Si-g-ImC18 nanoparticles.

Figure III.B. 9 )

 9 Figure III.B.9). As we can see, for PMMA/Si-g-ImC4 and PMMA/Si-g-ImC8 a homogeneous surface could be observed evidencing the favorable interfacial interaction between these grafted nanoparticles and PMMA. On the other hand, large cavities, corresponding to debonded aggregates, observed in PMMA/Si-g-ImC1 highlighted the lower affinity between Si-g-ImC1 nanoparticles and the polymer matrix. Indeed, ImC1 has a hydrophilic character, i.e. displays poor interactions with PMMA. PMMA/Si-g-ImC18 also displays a heterogeneous fracture surface with some tiny cavities, which can be attributed to the large debonded aggregates present at the sample.

Figure III.B. 9 .

 9 Figure III.B.9. Fracture surfaces of A) PMMA/Si-g-ImC1, B) PMMA/Si-g-ImC4, C) PMMA/Si-g-ImC8, and D) PMMA/Si-g-ImC18 nanocomposites.

Figure III.B. 10 .

 10 Figure III.B.10. A) Dependence of the mean radius of the aggregates with the alkyl chain length of the IL grafted onto silica nanoparticles surface calculated from the fitting parameters. B) Dependence of the aggregation number of the aggregates with the alkyl chain length of the IL grafted onto silica nanoparticles surface fitted from the fractal cluster model.

Figure III.B. 11 .

 11 Figure III.B.11. Mass loss and mass loss derivative (DTG) as a function of temperature for PMMA, PMMA/Sibare and PMMA/Si-g-ImCx nanocomposites (nitrogen atmosphere, heating rate: 20 K.min -1 ).

  . The Ea values (calculated from the slope of the linearized line in a given degradation degree, according to Equation IV15) for each sample are present in Figure III.B.12. 𝑙𝑛 𝛽 𝑇 ! = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 -𝐸𝑎 𝑅𝑇 (III.B.15)

Figure III.B. 12 .

 12 Figure III.B.12. Dependence of Ea values on the degree of degradation for PMMA, PMMA/Sibare and PMMA/Si-g-ImCx nanocomposites.

  . For this reason, rheological studies can provide useful informations about the state of dispersion of the nanoparticles and, consequently, about polymer/nanoparticles interactions. The storage (G') and loss moduli (G"), as well as the complex viscosity (η*) of the materials plotted versus the angular frequency (ω applied during an oscillatory shear test conducted at 453 K are displayed in Figure III.B.14.

Figure III.B. 13 .

 13 Figure III.B.13. Storage (G') and loss (G") moduli (left) and complex viscosity (right) of PMMA/Si-ImCx nanocomposites as plotted as a function of the angular frequency (0.01 -100 rad.s -1 ). Measurements were performed at 453 K for 5 mass% of silica nanoparticles.

incorporated

  to poly(ethylene oxide) (PEO) in order to study the morphology and the rheology of the resulting nanocomposites. They have demonstrated that as the compatibility between the polymer matrix and the nanoparticles increases, a better state of dispersion and lower G' modulus were achieved69 . This fact can explain the lowest values for G' observed for PMMA/Si-g-ImC4 as we consider that the short and compatible alkyl chain of ImC4 act as a plasticizer of PMMA. Actually, the results obtained by the complex viscosities as a function of the angular frequency (shown in Figure III.B.14) validate this assumption.

III

  -g-ImCx nanocomposites In order to study the influence of Si-g-ImCx nanoparticles on the thermomechanical properties of PMMA-based nanocomposites, DMA measurements were performed. The change of the storage modulus (E') and the loss factor (tan δ) from 298 to 413 K are given in Figure III.B.15.

Figure III.B. 14 .

 14 Figure III.B.14. Storage (E') modulus (left) and tan δ curves of PMMA, PMMA/Sibare and PMMA/Si-g-ImCx materials as function of temperature (from 298 to 413 K, 5 mass% of silica nanoparticles).

  and Si-g-ImC18 with PMMA seem to lead to a well-dispersed particle network that can reinforce the material.The loss factor tan δ (Figure III.B.15.B), obtained from the ratio E"/E', is very sensitive to the structural transformation of the nanocomposites62 . Our samples displayed only one structural transition, related to the Tg. By analyzing the values for Tg present in TableIV, we clearly see no significant difference between PMMA and the nanocomposites, except for PMMA/Si-g-ImC4. In fact, the presence of Si-g-ImC4 induced a decrease of 7 K in the Tg of the sample compared to neat PMMA, confirming the previous assumption that Si-g-ImC4 can act as a plasticizer of PMMA. III.B.3.2.6.Mechanical properties of PMMA/Si-g-ImCx nanocomposites

  Figure III.B.15 reports the strain-stress traces for PMMA, PMMA/Sibare and PMMA/Si-g-ImCx nanocomposites, as well as the values of Young's modulus and strain at break for the various materials.

Figure III.B. 15 .

