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Introduction

Silicon-oxygen compounds are unique in terms of their chemistry, applicability and the variety of accessible structures. Both elements are the most widely spread in the Earth's Crust, principally in the form of crystalline silicates, which structure is built from

[SiO4] 4-tetrahedrons [1]. Crystalline silicates and silica are of great importance due to the production of cement, concrete, ceramics, glasses and many more. Another group of special technological and scientific interest is group of siloxanes, polymeric amorphous structures build by Si-O-Si bond. Their general formula is (R3-nSiOn)x, where n > 0, x > 2 and R-organic group. The basic structural units of siloxanes are so-called M, D, T and Q groups (Figure 1).

Figure 1. Basic siloxane structural units [1].

These four types of molecular groups, due to their Si-O binding properties, can, like in silicates, connect with another silicon atom through Si-O-Si bridges (polycondensation) and form macromolecules [1]. The type of the structure, which is formed as a result of the polycondensation (e.g. line, cyclic, spherical), depends mainly on the initial precursors and the process conditions (mainly pH and water quantity). The conscious selection of precursors and conditions for the polycondensation process allows the control of the structure and microstructure of obtained materials. This in turn allows to receive materials with predefined properties compatible with their intended use.

Despite the numerous reports on the preparation of silica based materials, there is still an important challenge in the control of the microstructure of the prepared materials, either in term of porosity, or in term of micro-fabrication process.

The main goal of this research was the synthesis of new siliceous materials with controlled microstructures, using low-temperature polycondensation process, and develop the new approach towards 3D microfabrication under two-photon excitation of a sol-gel formulation.

Synthesis of siliceous materials with controlled microstructure is based on the solgel process, i.e. hydrolytic polycondensation. Most known siliceous materials with controlled microstructure (in particular mesoporous materials) are synthesized from tetraethoxysilane (TEOS) with the templated molecules or/and different types of surfactants, which are then removed by washing with appropriate solvents [START_REF] Kresge | [END_REF]. The presence of templates allows to obtain materials with controlled porosity resulting from their size and shapes. However, the removal of templates is troublesome and involves huge amount of organic solvents. Therefore, new methods to obtain materials with controlled porosity without the need to use templates are still being developed.

Two strategies for the micro-structuration of materials are proposed in this work. First one involved the use of organosilicon precursors with a define structure that at molecular level modify the structure of the final materials. The use of such precursors determines the nanostructures of the material because the silicon parts of these molecules remains largely preserved after the hydrolysis process and heat treatment. The use of well-defined precursors, in appropriate proportions, allows the control of the porosity of the obtained silica materials. The second approach investigated in this work is the local photo-induced structuration of silicon based pre-hydrolyzed precursors under two-photon excitation allowing high 3D resolution.

This manuscript is divided into two main parts: I. Porous materials

II. Two-photon microfabrication

This division is a natural consequence of the two micro-structuration methods proposed in this paper.

Chapter I -porous materials -State of the Art 1 Sol-gel chemistry

The beginning of the sol-gel method dates back to 1845 when Ebelmen discovered that the metal alkoxide gelled exposed to the atmosphere. However, this method was not exploited before the middle of 20 th century. The first commercial application of the solgel method was in 1939 by German company Schott Glaswerke for mirror production.

Twenty years later, after the process was well understood and explained, an important growth of the sol-gel technology was observed worldwide. Today this method is widely used in industry for easy and relatively cheap production of materials at low temperature and under mild synthesis conditions [START_REF] Brinker | Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing: Academic[END_REF][START_REF] Sakka | Handbook of Sol-Gel Science and Technology: Processing, Characterization and Applications[END_REF].

The sol-gel process is a general solution route for preparing materials in the form of powders, films, fibers or monoliths for wide range of applications (Figure 2). It allows the development of inorganic solids or hybrid organic-inorganic materials. The sol-gel method, as soft chemistry route occurring in low temperature conditions, allows the modification of materials by doping with functional molecular systems or nanostructures.

This may influence the change in structure, microstructure and properties of the hybrid materials and open many possibilities of practical application. For instance, materials obtained by the sol-gel method can be used in filtration, insulation, separation, sensors, optics, antireflecting surface [START_REF] Brinker | Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing: Academic[END_REF][START_REF] Bangi | [END_REF]. They can also be used in medicine as nanocomposites [6,7] or encapsulating and drug delivery systems [8].

Figure 2. Sol-gel processing [START_REF] Brinker | Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing: Academic[END_REF].

Despite the fact that silicon-based materials have been the most widely investigated in the sol-gel chemistry, they are still the subject of extensive research due to their unique properties and abundance in the earth's crust. Therefore, silica-based materials have been the main subject during this PhD work.

Sol-gel process is based on two consecutively occurring reactions of hydrolysis and condensation which forms inorganic or hybrid (organic-inorganic) polymeric network. The silica precursors most frequently used in the sol-gel process are silicon alkoxides represented by the general formula Si(OR) [START_REF] Sakka | Handbook of Sol-Gel Science and Technology: Processing, Characterization and Applications[END_REF], where R is organic group such as alkyl. The most often-used precursors are tetra-alkoxysilane like tetraethoxysilane (TEOS) and tetramethoxysilane (TMOS) [9 10-111213], which after complete reaction yield pure silica. Contrary, organoalkoxysilanes precursors (R'nSi(OR)4-n), in which the R' represents non-hydrolyzable organic substituent, lead to hybrid materials possessing both inorganic and organic part of the network. In this case, the most commonly used precursors are methyltrimethoxysilane (MTMS) [141 516-171819], methyltriethoxysilane (MTEOS) [20-2 122], ethyltriethoxysilane (ETES), phenyltriethoxysilane (PTES) [12], dimethyldiethoxysilane, trimethylethoxysilane (TMES) [11], 3mercaptopropyltrimethoxysilane (MPTMS), 3-glycidoxypropyltrimethoxysilane (GLYMO), or 3-methacryloxypropyltrimethoxysilane (MAPTMS) [23]. Each of them can be used pure or combined with other precursors, leading to materials with very different microstructures and properties strongly depending on the initial molecular composition.

In the first stage of the sol-gel process the silica precursors are hydrolyzed (Figure 3, equation a) creating reactive silanol groups. Further, they undergo condensation reaction (Figure 3, equations b, c) generating siloxane bridges ( Si-O-Si ), basic structural unit of silica network. Silica precursors are not miscible with water, therefore the reactions are carried out in solvents like alcohols. However, it is possible to perform sol-gel process without using additional solvents, due to the release of alcohol molecules from the alkoxides during hydrolysis reaction [24]. The occurring hydrolysis and condensation reactions form at first colloidal sol from the precursor solution, which is subsequently transformed into the gel (sol-gel transition). Gel is composed of percolating solid network coexisting with phase. . General sol-gel reaction scheme, where R is an alkyl group CnH2n+1 [START_REF] Brinker | Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing: Academic[END_REF].

These reactions are not perfectly separated and occur simultaneously, however with different speed. Hence emerging structures are kinetically controlled thus they exhibit fractal properties. This is the reason of high sensitivity of the process toward the small changes of the reactions parameters. The hydrolysis and condensation reactions are affected by a wide range of parameters, such as: type of precursor molecules [25,26],

catalysts [27], temperature [28,29], solvent [30] or water ratio [31]. Contrary to transition metals, silicon sol-gel process requires use of catalysts due to relatively low reactivity.