 15 Figure III.B.15.Strain-stress curves and comparative data highlighting the Young's moduli value and the percentage of the strain at break for PMMA-based nanocomposites (5 mass% of silica nanoparticles, 295 K, 50 % relative humidity, and using a crosshead speed of 2 mm.min -1 ).

bare

  As seen in Figure III.B.15, compared to neat PMMA, the incorporation of silica

1 .

 1 Synthesis of a series of imidazolium IL-functionalized silanes

  evolution of the mass loss as a function of the temperature of all imidazolium IL-functionalized silanes is displayed in Figure III.B.B1.

Figure

  Figure III.B.B1. Mass loss and mass loss derivative (DTG) as a function of temperature for imidazolium ILfunctionalized silanes, denoted ImC1, ImC4, ImC8, and ImC18 (nitrogen atmosphere, heating rate: 20 K.min -1 ).

  traces for ImC1, ImC4, ImC8 and ImC18 (ranging from 173 to 273 K) are present in Figure III.B.B2.

Figure

  Figure III.B.B2. DSC curves for ImC18 (left) and ImC1, ImC4, ImC8 and ImC18 (right).

( 6 )

 6 Okada, H.; Kajiwara, Y.; Tanaka, K.; Chujo, Y. Rapid Heat Generation under Microwave Irradiation by Imidazolium-Presenting Silica Nanoparticles. Colloids Surfaces A Physicochem. Eng. Asp. 2013, 428, 65-69.

1 )N

 1 -tSilImC8_tx5 PMMA-Si-tSilImC8_tx10 PMMA-Si-tSilImC8_tx15 PMMA-Si-tSilImC8_tx20 Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI041/these.pdf © [C. Fedosse Zornio], [2017], INSA Lyon, tous droits réservésThe main objective of this work was to explore the potentials of imidazolium and ammonium-based ILs as additives to a PMMA matrix. Aiming to contribute to the recent research of ILs in polymer science, the role of both the cation and anion were put in evidence to explain the improvements on the thermal, rheological and mechanical properties achieved by the final materials.In a first moment, it was presented in the literature review (Chapter I) the needed background to support the research and the methodology used in the following chapters.In Chapter II the use of small amounts (2 mass%) of commercial imidazolium and ammonium-based ILs (combined with different anions) as modifier agents of PMMA was evaluated. First of all, it is important to say that samples prepared with [N1116][Br] revealed no significant improvement on the properties of PMMA, which is attributed to the lack of interaction between such IL and the polymer matrix. On the other hand, morphological characterization suggested a great compatibility for all ILs containing fluorinated anions. Indeed, FTIR spectra highlighted a displacement on the characteristic absorption bands related to the methyl groups of PMMA. Thus, specific interactions between the -OCH3 groups of PMMA (considered as positive dipoles) and the electronegative fluorine atoms of the anions are proposed. DSC and rheological measurements corroborate these results, revealing the plasticizer effect imparted by these ILs, with a special regard on PMMA/[bmIm][PF6]. The better compatibility between [bmIm][PF6] and PMMA was explained as a consequence of the interaction trough hydrogen bonds between the cation [bmIm] + and the carbonyl group of PMMA. In fact, despite the improved properties achieved for PMMA/[N1114][PF6] and PMMA/[N1116][TFSI], excellent thermal stability and mechanical performance of PMMA/[bmIm][PF6] highlighted the role of [bmIm][PF6].
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.3.4. Ionic liquids as interfacial agents in polymer-based materials

  

	I.3.4.1.	Ionic liquids as compatibilizing agents in polymer blends
	Several reports deal with miscible polymer blends that are often achieved in a specific
	set of conditions, such as composition, molar mass, and temperature. However, more
	frequently, mixing different polymer matrices leads to immiscible systems. As the properties of
	polymer blends are directly related to their morphologies, compatibilization phenomena
	between the polymer components are essential 126 . In 2012, Leroy et al., studying the
	plasticization effect of [C4mIm][Cl] in starch/zein blends, have also observed the ability of this
	IL to act as a compatibilizing agent. In fact, mechanical properties measured in tension mode
	showed improved strain at break for the blends containing [C4mIm][Cl], even for samples with
	high zein content (> 50 mass%). On the other side, starch/zein blend containing up to 50
	mass% of zein prepared with glycerol as plasticizer behave as a typical incompatible blend.
	TEM micrographs also revealed that the zein domains were smaller in the presence of
	[C4mIm][Cl], a great indicative that the IL was capable to act as an interfacial agent 117 .
	More recently, Lins et al. described the compatibilization of biopolymer blends based on
	PBAT and PLA by a series of ILs based on tetraalkylphosphonium cations with long alkyl
	chains. Despite the different morphologies achieved as an effect of the different anions
	combined to the phosphonium cation (which can be seen in Figure I.14), the addition of low
	amounts of the given ILs to PBAT/PLA blends was efficient to increase the interfacial area
	between both polymers, leading to a decrease on the size of PLA domains in the PBAT bulk.
	Indeed, the presence of the phosphonium-based ILs seemed also to act as a catalyst and induce
	the transesterification reaction to form a PBAT/PLA copolymer, which contribute to the
	compatibilization in such blends 127 . In another work reported by the same research group,
	PBAT/PLA blends compatibilized with trihexyl(tetradecyl)phosphonium chloride (denoted IL-
	Cl) and trihexyl(tetradecyl)phosphonium bis-2,4,4-(trimethylpentyl)phosphinate (IL-TMP)
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Table II . 1 .

 II1 Designation of imidazolium and ammonium-based ILs used in this work.

	Designation	Cation	Anion	Tm/K	MM/g.mol .1
	[C4mIm][PF6]	1-butyl-3-methylimidazolium	Hexafluorophosphate	283	284
	[N1,1,1,4][PF6]	N-trimethyl-N-butylammoniun	Hexafluorophosphate	393	289
	[N1,1,1,6][Br]	N-trimethyl-N-hexylammoniun	Bromide	268	224

[N1,

1,1,6]

[TFSI] N-trimethyl-N-hexylammoniun Bis(trifluoromethanesulfonyl)imide 308 424

Table II . 2 .

 II2 Determination of non-dispersive and dispersive components of the surface energy of neat PMMA and IL-modified PMMA samples from contact angles with water and diiodomethane.

	Sample	θH2O	θCH2I2	γt/ mN.m -1	γd/ mN.m -1	γnd/ mN.m -1
	PMMA	71 ± 1.1	40.1 ± 1.7	40.7	30.3	10.4
	PMMA/[C4mIm][PF6]	72 ± 1.0	27.0 ± 1.1	45.3	40.1	5.2
	PMMA/[N1,1,1,4][PF6]	72 ± 0.7	26.6 ± 1.7	45.3	40.5	4.8
	PMMA/[N1,1,1,6][Br]	66 ± 0.5	34.0 ± 0.9	44.6	35.1	9.5
	PMMA/[N1,1,1,6][TFSI]	73 ± 0.8	32.9 ± 0.7	43.0	37.8	5.2

  Hence the incorporation of ILs leads to a more hydrophobic material. However, it is important to notice that the non-

	dispersive	components	for	PMMA/[C4mIm][PF6],	PMMA/[N1,1,1,4][PF6]	and
	PMMA/[N1,1,1,6][TFSI] are similar (5.2 or 4.8 mN.m -1 ), but a higher value was obtained for
	PMMA/[N1,1,1,6][Br] (9.5 mN.m -1			

Table II . 3 .

 II3 Effect of imidazolium or ammonium-based ILs on the Tg of IL-modified PMMA materials.

	Sample	Tg/K
	PMMA	367
	PMMA/[C4mIm][PF6]	360
	PMMA/[N1,1,1,4][PF6]	364
	PMMA/[N1,1,1,6][Br]	367
	PMMA/[N1,1,1,6][TFSI]	363

Table II . 4 .

 II4 Tonset, Tmax and Tfina values obtained from TGA thermograms for neat PMMA and IL-modified PMMA samples under nitrogen atmosphere, heating rate at 10 K.min-1 ,b correspond to values obtained for the first and second step of degradation, respectively As observed in TableII.3, the lowest values for Tmax, Tonset and Tfinal are related to neat PMMA. Thus an improved thermal stability was achieved for IL-modified PMMA samples.PMMA/[C4mIm][PF6] showed the highest values for all these temperature, corresponding to a positive shift of 10 K, 13 K and 17 K on Tmax, Tonset and Tfinal, respectively, compared to neat PMMA. On the other hand, comparing the thermal behavior induced by [N1,1,1,4][PF6] and

	Sample	Tonset/K	Tmax/K	Tfinal/K
	PMMA	614	656	691
	PMMA/[C4mIm][PF6]	627	667	708
	PMMA/[N1,1,1,4][PF6]	617	662	705
	PMMA/[N1,1,1,6][Br]	502 a /614 b	548 a /659 b	693
	PMMA/[N1,1,1,6][TFSI]	619	666	699

a[N1,1,1,6][TFSI], a non-linear relation was observed: while [N1,1,1,6][TFSI] shows higher values for Tonset and Tmax, [N1,1,1,4][PF6] displays higher Tfinal. Despite the exudation of [N1,1,1,6][Br], slight increases on Tmax and Tfinal attributed to the second step of degradation of PMMA/[N1,1,1,6][Br]

Table II . 5 .

 II5 Effect of ILs on the tensile properties of IL modified PMMA.

	Sample	Young's modulus/ MPa (295 K)	Strain at break/ % (295 K)
	PMMA	953 ± 7	24 ± 1
	PMMA/[C4mIm][PF6]	939 ± 2	96 ± 3
	PMMA/[N1,1,1,4][PF6]	943 ± 5	70 ± 4
	PMMA/[N1,1,1,6][Br]	920 ± 7	92 ± 3
	PMMA/[N1,1,1,6][TFSI]	934 ± 2	68 ± 4

  at break. Except for PMMA/[N1,1,1,6][Br], the extent to which the different ILs imparted plastic deformation of PMMA clearly match the Tg values (shown in Table II.2):

	PMMA/[C4mIm][PF6], which has the lowest value of Tg, displays the highest strain at break
	(an increase up to 395 % compared to neat PMMA); PMMA/[N1,1,1,4][PF6] and
	PMMA/[N1,1,1,6][TFSI], having similar Tgs, increased the strain at break to about 280 %.