For that reason, basic or acidic catalysts are required.

Hydrolysis and condensation under acidic and basic conditions

The gelation of alkoxides (Si(OR)4) is more rapid and complete when the hydrolysis and the condensation step is catalyzed either by bases or by acids. According to the literature a large range of catalysts are useful in hydrolysis and condensation reactions [START_REF] Brinker | Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing: Academic[END_REF]. The type of utilized catalysts in sol-gel process strongly affects the properties of the final material because the reactions are kinetically driven. Therefore, the proper selection of the type and amount of catalyst and related pH is prerequisite to control the structure and morphology of synthesized compound.

Hydrolysis and condensation under acidic conditions

When the alkoxides are hydrolyzed under acidic conditions (pH<7) the rapid protonation of the alkoxy groups takes place, which makes silicon more electrophilic and therefore more susceptible to be attacked by water molecules, which act as weak nucleophiles. At the same time protonated alkoxy group, which is a very good leaving group, is detached in nucleophilic substitution. The hydrolysis rate decelerates after each consecutive step, due to the destabilization of transition state by the hydroxyl groups, which are stronger withdrawing electrons from silicon atom. Consequently, the reactivity of the precursors decreases gradually with the number of hydrolyzed OH groups. The scheme of hydrolysis reaction in acidic condition is shown in Figure 4. The condensation reaction is much slower than the hydrolysis. It is generally believed that the mechanism of the condensation reaction under acidic conditions involves a protonated silanol species [START_REF] Brinker | Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing: Academic[END_REF]. Protonation of the silanols makes the silicon more electrophilic and thus more liable to nucleophilic attack. Consequently, the condensation reaction between neutral species and the protonated silanols situated on monomers may be preferred. A possible mechanism of alkoxysilanes condensation reaction under acidic conditions is presented on Figure 5.

Figure 5. Condensation mechanism of the alkoxides under acid catalyzed conditions.

Hydrolysis and condensation under basic conditions

The hydrolysis reaction under basic conditions (pH>7) involves reaction of precursor with hydroxyl group, which is a strong nucleophile. In the first step hydroxyl group attacks the silicon creating penta-coordinated transition step with subsequent expulsion of OR -group. The mechanism in which OH -replace OR -is presented on Figure 6 [3]. 8). The pore size is defined as the pore width, which is the distance between two opposites walls. This definition is valid only if the geometrical shape of pore is well defined. Porosity of materials is defined as the ratio of the volume of the pores to the volume of the solid.

Figure 8. Schematic illustration of pore size distribution for porous materials [32].

Porous materials can also be classified according to their adsorption properties.

The gas adsorption is described by an adsorption isotherm, which is the function of the amount of gas adsorbed by the material to the pressure of this gas. Depending on the shape and properties of such isotherms several different shapes according to updated IUPAC classification can be distinguished [START_REF] Thommes | IUPAC Technical Report[END_REF] (Figure 9). Type I of isotherm is obtained when the adsorption is limited to only a few molecular layers, which is in case of microporous materials. Types II, III and IV of isotherms are characteristic for nonporous or macroporous materials. The characteristic feature of the IV and V types isotherms is the hysteresis loop. These isotherms are characteristic for mesoporous materials [START_REF] Lowell | Characterization of Porous Solids and Powders: Surface Area, Pore Size and Density[END_REF].

Figure 9. The IUPAC classification of adsorption isotherms [START_REF] Lowell | Characterization of Porous Solids and Powders: Surface Area, Pore Size and Density[END_REF].

There is a correlation between the shape of the hysteresis loop and the texture of a mesoporous material (pore size distribution, geometry, connectivity). The IUPAC classification is shown on Figure 10. Type H1 of hysteresis is related to the materials with well-defined cylindrical-like pores or agglomerates of approximately uniform spheres.

H2 hysteresis is often associated with disordered materials where the pore size distribution and shape of pores is not well defined. The materials that give rise to H3 isotherms do not show any limiting adsorption at high P/P0, which is observed with nonrigid aggregates of plate like particles. Type H3 isotherm contains also a slope on the desorption curve, which is associated with a forced closure of the hysteresis loop, due to the so-called tensile strength effect (this phenomenon occurs for nitrogen at 77K and in the relative pressure range from 0.4 to 0.45). Type H4 of hysteresis is also often associated with narrow slit pores [START_REF] Lowell | Characterization of Porous Solids and Powders: Surface Area, Pore Size and Density[END_REF].

Figure 10. The IUPAC classification of hysteresis loops [START_REF] Lowell | Characterization of Porous Solids and Powders: Surface Area, Pore Size and Density[END_REF].

History of mesoporous silica materials

In 1992 researchers of the Mobil Oil Corporation developed a series of new highly ordered, pure inorganic, porous silica materials, known as M41S family (Figure 11). The work of the Mobil group was consequently patented in 1991 and 1992 [35-3 637]. The M41S phases are formed by a sol-gel process in the presence of supramolecular structure direction agent. They are classified into three main groups: MCM-41with a hexagonal arrangement of mesopores (Figure 11a), MCM-48 with a three-dimensional cubic pore structure (Figure 11b) and MCM-50 with a lamellar structure (Figure 11c). The walls of the channels are amorphous SiO2. These materials have usually pore diameter ranging from 2 to 5 nm and specific surface area ~1000 m 2 /g. The mesoporous silicate materials break past the constrains of microporous zeolites (<2 nm). MCM-50 [38].

In parallel to the Mobil Company the unique mesoporous materials were reported by Kuroda's group in Japan. In 1990s they developed a highly ordered mesoporous powders with honeycomb structure named as FSM 16 [39,40]. M41S family obtained by Mobil, exhibits striking resemblance to the Japanese materials. Therefore, it is widely agreed that mesoporous silica was initiated by Kuroda and coworkers and then expanded by Mobile group.

After the first synthesis of mesoporous materials in the 1990's many different types of mesoporous structure have been developed. For instance, in 1998 Zhao et al.

extended the group of ordered mesoporous materials referred as SBA materials (Santa Barbara Amorphous no 15). Under acidic conditions, with tri-block copolymers as templates they obtained hexagonal (SBA-15) and cubic (SBA-16) ordered mesoporous structures with larger pore size diameter 5-30 nm [41,42]. The ordered hexagonal SBA-15 was formed using amphiphilic triblock copolymers in strong acid media [43,44].

Mesoporous materials such as HMS, MSU-n, MSU-V were prepared under neutral conditions with non-ionic surfactants and are characterized as materials with disorder mesoporosity [45,46].

Mesoporous materials microstructuration

The ability to create organized mesoporous materials has been a significant breakthrough. Since this discovery, the synthesis of mesostructured materials has attracted the extensive attention of scientist and has become important field in materials science. In the recent years an increasing amount of mesoporous materials with different chemical composition (metal, oxides, semiconductors, chalcogenides) has appeared.

They were shaped as powders, monoliths, films, membranes or fibers. Additionally, mesoporous materials find a wide variety of applications in catalysis, sorption, separation, sensing, optics, drug delivery systems, etc. [47-4 849].