The mechanical behaviors of PMMA/[C4mIm][PF6], PMMA/[N1,1,1,4][PF6] and PMMA/[N1,1,1,6][TFSI] are well related to the extent of flexibility induced by these IL on PMMA. However, the considerable increase of the strain at break obtained for PMMA/[N1,1,1,6][Br] (up to 380 %) is not consistent with all previous results that demonstrated a poor compatibility between such IL and the polymer matrix. Thus, in order to have a better understanding of the role of the various ILs on the process of deformation and fracture of ILmodified PMMA materials, the crazing initiation and mechanism of craze growth were studied. II.3.5.1.

Influence of ILs on the deformation and fracture mode of IL-modified

  Crazes width, length and density obtained for neat PMMA and IL-modified at given values of stress during uniaxial tensile tests.

			Strain/%	Width/µm	Length/µm Density/(crazes.mm -2 )
		PMMA		20	256 ± 8	415 ± 381	770	
				40	18 ± 6	332 ± 251	1060	
	PMMA	1 mm PMMA/ [C4mIm][PF6] PMMA/ [N1,1,1,4][PF6] PMMA/ 20 % [N1,1,1,6][Br]		50 60 70 80 40 50 60 30 40 50 60	23 ± 5 24 ± 8 25 ± 7 30 ± 8 22 ± 13 30 ± 12 39 ± 15 16 ± 6 24 ± 8 29 ± 10 35 ± 12	361 ± 247 395 ± 272 436 ± 314 439 ± 322 416 ± 338 499 ± 328 531 ± 393 542 ± 614 643 ± 625 Direction of tensile stress 831 ± 718 937 ± 803	1030 970 740 1020 490 520 550 190 170 140 130	length Craze	width
		PMMA/[C4mIm][PF 6 ]	70 80	44 ± 16 46 ± 27	1145 ± 809 659 ± 614	PMMA/[N1,1,1,4][PF 6 ] 120 330
				30	19 ± 7	341 ± 220	330	
		PMMA/		40	24 ± 9	285 ± 265	340	
		[N1,1,1,6][TFSI]		50	31 ± 12	464 ± 289	340	
				60	39 ± 16	535 ± 351	350	
		40 %	50 %		60 %	40 %		50 %	60 %
	PMMA/[C4mIm][PF 6 ]				PMMA/[N1,1,1,6][TFSI]	
		70 %	80 %		30 %	40 %	50 %	60 %
					PMMA/[N1,1,1,6][Br]		
		30 %	40 %		50 %	60 %	70 %	80 %

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI041/these.pdf © [C. Fedosse Zornio], [2017], INSA Lyon, tous droits réservés Table II.5.

  the sample, no further conclusions about the role of IL can be made considering the craze growth is mainly governed by the voids opening and only at 80 % of strain PMMA chains entanglements starts to properly be disrupted.

	incubation time.
	On the other hand, comparing crazes width and length during crazing propagation may In conclusion, crazing initiation and propagation clarify the effect of the nature of IL on
	provide information on the effect of ILs on the toughness improvement of PMMA. Among the the mechanical properties of IL-modified PMMA materials. While for PMMA/[C4mIm][PF6],
	ILs, [C4mIm][PF6] seemed to induce the appearance of the smallest crazes on the material, as PMMA/[N1,1,1,4][PF6] and PMMA/[N1,1,1,6][TFSI], the substantial increase on the strain at break
	well as the slowest mechanism of craze growth. In addition, up to 60 % of strain, the values is due to the plasticizing effect induced by such ILs, for PMMA/[N1,1,1,6][Br] it is attributed to
	measured for crazes width and length for PMMA/[C4mIm][PF6] were smaller than the values the heterogeneity of the sample, where [N1,1,1,6][Br] rich domains act as stress concentration
	obtained for neat PMMA at 20 % of strain. These parameters (craze width and length) showed zones, delaying the completely fracture of the material.
	intermediate values for PMMA/[N1,1,1,4][PF6] and [N1,1,1,6][TFSI], but considerably increased for
	PMMA/[N1,1,1,6][Br]. Furthermore, based on the primordial role of crazes in preventing fracture,
	initiation 66 . In the opposite way observed for PMMA/[C4mIm][PF6], which high strain at break
	. Our previous results have already is attributed to the plasticizing effect of the imidazolium-based IL, [N1,1,1,6][Br] does not induce
	proved that ILs decrease the intermolecular interactions between polymer chains. In this any plasticization on PMMA/[N1,1,1,6][Br], as shown by DSC. Hence these tiny voids present on
	context, we can assume that the tensile strain applied to IL-modified PMMA samples induced the sample might explain the high strain at break observed for PMMA/[N1,1,1,6][Br]. In this
	nanometric crazes (not detected under OM) that possible appeared after the yield point (about context, we propose that [N1,1,1,6][Br] domains can act as stress concentration zones, which delay
	20 % of strain). But, in general, the presence of ILs delay the incubation time, i.e. the strain at the polymer chain disentanglement and, consequently, the total fracture of the material. This
	which appears the first visible crazes by OM. Micrometric crazes appeared at 20 % of strain for assumption can be corroborated by the results in Table II.4: up to 70 % of strain, crazes length
	neat PMMA, whereas 30 % of strain must be achieved for [N1,1,1,6][Br] and [N1,1,1,6][TFSI] and 40