A large number of synthesis methods toward mesoporous materials has been reported in the literature. They are mostly based on a combination of self-assembled surfactants as a template and simultaneous sol-gel condensation around the template [50,51]. The template-free synthesis mechanism known as the nanobuilding blocks [52] and folder sheet nanotubes [53] approaches were also reported. Schematic overview of the main synthesis approaches of mesostructured materials is presented on Figure 12. Currently, mesoporous silica mostly exists as a powder material as in the case of MCM-41 [54]. Much more challenging is preparation of crack-free mesoporous monoliths, which are highly desirable for a variety of applications such as catalysis, separation, nanoelectronics, sensors [55] (Figure 13).

Figure 13. Monolithic porous organic-inorganic materials derived from sol-gel systems of organotrialkoxysilanes [56].

The most widely known example of monolithic mesoporous silica are aero and xerogels.

Silica aerogels and xerogels

The aerogels are a highly porous solid state materials obtained when the gel is dried under supercritical conditions, while xerogels are produced by drying at ambient conditions. The aerogels due to their specific properties like high porosity (up to 99%), high specific surface area (usually between 700-1000 m 2 g -1 ), extremely low thermal conductivity and low density [57] are widely used in optics [58,59], catalysis [60,61],

sensors [62,63] or solar energy collectors.

The starting point of aerogels was the work of Kistler, published in Nature in 1931.

He stated, that the liquid in a jelly can be removed without shrinkage or other effect on its solid structure. Interestingly, the origin of this work was a bet between him and his colleague [64]. Eventually, he successfully managed to dry a gel without affecting the solid network by supercritical drying process.

Ambient drying leading to xerogels involves large shrinkage of the gel and partial collapse of the porous structure. It is very often accompanied by harsh cracking, which results in small pieces instead of monolith. They are much denser than aerogels and their porosity falls in the range of 50-60%.

During the conventional drying, evaporating liquid induces large capillary forces causing a strong shrinkage and in most cases cracking. Capillary forces can be avoided if the phase transition from liquid to gas does not occur. It is realized by transformation of the liquid into supercritical state without crossing the equilibrium line between liquid and vapour. Supercritical fluid (SCF) is any substance, which crosses critical point at certain pressure and temperature (characteristic for each substance). Properties of SCF are between gas and liquid, it behaves like a liquid, but it expands filling whole volume like a gas. Under such conditions there is no phase transformation, the change occurs continuously. Lack of phase transition means lack of solid-liquid-gas points and thus lack of capillary forces. This way avoids the appearance of compressive stresses inside the gel (Figure 14). Furthermore, SCF is slowly evacuated from the gel at the constant temperature, leaving the colloidal or polymeric network unaffected. The parameters of critical point strongly differ among substances. Certainly, the most interesting for supercritical drying (SCD) is CO2 with low critical temperature and reasonable critical pressure. Contrary, water needs high temperature and very high pressure to be transformed to SCF, hence it is not used in SCD. On the other hand, often utilized solvents for silica aerogels are ethanol or methanol, which have similar critical pressure to CO2 but higher temperatures. Because of the large scale of application of aerogels, there is a need to reduce the high costs and hazardous of supercritical drying. However, by drying the gels at atmospheric pressure the collapse of smaller pores may occur due to the higher capillary tension developed in the evaporation process. This phenomenon results in a contraction of the solid network, making it denser than that of aerogels. In the supercritical fluids drying process the solvent is removed as a supercritical fluid, avoiding the formation of meniscus and decreasing the effect of surface tension, allowing the preservation of the porous network. In some chemical systems the porosity of xerogels can reach values close to those of aerogels [START_REF] Aegerter | Aerogels Handbook[END_REF]. The use of functionalized precursors, such as silsesquioxanes, enables the modification of porous materials and allows the formation of hybrid organicinorganic materials, which have high porosity and more homogeneous local organization (aerogel-like materials).

Polyhedral Oligomeric Silsesquioxanes (POSS)

A polyhedral oligomeric silsesquioxanes, also known as silsesquioxanes, are three dimensional molecules with well-defined structure represented by the general formula (RSiO1.5)n, where R is a hydrogen or an organic group like alkyl, aryl or other derivatives and n is an even integer 4. Silsesquioxanes can have various geometrical structural orders from random and ladder to cage structures (Figure 15). The most extensively studied is the structure of cube octameric frameworks represented by the formula (R8Si8O12), were the central inorganic core (Si8O12) is functionalized with eight organic moieties (R), one or more of which may be reactive or non-reactive. It makes the chemistry with use of the POSS very flexible.

Figure 15. Chemical structures of different types of silsesquioxanes [START_REF] Zhou | [END_REF].

POSS synthesis

The most common process to prepare silsesquioxanes precursors is hydrolytic condensation of alkyl or aryl chloro-or alkoxysilanes (e.g. RSiCl3 or RSi(OMe)3) [67].

These reactions are sensitive to several factors like product solubility, nature of the solvent and solvent stability, pH, temperature, amount of water, type of catalyst, character of functional group in the initial monomer. The scheme of fully condensed polyhedral oligosilsesquioxanes synthesis by hydrolytic condensation of trichloro-or trialkoxysilanes is presented on Figure 16.

Figure 16. Hydrolytic condensation reaction of trifunctional organosilicon monomers [START_REF] Feher | Polyhedral Oligo Silsesquioxanes and Hetero Silsesquioxanes, Gelest, Inc[END_REF].

Another method for POSS synthesis is the modification of already existing POSS with different functional groups.

Hydrosilylation

An excellent starting materials for the synthesis of new POSS derivatives are octa(hydrido)octasilsesquioxane T 8 H 8 and octakis(dimethylsiloxy)silsequioxane Q8M8 H due to the high reactivity of Si-H bonds, which can be easily functionalized by hydrosilylation reaction. They differ in their structures by the presence of dimethylsiloxy groups in the core corners (Figure 17). However, the significant difference between those two POSS precursors is their availability, easiness of the synthesis and the price. T 8 H 8 are obtained with a yield not exceeding 30% in the long-term synthesis process while Q8M8 H can be relatively easily obtained with a yield of up to 90%. Therefore, the price of the latter one is much lower thus it was chosen as starting compound.

Figure 17. Chemical structures of T 8 H 8 (A) and Q8M8 H (B).

Hydrosilylation reaction mechanism

Hydrosilylation is the reaction of addition of silicon organic compounds containing Si-H bonds to multiple bonds in the system carbon-carbon, carbon-oxygen, carbon-nitrogen, nitrogen-oxygen or nitrogen-nitrogen [START_REF] Marciniec | A Comprehensive Review on Recent Advances[END_REF].

Hydrosilylation is a catalytic process, which runs in the presence of transition metal complexes and salts, organic bases or metals (according to polar mechanism), or as a result of the presence of the free radical initiators. Most of the hydrosilylation reactions follows the Farmer's rule. It says that the silyl radical combines with this double bond carbon, which is linked to more hydrogen atoms [70]. According to this principle, the product of and small amounts of should be produced by the hydrosilylation reaction (Figure 18). The hydrosilylation process can follow according to the homologous mechanism in the presence of free radicals, by nucleophilic-electrophilic catalysis or transition metal catalysis. In the case of free radicals' mechanism, the initiator of the reaction is free silyl radical which is produced by physical or chemical methods. These methods involve the break of Si -H bond through thermal, radiation or ultraviolet effect. Another way to obtain the free radical is the homolitic break of Si -H bond in the presence of organic peroxides or azo compounds. For the first time this type of reaction was described by Sommer in 1947 [71] on an example of addition of trichlorosilane to 1-octene in the presence of acetyl peroxide (Figure 19). The polar (ionic) hydrosilylation process occurs as a result of a nucleophilic attack on the silicon atom and an electrophilic attack on the hydrogen. This results in a heterolytic break of the Si-H bond. The catalysts of this reaction may be complexes and transition metal salts, organic bases (tertiary amines, phosphines and arsines) or metals used in homo or heterogeneous systems. Compared to hydrosilylation by radical addition, nucleophilic and electrophilic catalysis is characterized by significant activity and selectivity and poorly catalyzed by-products. The ionic hydrosilylation process requires the use of relatively high temperatures and high pressure reaction systems.

Another method of carrying out the hydrosilylation reaction is homogeneous catalysis with transition metal complexes. It is the most commonly used method of hydrosilylation processes due to its high efficiency and relatively mild operating conditions. This facilitates its use in the synthesis of many organosilicon derivatives. The most commonly used catalysts in this type of reactions are transition metal complexes like: Pt, Ni, Pd, Co, and Rh [72] due to their high reactivity and relative stability. The hydrosilylation reaction using this type of catalysts can be carried out in various solvents such us THF, CHCl3, benzene, toluene. The optimal reaction conditions are when the catalysts concentration is less than 1 ppm.

In 1957 J.L. Speier was the first to use hexachloroplatinic acid in an isopropanol as a homogeneous catalyst for the hydrosilylation reaction [START_REF] Marciniec | A Comprehensive Review on Recent Advances[END_REF]. Until now the so-called Speier catalyst is frequently used for hydrosilylation processes. The alternative to this type of systems is so-called Karstedt catalyst (Figure 20). It was described in 1973 [73] as a platinum (0) complex being a product of the reaction of hexachloroplatinic acid with divinyltetramethyldisiloxane. High activity of this complex is associated with easy detachment of the divinylsiloxane ligand and forming a complex with unsaturated coordination. 

Synthesis of materials based on functionalized POSS

Hydrosilylation reaction can be used for the synthesis of functionalized POSS molecules. The example of simple hydrosilylation reaction is the addition of hydridosilsesquioxane to a simple olefin. Liu and Dare [77] in their work reported the hydrosilylation reaction of octa(hydrido)octasilsesquioxane (T 8 H 8 ) with -halo-1-alkens and other unsaturated substrates. They used H2PtCl6 as the catalyst for this process. The final product was obtained with the yields of 74%. M. Igarashi and co-workers reported the selective hydrosilylation of allyl esters with octa(hydrido)octasilsesquioxane in the presence of platinum-based catalysts [78]. Various Pt catalysts were examined but Karstedt's catalyst with two equivalents of PPh3 has been found to be versatile and powerful system (Figure 22). The work of Zhang [79] was focused on direct hydrosilylation reaction of unsaturated alcohols like: allyl alcohol, thrimethylsiloxy-2-propene and 2allyloxyethanol with octakis(dimethylsiloxy)silsesquioxane (Q8M8 H ) (e.g. Figure 23).

The researchers checked the influence of changes in reaction condition like: the type of solvent, catalyst precursor and precursor concentrations on the type of by-products produced. The Karstedt's catalysts proved to be the most selective one. The yield of these reactions was in the range of 85-87%. reactions. In this work the authors reported a standard syntheses of these polymers (Figure 24,Figure 25) and detailed analysis of the obtained materials followed by microstructural characterization, thermal analysis and porosity studies. Polyhedral oligomeric silsesquioxanes can be used as the only building block to prepare novel hybrid organic-inorganic materials [85]. What is more, the POSS molecules can be incorporated into organic polymers to enhance its mechanical and physical properties. In the work of R. Jeziórska et al. the effect of POSS content on the morphology, thermal and mechanical properties of polyamide 6 (PA6) nanocomposites were examined. In this study the octakis (dimethylsiloxy, 3-glycidoxypropyl) octasilsesquioxane was synthesized by the hydrosilylation reaction of allyl glycidyl ether (AGE) with hydrogen silsesquioxane Q8M8 H . In the second step the nanocomposites containing 0.5, 2 and 4 wt% POSS nanoparticles were prepared. Obtained samples were examined using scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR), differential scanning calorimetry (DSC), dynamic-mechanical thermal analysis (DMTA), tensile and impact testing. The results indicated that the properties of the nanocomposites are highly dependent upon the POSS contents (increase in mechanical properties and reinforcement effect) [86]. In another work [87] different POSS molecules were used to achieve surface energy modification and mechanical reinforcement of silica aerogels. The results indicate that POSS molecules incorporated to the silica network are good reinforcing agent. Additionally, the presence of organic groups in POSS improved the hydrophobicity of final material. Other authors proved that incorporation of POSS cages into copolymer systems results in increased of glass transition and decomposition temperatures, reduce flammability and modified mechanical properties [88]. Kuo and Chang in their extensive review present different approaches in the synthesis of composite materials with POSS silica cages. They discuss thermal, mechanical, electrical and surface properties of these materials [89].

Application of POSS-based materials

Cubic polyhedral oligomeric silsesquioxanes (POSS) molecules are excellent nanodimensional building blocks for the preparation of hybrid organic/inorganic structures by sol-gel method. The use of POSS may influence the properties of the final material such as thermal stability, mechanical strength and solvent resistivity [90].

Materials based on POSS molecules already found a variety of possible applications like optical devices [47], sensors [91], catalysts [92]. The sol-gel method enables the production of materials at low temperature and under mild synthesis conditions. Using metal alkoxides it is possible to obtain materials with controlling pore size, porosity and pore surface. The group of J.A. Lercher prepared materials promising for applications in semi-conductor industry and for use as optical coatings. The organic-inorganic hybrid polymers were synthesized by platinum catalyzed hydrosilylation or hydrolytic condensation of functionalized POSS. The materials were prepared in the monolithic form [84] or deposited as thin films by spin coating [93] and showed low-dielectric constant. In an extensive review [START_REF] Zhou | [END_REF] authors summarized recent progress on the preparation and properties of polyhedral oligomeric silsesquioxane-based materials. They presented the possibilities of integration of POSS into composites (Figure 26). They also showed the variety of possible application of as synthesized POSS-based composites such as fluorescence sensors, liquid crystals, photoresist materials, low dielectric constant materials, organic semiconductors, energy-related materials, self-assembled block copolymers, drug or gene delivery systems, coating materials, special rubber materials, composite electrolytes, atomic oxygen resistant materials, piezoelectric polymers, thermoplastic elastomeric composites, catalytic systems, dielectric material for microelectronics, functional membranes and functional carbon materials (Figure 27).

Figure 26. Different options for integration of POSS into composites [START_REF] Zhou | [END_REF].

Figure 27. POSS-based composite materials and their possible application [START_REF] Zhou | [END_REF].

Chapter II -porous materials -experimental part 1 Experimental Methods

In this work the synthesis of novel POSS -based organic-inorganic mesoporous materials (xerogels) through sol-gel method without use of templates is presented.