% for [C4mIm]

[PF6] 

and [N1,1,1,4][PF6] (which explains the different initial strain displayed for each sample). Despite the assumption that nanocrazes may be formed as soon as the stress is applied to it was expected that craze densities (i.e. crazes per mm -2 ) for IL-modified PMMA samples should be lower than the crazes density obtained for neat PMMA. However, at the microscale, this trend was only noticed for PMMA/[C4mIm]

[PF6]

. It is widely known that crazing initiation occurs due to the loss of chains entanglement. Thus, as lower the entanglement density of the polymer matrix, higher the number of crazes

65 

. Hence these results can be attributed once again to the better plasticizing effect led by [C4mIm]

[PF6]

.

The poor compatibility between PMMA and [N1,1,1,6][Br] led to the appearance of tiny voids in the bulk, as shown by TEM. In addition, TGA traces for PMMA/[N1,1,1,6]

[Br] 

evidenced that these voids are probably [N1,1,1,6][Br] domains. It is stated that a thermoplastic material under mechanical stress is stiffer and stronger the more homogeneously the forces can be transferred along polymers chains. Polymers are usually considered heterogeneous materials at the molecular scale, leading to heterogeneous distribution of stress and strains over the sample, influencing its mechanical properties. In addition, recent works have shown that mechanical heterogeneities in the form of weak elastic zones are the favorite spot for crazing and width considerably increased, whereas the crazes density decreased, a phenomenon mainly governed by the propagation and coalescence of crazes previously formed; on the other hand, at 80 % of strain new small crazes appeared. Thus, we propose that from 30 % to 70 % of strain, mechanism of
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	Zhao et al., in which the multifunctional role of 1-butyl-3-methylimidazolium
	hexafluorophosphate ([C4mIm][PF6]) on poly(methyl methacrylate) (PMMA)/carbon nanotubes
	nanocomposites was discussed. The authors have demonstrated that the presence of IL
	significantly improved the state of dispersion of nanotubes in PMMA, acting as a processing

Table III .

 III A.2. Determination of non-dispersive and dispersive components of the surface energy of neat PMMA and PMMA/silica/IL composites from contact angles with water and diiodomethane.

		Sample	θH2O	θCH2I2	γt / mN.m -1	γd / mN.m -1	γnd/ mN.m -1
		PMMA	71.3 ± 1.1	40.1 ± 1.7	40.7	30.3	10.4
	Nanocomposites	PMMA/Si12 PMMA/Si12/ [C4mIm][PF6] PMMA/Si12/ [N1,1,1,4][PF6] PMMA/Si12/ [N1,1,1,6][Br] PMMA/Si12/ [N1,1,1,6][TFSI]	55.4 ± 2.9 69.6 ± 0.8 68.4 ± 1.0 65.7 ± 1.5 66.1 ± 1.7	24.7 ± 1.3 27.4 ± 1.4 26.2 ± 2.2 21.4 ± 2.3 22.4 ± 1.5	51.1 45.5 46.2 48.2 47.8	36.3 39.3 39.4 40.5 40.3	14.8 6.2 6.8 7.7 7.5
	Microcomposites	PMMA/Si180 PMMA/Si180/[C4mIm][PF6] PMMA/Si180/[N1,1,1,4][PF6] PMMA/Si180/[N1,1,1,6][Br] PMMA/Si180/[N1,1,1,6][TFSI]	40.1 ± 2.8 54.7 ± 1.9 53.8 ± 1.6 47.1 ± 2.4 52.2 ± 0.9	27.2 ± 1.8 32.1 ± 2.2 29.0 ± 0.9 31.9 ± 2.7 31.4 ± 0.6	58.8 49.9 51.0 54.1 51.4	31.9 33.0 34.1 31.3 32.7	28.9 16.9 16.9 22.8 18.7

Table III .

 III A.3. Effect of ILs on the Tonset, Tmax, Tfinal (determined by TGA) and Tg (determined by DSC) of PMMA and PMMA/silica/IL composites (nitrogen atmosphere, heating rate: 10 K.min -1 ).