Hybrid xerogels containing organic groups were prepared using methyltriethoxysilane (MTEOS) as a silica precursor and an aminopropyltriethoxysilane (APTES) as the base catalysing the condensation reaction and introducing reactive -NH2 groups into the silica networks. MTEOS and APTES were selected to form the silica matrix (backbone) of the xerogels [949 59697-9899100101102] (Figure 28). The polyhedral oligomeric silsesquioxanes (POSS) molecules were used in order to modify and control porosity of mesoporous silica. In fact, the aim was to induce a hierarchical structuration of porous network due to the addition of rigid silica structural units. The POSS molecule can be easily modified with different functional groups. All of this make it an excellent so called "nanobuilding block" for synthesis of different porous materials with designed structure and microstructure and hence designed properties. Therefore, it can be treated as a kind of template, that controls the size and distribution of pores in the final material. Thus, the simultaneous use of MTEOS and POSS was intended in order to extend the possibility of regulation the porosity of the obtained xerogels. In addition, the use of the POSS as a "template" eliminates the need to remove it after the synthesis, and this way it also eliminates the main disadvantage of the most popular synthesis method of porous materials with controlled porosity.

As 

Nuclear Magnetic Resonance Spectroscopy (NMR)

Liquid-state 1 H NMR analysis of POSS precursors, before and after hydrosilylation reaction, was carried out on a Bruker NMR 300 MHz spectrometer at room temperature using CDCl3 as a solvent.

Liquid-state 29 Si NMR analysis of the MTEOS sol was conducted on a Bruker NMR 500 MHz spectrometer at a room temperature using CDCl3 as a solvent. The NMR spectra have been investigated to study the degree of hydrolysis and condensation reactions in the obtained MTEOS silica sol samples.

Solid-state 29 Si NMR analysis of obtained xerogels was conduct on a Bruker NMR 500 MHz spectrometer.

Fourier Transform Infrared Spectroscopy (FT-IR)

The FTIR studies were carried out to determine the structure of obtained materials, i.e. the type of bonds and functional groups present within samples. The analysis in the mid-infrared (MIR -Middle Infrared) was performed in the Structural Research Laboratory WIMiC. A Bruker Vertex 70v vacuum apparatus equipped with potassium bromide beam splitter (KBr) and a DLaTGS detector (deuterated, L-alanine, triglycine sulfated) coupled with the Harrick Scientific zinc selenite (ZnSe) ATR (Attenuated Total Reflectance) attachment were used. Measurements were made in the range of 4000 -550 cm -1 . 128 scans were accumulated with a resolution of 4 cm -1 .

Scaning electron miscroscopy (SEM)

The morphology of obtained xerogels was characterized by means of scanning electron microscopy. The sample surface was coated with a graphite film prior to analysis.

SEM images were taken using Scanning Electron Microscope -NOVA NANO SEM (FEJ EUROPE COMPANY).

Gas adsorption measurements

The materials porosity was investigated by gas adsorption/desorption measurements. The determined nitrogen adsorption and desorption isotherms served for assignment of the surface area, average pore size and pore size distribution. The surface area was calculated from the linear part of the BET plot. Pore size distributions were calculated from desorption data according to BJH (Barrett, Joyner and Halenda) method.

The N2 adsorption/desorption isotherms were recorded using an ASAP 2010, from Micromeritics.

Thermal analysis (TGA/DSC)

In order to determine the thermal stability of porous materials, thermogravimetric studies of the selected sample were carried out. Mass changes and thermal effects were conducted by means of STA 449 F3 Jupiter device by NETZSCH. Five reference substances, i.e., indium, tin, bismuth, aluminum and gold were used for temperature and heat flow calibration. The 17 mg samples were heated to 1000 o C in the platinum crucibles at the rate of 10 o C /min in a dry air atmosphere.

Hydrophobicity test

In order to determine the wettability of the obtained materials, contact angle measurements were carried out. The tests were taken on the KRÜSS DSA25E goniometer using a sitting drop technique. The measurements were executed with deionized water at room temperature and in an air atmosphere.

Analytical grade chemicals were used without further purification (Table 2 -4). or Q8M8 H/R ) into MTEOS sol solution in the presence of APTES and water.

Preparation of methyltriethoxysilane MTEOS sol in ethanol

Trifunctional organosilane compound MTEOS has three hydrolysable ethoxy groups (OC2H5) and one non-hydrolysable methyl group (CH3) (Figure 29). In the first step of the process a precursor, methyltriethoxysilane MTEOS, was hydrolyzed under acidic conditions using HCl aqueous solution (pH=3.5). 60 ml of MTEOS and 70 ml of water (pH=3.5 HCl) were combined in 250 ml one neck round bottom flask under vigorous magnetic stirring for around 45 min. The stirring was continued until a homogeneous mixture was obtained. After hydrolysis, the mixture was heated to around 130 °C to remove water and alcohol by distillation. When 60~70 ml of EtOH was extracted, the resulting viscous sol was cooled and dissolved in diethyl ether to remove water after phase separation. Finally, a solvent exchange was undertaken by evaporation of the remaining diethyl ether and addition of the solvent. In our case the ethanol was added to get 30% solution. Obtained sol was filtered through a PTFE membrane filter (Whatman syringe filter 0.45 μm). MTEOS sol was stable for a long time storage in a freezer (at low temperature -19 °C) and could be easily used to prepare monoliths.

Figure 29. Synthesis of MTEOS sol.

Liquid-state 29 Si NMR analysis for the MTEOS sol

The 29 Si NMR analysis was conducted to investigate the degree of hydrolysis and condensation reaction in obtained MTEOS silica sol.

The position of the peaks coming from 29 Si atoms depends on the electron density of the atom, which relies on the type of functional groups attached. They have weaker or stronger ability to withdraw or donate electron density from/to the atom thus affecting the resonant frequencies and in consequence chemical shifts in NMR measurements.

Therefore, hydrolysis and condensation process can be easily followed by change of the peaks intensity. Silicon atoms with four hydrolysable or hydrolyzed/condensed groups are called Q units. Depending on the condensation ratio they have different number: Q 0 for non-condensed species and Q 4 in which all four groups are condensed.

In the case of organosiloxanes, species with one, two or three organic groups are labelled as T, D, M respectively. Hence, it is typical, in sol-gel process of MTEOS, to observe peaks that arise from the Si atoms with structures of CH3-Si(-OH)3, CH3-Si(OSi)(-OH)2, CH3-Si(OSi)2(-OH) and CH3-Si(OSi)3 labelled as T 0 , T 1 , T 2 and T 3 respectively (Figure 30). The NMR spectrum of the MTEOS sol exhibited three peaks with the chemical shifts of -48 ppm, -57 ppm and -66 ppm (Figure 31). They were assigned to T 1 , T 2 and T 3 species respectively and matched well to those found in the literature: [112]. Noncondensed T 0 groups were not detected. Moreover, the bands assigned to T 2 and T 3 were composed of several overlapping peaks. The reason for that was due to the fact that environment around silicon atoms was not exactly identical from one atom to another. where: T 1 , T 2 and T 3 are the relative percentages of different species.

The relative amounts of each silicon species can be expressed by the area below the NMR peaks corresponding to each species. The condensation ratio of investigated silica sol was equal 75%.