		Sample	Tonset/K	Tmax/K	Tfinal/K	Tg/K
		PMMA	614	656	691	367
	Nanocomposites	PMMA/Si12 PMMA/Si12/[C4mIm][PF6] PMMA/Si12/[N1,1,1,4][PF6] PMMA/Si12/[N1,1,1,6][Br] PMMA/Si12/[N1,1,1,6][TFSI]	619 613 616 615 607	660 677 662 663 654	697 713 694 693 680	369 363 365 366 367
	Microcomposites	PMMA/Si180 PMMA/Si180/[C4mIm][PF6] PMMA/Si180/[N1,1,1,4][PF6] PMMA/Si180/[N1,1,1,6][Br] PMMA/Si180/[N1,1,1,6][TFSI]	603 610 602 593 600	656 664 657 658 653	689 696 691 691 686	367 364 366 366 366

  . Our results demonstrated that Tonset, Tmax, and Tfinal of PMMA/Si12/IL

	nanocomposites	are	slightly	shifted	to	higher	temperatures,	except	for
	PMMA/Si12/[N1,1,1,4][TFSI]. On the opposite, for PMMA/Si180/IL microcomposites only
	PMMA/Si180/[C4mIm][PF6] displays an enhanced thermal stability, while the thermal behavior

Table III .

 III A.4. Effect of ILs on the tensile properties of PMMA-based composites (295 K).

		Sample	Young's modulus/ MPa (295 K)	Yield stress/ MPa (295 K)	Strain at break/ % (295 K)
		PMMA	953 ± 7	105 ± 4	24 ± 1
	Nanocomposites	PMMA/Si12 PMMA/Si12/ [C4mIm][PF6] PMMA/Si12/ [N1,1,1,4][PF6] PMMA/Si12/ [N1,1,1,6][Br] PMMA/Si12/ [N1,1,1,6][TFSI]	1080 ± 6 1035 ± 6 1070 ± 15 1056 ± 12 1072 ± 15	124 ± 8 119 ± 12 109 ± 9 117 ± 13 112 ± 11	16 ± 1 36 ± 5 19 ± 2 17 ± 2 15 ± 2
	Microcomposites	PMMA/Si180 PMMA/Si180/[C4mIm][PF6] PMMA/Si180/[N1,1,1,4][PF6] PMMA/Si180/[N1,1,1,6][Br] PMMA/Si180/[N1,1,1,6][TFSI]	1052 ± 19 1035 ± 5 1054 ± 13 1041 ± 11 1045 ± 14	116 ± 10 117 ± 6 118 ± 12 117 ± 7 117 ± 6	14 ± 1 19 ± 2 14 ± 2 16 ± 3 17 ± 1

  .

	SEM micrographs of foams made from neat PMMA, PMMA/Si12/IL nanocomposites,
	and PMMA/Si180/IL microcomposites are presented in Figures III.A.10, III.A.11 and III.A.12,
	respectively. The parameters obtained for all samples, such as density of the bulk material (ρs),
	density of the foamed material (ρfoam), volumetric porosity of the foamed samples (Vfoam), Feret
	diameter and pore area of the cells, pore area, and cell density (Ncell), are summarized in Table
	III.A.5.

Table III

 III , b and c calculated from Equations III.A.1, III.A.2, and III.A.3, respectively.

		Sample	ρs/ (g.cm -3 ) a	ρfoam/ (g.cm -3 ) a	Vfoam b	Feret diameter/µm	Pore area/ (10 3 µm 2 )	Ncell/ (10 3 cell.cm -3 ) c
		PMMA	1.14	0.61	0.46	808 ± 160	321.8	2
	Nanocomposites	PMMA/Si12 PMMA/Si12/ [C4mIm][PF6] PMMA/Si12/ [N1,1,1,4][PF6] PMMA/Si12/ [N1,1,1,6][Br] PMMA/Si12/ [N1,1,1,6][TFSI]	1.20 1.20 1.17 1.18 1.19	0.47 0.46 0.52 0.60 0.48	0.60 0.61 0.56 0.49 0.59	49 ± 14 102 ± 26 98 ± 29 272 ± 89 153 ± 60	1.4 6.5 6.0 46.1 15.4	9518 1096 1097 41 313
	Microcomposites	PMMA/Si180 PMMA/Si180/[C4mIm][PF6] PMMA/Si180/[N1,1,1,4][PF6] PMMA/Si180/[N1,1,1,6][Br] PMMA/Si180/[N1,1,1,6][TFSI]	1.19 1.19 1.18 1.19 1.19	0.58 0.49 0.42 0.78 0.51	0.52 0.58 0.64 0.34 0.57	80 ± 26 109 ± 43 122 ± 48 280 ± 163 180 ± 69	4.2 7.8 8.9 116.1 21.7	2030 793 660 29 181

.A.5. Morphological characteristics of PMMA-based foamed materials a
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Table III .

 III B.1. Chemical structure of imidazolium IL-functionalized silanes, and their related Tg, Tm (determined by DSC) and Tmax (obtained from TGA).

	General chemical structure		R	Denomination	Tg / K	Tm / K	Tmax / K
		O					-CH3	ImC1	192	-	565
	O	Si	Cl	N	N	R	-C4H9 -C8H17	ImC4 ImC8	205 208	--	565 555
		O					-C18H37	ImC18	244	316	574

Table III .