FTIR spectroscopy of MTEOS sol

The assignment of bands in the pure MTEOS spectrum to the corresponding vibrations is shown in Table 5. The MTEOS sol spectrum contains, like the spectrum of MTEOS-reagent (Figure 32), bands derived from the CH2 and CH3 groups at approximately 1400 (CH2 bending vibrations) and 2900 cm -1 (CH2 and CH3 stretching vibrations) [113,114]. The band from Si-CH3 groups remains unchanged at the position of about 1270 cm -1 [116]. The band, which appeared at 918 cm -1 is derived from OH vibrations of the silanol group and should be associated with the presence of a wide band at approximately 3300 cm -1 , responsible for the stretching vibrations of this group [115 -116117].

The presence of these bands clearly indicates that the hydrolysis reaction has occurred. Two bands at 1023 and 1100 cm -1 should be attributed to the presence of Si-O-Si bridges in chain structures, which points at polycondensation process [116]. 

Liquid-state 1 H NMR spectra of Q8M8 H POSS cubes before functionalization

Liquid-state 1 H NMR analysis was employed to characterize the chemical structure of POSS cubes before functionalization and is shown in Figure 33. The peaks in the spectra match the structure of Q8M8 H POSS units. The peak appearing at 0.28 ppm comes from the methyl groups. The peak at 4.75 ppm originates from the hydrogen atom from Si-H groups. The peak at 7.28 ppm arose from CDCl3 solvent, 1.57 ppm from water [84]. 

Full -functionalization of POSS

The POSS molecules were fully functionalized by the hydrosilylation reaction with eight molar equivalents of vinylethoxysilane in the process described below (Figure 34).

In a synthesis 0.5 g of Q8M8 H and 2.5 ml of THF were mixed in a 50 ml one neck, round bottom flask with 750 μl of dimethylethoxyvinylsilane. Afterwards, 0.25 ml of Karstedt catalyst (0.1% Pt solution in THF) was added and the mixture was stirred for 20 min at room temperature and then for 1h at 45ºC. After the reaction the mixture was cooled down and filtered through a PTFE membrane filter (Whatman syringe filter 0.45 μm). The solvent was removed under vacuum. Obtained functionalized product was slightly yellow, viscous liquid. 

FTIR spectroscopy of Q8M8 H POSS before and after full-functionalization (Q8M8 R )

The analysis of the spectra of the POSS before (Q8M8 H ) and after full functionalization (Q8M8 R ) (Figure 36) shows that the band at approximately 2140cm -1

(which correspond to the Si-H streaching vibrations) dissapeared. This confirms, that the full functionalization has proceeded as intended. At the same time, the appearance of a larger number of bands coming from CH vibrations (originating from ethoxy grups) in the range of approx. 1400 cm -1 is observed [START_REF] Parola | Proceedings of SPIE-The International Society for Optical Engineering[END_REF]. The presence of the band from silanol groups (at about 940 cm -1 ) suggests that some of the Si-H reactive bonds have been substituted by Si-OH.

Figure 36. FT-IR spectra of POSS before (Q8M8 H ) and after full-functionalization (Q8M8 R ).

Half -functionalization of POSS

In the reaction four vinylethoxysilane equivalents were adjusted, so POSS molecules was partially functionalized (Figure 37). In a synthesis 0.5 g of Q8M8 H and 2.5 ml of THF were mixed in a one neck, round bottom flask with 324 μl of dimethylethoxyvinylsilane. Next 0.25 ml of Karstedt catalyst (0.1% Pt solution in THF)

was added and the mixture was stirred for 20 min. at room temperature and then for 1 h at 45ºC. After the reaction the mixture was cooled down and filtered through a PTFE membrane filter (Whatman syringe filter 0.45 μm). The solvent was removed under vacuum. Obtained functionalized product was slightly yellow, viscous liquid. The spectrum of half-functionalized POSS (Figure 39) almost coincides with the spectrum of fully functionalized POSS (Figure 36). However, some differences are visible. Because functionalization was incomplete, the bands from Si-H groups are present (2141 and 899 cm -1 ). The presence of the band at about 940 cm -1 , which corresponds to silanol groups, suggests that some of the Si-H bonds have been substituted

by Si-OH. Therefore, spectra analysis confirms that the functionalization process occurred partially -as intended.

Figure 39. FT-IR spectra of POSS before and after functionalization.

Chapter III -Porous materials -results and discussion 1 Monolithic xerogels synthesis

In this chapter, the sol-gel synthesis of hybrid monolithic mesoporous xerogels is presented. In term of this PhD thesis several dozen synthesis has been carried out. After careful analysis the best samples have been selected and results have been presented hereunder.

Preparation of silica xerogels modified with completely functionalized POSS (Q8M8 R ) molecules

The proper amount of: 30% solution of MTEOS sol in EtOH, 30% solution of Q8M8 R in EtOH, APTES and varying ratio of water, were stirred at room temperature and poured into closed molds. The gelation and aging of the samples from S2 to S7 was carried out for 48 h at room temperature and then for 64h at 45 °C. After this time period the molds were slightly opened and alcogels were dried for two days at 45 °C and 24 h at 80 °C. The samples S62, S63 and S64 were aged for 24 h at room temperature and then for another 24 h at 45 °C. Subsequently, the molds were also slightly opened and gels were dried for 48 h at 45 °C and 24 h at 80 °C. Schematic illustration of the synthesis of MTEOS/Q8M8 R /APTES/H2O xerogels is shown in Figure 40. The sample compositions are presented in Table 6. 

POSS) molecules

Xerogels with half -functionalized POSS (Q8M8 H/R ) were synthesized following a similar process described in the previous section with completely functionalized POSS (Q8M8 R ). The solution of MTEOS sol in EtOH (30%) was poured into ethanolic solution of Q8M8 H/R POSS and stirred in a capped container. After that proper amounts of APTES and water were added to the mixture and mixed. The mixture was then poured into the molds and allowed to gel and age for 24 h at room temperature and thereafter for 24 h at 45 ºC. After the gels were formed the resultant alcogels were finally dried for 48 h at 45 ºC and after that for 24 h at 80 ºC (Figure 41). The samples compositions are presented in Table 7.

A nanostructured solid network of silica was formed as a result of a hydrolysis and condensation process of the silica precursors molecules, in which siloxane bridges (Si-O-Si) were formed. 

The appearance of xerogels

The obtained xerogels (S2-S7 and S63) were mostly monolithic and crack free.

They were also very transparent and with characteristic bluish appearance when put against dark background. It is typical behavior of silica mesoporous xero-and aerogels due to the Rayleigh scattering of light on the pores in meso-size. From the same reason, the xerogels appeared yellowish when they were put between an eye and white light source. It was the first indicator of sample homogeneity and high mesoporosity. For further analysis samples P1-P6 and P55 were chosen.

Structural characterization of xerogels

Solid-state 29 Si NMR spectra of obtained MTEOS/APTES/POSS xerogels

The formation of siloxane networks was confirmed by solid-state 29 Si MAS NMR spectra of samples P3 and P55 (Figure 44). The spectra of both xerogels showed signals corresponding to the M, D, T and Q units according to the nomenclature existing to facilitate description of siloxane molecules (Figure 1). It is based on the type of groups connected to silicon atom. The letters indicate an amount of hydrolysable groups able to create siloxane bonds (M -mono, D -di, T -tri, Q -Quattro, which corresponds to 1, 2, 3 or 4 respectively). Furthermore, the letters are followed by the number (e.g. Q 3 or T 2 ), which indicates the number of created siloxane bridges.

Si MAS NMR spectra of both samples (Figure 44-sample P3 and sample P55)

were similar. In order to fully characterize NMR spectra, the process of peaks deconvolution was carried out (Figure 44). Obtained peaks are described in Table 8.

Figure 44. Solid-state 29 Si NMR spectra of obtained xerogels (P3, P55). The peaks corresponding to condensed MTEOS sol were T 3 , T 2 The molar ratio of these units should be equal 2:2:1.

The NMR spectra exhibited two types of Q 4 at -108 and -100 ppm what can be assigned to differently functionalized POSS corners, thus slightly different environment.

Relatively symmetric peak at -19 ppm corresponded to the D unit of silicon attached to non-functionalized corners. The position of the peak showed that Si-H groups where hydrolyzed and at least partially condensed what explains relatively broad peak (contribution of simply condensate and non-condensate silicon). The peak at 11 ppm was related to M units. Prior to gelation half of them were M 1 and the other half M 0 . Therefore, after gelation it is expected to have higher fraction of M 1 units. Small and sharp peak at 16 ppm may be assigned to residual non-hydrolyzed Si-H from non-functionalized corners. The theoretical molar ratio between Q, D, M units was precisely obtained in sample P3 and very close in sample P55 by measuring the peaks integration.

FTIR of obtained xerogels

FTIR spectra of measured xerogels are very similar to each other (Figure 45). The peak corresponding to Si-H bond at around 2140 cm -1 disappeared from the spectra, confirms observation based on 29 Si NMR, that group was hydrolyzed. Analyzed samples have bands in the Si-CH3 vibration range -about 1270 cm -1 . A closer analysis indicates that there are actually two bands. In the case of spectra for samples P55 and P4 it is visible as a small arm of the main band, while in the sample P3 it is completely invisible due to the overlap of a more intense band at approx. 1230 cm -1 . This additional arm also comes from the vibrations of the Si-CH3 group, but the silicon is in a different configuration, hence splitting into two bands. Band at approx. 1410 cm -1 , sample P55 and P4, along with the 1370 cm -1 band visible for the P3 sample originates from the CH2 bending vibrations.

It can be attributed to the remnants of EtOH used as solvent. Band at approx. 1750 cm -1 is most probably derived from the vibrations of the C=O group. Its presence is not clear.

The band at 1230 cm -1 , which was mentioned before, is most likely derived from the C-O (Si-O-CH3) bonds. The presence this band can be attributed to the remnants of Si-OEt groups still present in xerogels. By comparing the characteristic range for the stretching vibrations of silicon bridges, big similarities are observed. All three spectra have the same set of bands and similar intensity ratio. The band at approximately 1030 cm -1 originates from Si-O chain connections, while the band at about 1134 cm -1 comes from ring structures [116,118]. This confirms the 29 Si MAS NMR studies. The bands in the range of 700 -850 cm -1 belong to the bending vibrations CH3 + SiC, while the band at structures [119,120]. Conducted FTIR studies confirmed Si NMR measurementsxerogels contain POSS molecules, which are connected by the Si-O-Si bridges.

The results obtained by means of FTIR technique correspond with the results

obtained by Si NMR measurements.

Figure 45. FTIR spectra of obtained MTEOS/ Q8M8 H/R /APTES xerogel.

Specific surface area and porosity measurements

The adsorption/desorption isotherms and the pore size distribution of xerogels without (P1, P2) and with (P3-P6 and P55) addition of Q8M8 The plateau appeared at relatively low relative pressures (p/p0=0.7) showing lack of medium and larger mesoporosity. These findings were confirmed by calculating pore size distribution by BJH model (Figure 47) in which pore size was centered at 2.95 and 3.11 nm with large fraction of micropores. The shape of hysteresis loops is also classified by IUPAC, and for these samples could be assigned to H2, which is characteristic for highly complex networks with complex pore structures in which pore-blocking effects play significant role [121]. Although the measurements were performed with long equilibration time (the total measurement time of 60-70 h) the desorption isotherms did not overlapped with adsorption ones which suggested that the pores were limited by very narrow necks and nitrogen molecules were trapped in the pores. According to the BET calculation, the P1 and P2 xerogels exhibited very high specific surface area of 785 and 767 m 2 g -1 respectively. A total pore volume was 0.56 cm 3 g -1 for P1 and 0.60 cm 3 g -1 for P2. POSS molecules into the gels structure. All these samples exhibited type IV isotherms, similarly to sample P1 and P2. However, the samples with higher amount of POSS and water, presented adsorption/desorption isotherms with greatly increased adsorption at higher relative pressure values so that with much larger mesopores (P4, P55).

In comparison to P1 and P2, the surface area of these monoliths was decreasing according to the amount of added POSS molecules. The samples P5 and P6 prepared with lower POSS amount possessed 578 m 2 g -1 and 558 m 2 g -1 respectively. The addition of higher amount of POSS yielded samples with 339 m 2 g -1 (P3) and 416 m 2 g -1 (P4). The diminished surface area was primarily caused by lower amount of micro-pores as indicated by lower volume of nitrogen adsorbed at low relative pressures. It showed that POSS molecules favored the meso-pores. It was also confirmed by calculating the pore size distribution by BJH model. Clearly, it could be observed that the amount of micropores was decreasing with the amount of added POSS, however, the average pore size was not strongly affected.

The samples prepared with higher amount of water and POSS molecules (P4 and P55) possessed distinct gas adsorption characteristic compared to other samples. The isotherms were typical for a combination of Type II and Type IV isotherms. The hysteresis loops suggested the presence of larger mesopores in samples. The effect of increased pore size was visually observed. The transparent glassy materials transited into opaque ones. The lack of clear plateau in the adsorption curve might suggested the existence of macropores which could not be detected by the method. The BJH pore size distribution confirmed existence of pores of a few tens of nm together with the fraction of pores of a few nm. The average pore diameter for P4 sample was 12.42 nm, but the BJH pore size distribution curve showed dominant broad distribution of mesopores of sizes between 15-90 nm. Sample P55 had the dominant pore diameter centered on the boundary between meso-and macropore at around 50 nm.

Due to the size of the pores presented and their polydispersity the results obtained were only indicative but may suggest that the addition of POSS molecules combined with increase the volume of water into MTEOS/APTES gel structure increases the size of the pores in the final monolithic xerogels materials.

The morphology of MTEOS/Q8M8 H/R /APTES xerogels was characterized by scanning electron microscopy (SEM). Microphotograps are shown in the Figure 48 and Figure 49. Samples P3, P4 and P55 had the same MTEOS to Q8M8 H/R POSS ratio but they varied in the volume of water (Table 7). The microstructure of the sample with low concentration of water (P3) was highly homogenous and seemed to be dense at SEM magnification. In fact, the pores of 3-4 nm could not be seen by this method.