 III .B.2. B.2. Experimental conditions used to prepare Si-g-ImCx nanoparticles under scCO2. Where T is temperature, P is pressure, ratio is silica OH group/silane ratio.

		Sample		T/ °C	P/ MPa	ratio / mol:mol
	Si-g-ImC1	Si-g-ImC1_a Si-g-ImC1_b Si-g-ImC1_c Si-g-ImC1_d		338 338 338 338		10 17 10 17	1:3 1:3 3:3 3:3
	Si-g-ImC4	Si-g-ImC4_a Si-g-ImC4_b Si-g-ImC4_c Si-g-ImC4_d		338 338 338 338		10 17 17	1:3 1:3 3:3 3:3
	Si-g-ImC8	Si-g-ImC8_a Si-g-ImC8_b Si-g-ImC8_c Si-g-ImC8_d	Pressure gauge 338 338 338 338	10 17 10 17	Depressurization valve 1:3 1:3 3:3 3:3
	Si-g-ImC18	CO 2 Si-g-ImC18_a Fed valve Si-g-ImC18_b Si-g-ImC18_c Si-g-ImC18_d	338 338 338 338	Thermocouple 10 17 10 17	1:3 1:3 3:3 3:3

Table III .

 III B.

  .B.4 reports the values for 𝑚% !"!!!!"#$ obtained from Equation III.B.13 for each sample, as well as the its corresponding residual mass at 1173 K. Furthermore, Table III.B.4 summarizes the experimental conditions (temperature, pressure, and OH group-to-silane molar ratio) used under scCO2 to treat silica nanoparticles with imidazolium IL-functionalized silanes.

Table III .B.5.

 III Best fits parameters deduced from the SANS analysis with the cluster fractal model.

	Sample	Nagg	Df	ϕeff	Ragg
	PMMA/Si	60	2.9 0.38 656
	PMMA/Si-g-ImC1	35	3.0 0.12 383
	PMMA/Si-g-ImC4	15	2.9	0.4	316
	PMMA/Si-g-ImC8	14	3.0 0.27 228
	PMMA/Si-g-ImC18	4	3.0	0.4	152

Table III .

 III B.6. Determination of non-dispersive and dispersive components of the surface energy of PMMA, PMMA/Sibare and PMMA/Si-g-ImCx nanocomposites from contact angles with water and diiodomethane

	Sample	θH2O	θCH2I2	γt /mN.m -1	γd /mN.m -1	γnd /mN.m -1
	PMMA	71.3 ± 1.1	40.1 ± 1.7	40.7	30.3	10.4
	PMMA/Sibare	55.4 ± 2.9	24.7 ± 1.3	51.1	36.3	14.8
	PMMA/Si-g-ImC1	52.1 ± 1.4	30.8 ± 1.2	51.5	32.9	18.5
	PMMA/Si-g-ImC4	57.0 ± 1.2	30.4 ± 1.4	49.2	34.3	14.8
	PMMA/Si-g-ImC8	61.3 ± 1.1	31.9 ± 1.6	46.9	34.8	12.1
	PMMA/Si-g-ImC18	76.5 ± 1.2	42.2 ± 1.5	38.6	33.5	5.0

  . As shown by Santos et al., for a homologous series of Van der Waals forces ratio is expected, leading to a decrease of the surface energy of the nanocomposite. The effect of the largest size of the cation of ImC18, associated with the highest ions-pair surface density of Si-g-ImC18, explain the lower surface energy for PMMA/Si-g-ImC18 nanocomposite compared to the others PMMA/Si-g-ImCx materials.In order to study the effect of Si-g-ImCx nanoparticles on the thermal stability of PMMA, TGA was used to characterize PMMA/Sibare and PMMA/Si-ImCx nanocomposites.

	In summary, the surface treatment of the silica nanoparticles by imidazolium IL-
	functionalized silanes with long alkyl chains (i.e. ImC4, ImC8, and ImC18) led to more
	hydrophobic nanoparticles. Thus, better interfacial interactions between these Si-g-ImCx
	nanoparticles and PMMA were achieved, in accordance conclusions done from TEM and SANS
	analyses.	
	III.B.3.2.3.	Thermal stability of PMMA/Si-g-ImCx nanocomposites

[CnmIm]

[TFSI] 

ILs (in which "n" ranges from 2 to 8 carbons), as the alkyl chain increases, also the dispersive domain increases. Consequently the number of Van der Waals interactions between the ions pairs increases, whereas the Coulomb forces remain constant

60 

. So, as the alkyl chain length of Si-g-ImCx increases, a decrease of the Coulomb-to-The thermal stability for all nanocomposites is shown in Figure III.B.11. To highlight the differences observed by TGA, the onset degradation (Tonset), maximum (Tmax), and final degradation (determined as the temperature from which there is no more mass loss, Tfinal) temperatures are detailed in Table III.B.7.

Table III .

 III B.7. Tonset, Tmax and Tfinal values obtained from TGA thermograms for PMMA, PMMA/Sibare and PMMA/Si-ImCx nanocomposites (nitrogen atmosphere, heating rate: 20 K.min -1 ).

		Sample		Tonset / K	Tmax / K	Tfinal / K
		PMMA		614	656	691
		PMMA/Sibare	619	660	697
	PMMA/Si-g-ImC1	623	663	705
	PMMA/Si-g-ImC4	620	661	699
	PMMA/Si-g-ImC8	618	659	700
	PMMA/Si-g-ImC18	626	667	712
			PMMA		PMMA/Si-ImC4
			PMMA/Si		PMMA/Si-ImC8
			PMMA/Si-ImC1	PMMA/Si-ImC18 2,5	PMMA PMMA/Si
					PMMA/Si
					2	PMMA/Si
					PMMA/Si
	PMMA	Mass / %			dTG / (%. o C -1 )	PMMA/Si
		0	100 200 300 400 500 600 700
			Temperature /	o C

Table III .B.8.

 III Storage moduli of PMMA/Si-g-ImCx nanocomposites obtained at 313 and 393 K, and tan δ.

	Sample	E' / MPa (313 K)	E' / MPa (393 K)	tan δ / K
	PMMA	2170	1.33	359
	PMMA/Sibare	2460	1.32	356
	PMMA/Si-g-ImC1	2450	1.38	357
	PMMA/Si-g-ImC4	2490	1.12	352
	PMMA/Si-g-ImC8	2320	2.52	359
	PMMA/Si-g-ImC18	2360	2.02	357

  THESE DE L'UNIVERSITE DE LYON OPEREE AU SEIN DE L'INSA LYON La vaste gamme de combinaisons possibles de cations et anions, ainsi que les excellentes propriétés intrinsèques des liquides ioniques (LIs) peuvent être considérées comme les principaux facteurs qui ont conduit au développement d'une recherche utilisant des LIs comme additifs des matériaux polymère. Ainsi, l'objectif principal de ce travail est d'explorer le rôle de la nature du cation et/ou du anion du LI sur les propriétés des matériaux basées de poly (méthacrylate de méthyle) (PMMA). Dans une première partie, des LIs de type imidazolium et ammonium ont été incorporés au PMMA et des caractérisations morphologiques et structurales ont été effectuées afin de comprendre leur impact sur les propriétés thermiques, viscoélastiques et mécaniques des matériaux résultants. Dans la section suivante, la capacité de ces LIs à base d'imidazolium et d'ammonium en tant qu'agents interfaciaux à la surface de la silice a été évaluée. Sub-micro et nanoparticules de silice, ainsi que les LIs, ont été incorporées dans une matrice de PMMA afin de préparer des composites. L'amélioration des propriétés des matériaux ont été discutées en fonction du degré auquel chaque LI influence la compatibilité entre les particules et la matrice polymère. De plus, ces composites ont été exposés au dioxyde de carbone en état supercritique (scCO2) pour utiliser celui-ci comme agent moussant et ainsi produire des matériaux expansés. Le rôle du LI et des particules de silice pour structurer les matériaux expansés a été analysé. Dans la dernière partie de cette étude, le scCO2 est utilisé comme milieu de réaction pour la modification chimique par greffage de la surface des nanoparticules de silice par des LIs de type imidazolium, contenant également des groupes hydrolysables et différentes chaînes alkyles. Le rôle de la pression et la quantité de LI ajoutées au milieu de réaction, ainsi que la longueur de la chaîne alkyle des LIs se sont avérées essentielles pour contrôler le degré de fonctionnalisation des nanoparticules. Enfin, ces nanoparticules modifiées ont été incorporées dans une matrice PMMA. Des analyses TEM et SANS ont été utilisées pour évaluer la dispersion des particules dans la matrice et les propriétés physicochimiques de ces matériaux ont été également étudiées. MOTS-CLÉS : Liquides ioniques ; poly (méthacrylate de méthyle) ; agents plastifiants ; propriétés mécaniques ; stabilité thermique ; composites polymères ; nanoparticules de silice ; agent interfacial ; dioxyde de carbone supercritique ; matériaux expansés ; traitement de surface Laboratoire de recherche : Ingénierie des Matériaux Polymères/UMR 5223 (INSA de Lyon)
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area and Feret diameter) of silica aggregates were determined, and are also represented in It is well known that nanoparticles tend to agglomerate to minimize their high surface energy. Thus, a better compatibility between the nanoparticles and the polymer matrix improves the interfacial interactions between both compounds, leading to more uniform dispersions of the fillers in the matrix 6,52 . Based on the particle-size density distributions and TEM micrographs, we conclude that the chemical nature of imidazolium IL-functionalized silanes grafted onto silica nanoparticle surface plays a key role on the morphology of PMMA/Si-g-ImCx nanocomposites. particle-size density distributions indicate that Si-g-ImC8

and Si-g-ImC4 nanoparticles display the best state of dispersion in PMMA. In fact, these