Increased amount of water (P4 and P55) changed the morphology of silica to particulate with clearly distinguishable particles. The average particle size for these xerogels was in the range of 60-120 nm, which indicated that the amorphous silica particles assemble into ball-like secondary particles. These secondary particles connect together through neck regions and form a pearl necklace-like structure [START_REF] Brinker | Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing: Academic[END_REF][START_REF] Aegerter | Aerogels Handbook[END_REF]. Therefore, the multimodal porosity was observed. Micropores were created between primary particles while mesopores between secondary particles (Figure 50). Wide range of pore sizes was observed for these samples including meso-and macropores both. The higher amount of water clearly increased the size of secondary particles increasing the pore sizes. 

Hydrophobicity test

We have shown that a new type of hybrid silica xerogels can be synthesized from the MTEOS precursor with/without Q8M8 H/R POSS molecules and addition of APTES and water. The obtained xerogels were highly hydrophobic due to the presence of nonpolar methyl terminated groups on the porous silica networks (Figure 52). The attachment of the hydrolytically stable -CH3 groups to the siloxane network of xerogels P1 and P2

(without addition of POSS) leads to high solid-liquid interfacial energy and results in hydrophobic materials. Addition of Q8M8 In this work the synthesis of mesoporous monolithic hybrid silica xerogels with tunable porosity was demonstrated. The materials morphology was controlled by addition of polyhedral silsesquioxanes (POSS) molecules which acted as nanobuilding blocks.

Siloxane cage compound are particularly useful as molecular building blocks because of their rigid and symmetrical frameworks. Addition of POSS molecules lead to the production of novel silica-based materials having at least a short-range order. It was showed that the porosity was controlled by the quantity of added POSS, the functionalization of POSS and the amount of water.

The realization of the intentional aim of thesis required:

-The preparation of MTEOS sol by the sol-gel method, -The functionalization of POSS molecules via hydrosilylation reaction, -The preparation of silica xerogels monoliths by drying the gels at ambient conditions.

The characterization of the obtained materials consists of several sections:

-The textural and morphological properties using gas adsorption/desorption measurements (specific surface area, pore volume and pore size) and Scanning Electron Microscopy, -The thermal stability using Thermo-gravimetric analysis (TGA-DSC),

-The structural characterization using Nuclear Magnetic Resonance (NMR) and Fourier Transform Infrared Spectroscopy (FT-IR),

-The wettability by hydrophobicity test.

The results are summarized and described as follows:

-The structure of obtained MTEOS sol was confirmed by NMR and FT-IR analysis. The condensation ratio calculated from NMR spectrum was 75%. The presence of the bands at 918 cm -1 and at approx. 3300 cm -1 on FT-IR spectrum, which appeared from OH vibrations, indicates that the hydrolysis reaction has occurred. The bands derived from Si-O-Si bridges (at 1023 and 1100 cm -1 ) are also present, which confirm the polycondensation process, -The POSS molecules were successfully functionalized by the hydrosilylation reaction. The full and half functionalization of POSS has occurred as expected, which is confirmed by liquid-state 1 

Chapter IV -two photon polymerization -State of the Art

The microstructuration of materials can be achieved using low temperature chemical routes structuring the porosity or through local structuration using for instance 3D microfabrication under two-photon excitation. It has been extensively investigated for polymeric materials and control of organic polymerization. However, it has never been investigated for the control of inorganic condensation, which will be the purpose of this part.

Introduction to two-photon 3D microstructuration of silica based materials

In our work we investigate a method allowing two-photon absorption control of the condensation step of silicon based pre-hydrolyzed precursors in the sol-gel process towards micro-structured inorganic silica based networks.

The two-photon absorption (TPA) process allows a molecule to simultaneously absorb two photons of low energy to obtain an excitation, which is equivalent to a single photon of their total energy (Figure 54a). Unlike single-photon absorption, whose probability is linearly proportional to the incident intensity, TPA depends on spatial and temporal overlap on the incident photons and takes on a nonlinear quadratic dependence on the incident intensity. It results in a highly localized excitation with a focused light beam (Figure 54b). In the early 1990s, several potential applications using this phenomenon were demonstrated such as optical protection against lasers [124]. Two-photon polymerization was then proposed in the late 90's for the fabrication of the three-dimensional microstructures using photo-sensitive formulations and it was mostly applied initially to the polymeric organic systems [125-1 26127]. This novel fabrication technique permits high resolution of the 3D fabrication (Figure 55) thanks to the two-photon optical process, which allows highly localized control of the photo-induced reactions in the focal point volume of the laser. Regarding inorganic and hybrid materials, the first works report the use of inorganic-organic hybrid resins that undergo radical polymerization when exposed to irradiation. These resins incorporate silica precursors that build up hybrid interpenetrating networks. Two-photon polymerized ORMOCERS were introduced with structures sizes of 200 nm [128]. Further on, those strategies were extended to Zr-Si based oxide materials [129], SiCN nanostructures [130], or TiO2 patterning [131,132]. In all these examples, the control of the microstructure was performed via two-photon induced polymerization reactions and the polymeric organic network was used as template for the structuration. The inorganic reaction was separately produced via for instance hydrolysis of metal-organic precursors.

The organic part can then be removed and reveal the inorganic microstructure. It is interesting to note the possibility of using two-photon excitation for lithography techniques. For instance, lasers are used to produce 3D photonic crystals in chalcogenides photosensitive glasses [133]. Similarly, microstructured ceramics are obtained by preparing a 3D polymer scaffold by two-photon microlithography followed by alumina deposition, ion beam milling and plasma etching [134].

However no direct example of ceramic preparation without polymeric template has been reported so far. This would open the route to wide possibilities of microfabrication of inorganic and hybrid materials. The strategy here will be to control the inorganic condensation using photoacids or photobases and evaluate their respective roles in the sol-gel reaction. 

Chapter V -2PP -experimental part 1 Chemicals

The characteristics and origin of the solvents, compounds and reagents used for the synthesis are shown in Tables 111213. The sol was prepared starting from alkoxysilane precursors, typically (3glycidyloxypropyl)trimethoxysilane GLYMO or methyltriethoxysilane MTEOS, which are hydrolysed under acidic pH according to previously reported procedures [100,102,136,137].

Preparation of GLYMO sol

In a round bottom flask containing 78.8 g of (3-Glycidyloxypropyl) trimethoxysilane equipped with a thermometer and a dripping funnel, 18 ml of MilliQ water (acidified with HCl to pH=1) were added in a few minutes while maintaining the temperature below 45 °C. The mixture was stirred for one night, and then evaporated under reduced pressure (at 35-40 °C maximum) to yield a slightly viscous sol. The solid content of the final sol was around 82 wt% (determined at 165 °C). The concentrated sol can be stored at 0-4 °C for a few months, or a few years at -30 °C. For this purpose the resulting sol was dissolved in MeOH to obtain 80 wt% solution.

Preparation of MTEOS sol

In the first step of the process a 60 ml of MTEOS precursor and 70 ml of water (pH=3.5, HCl) were combined in 250 ml round-bottomed flask equipped with magnetic stirrer. The mixture was stirred for 45 min until a homogeneous transparent mixture was obtained. The obtained sol was heated in an oil bath to 130

C and ethanol was removed by distillation. When around 60-70 ml of ethanol has been distilled, the sol became turbid: it was then removed from the oil bath and directly cooled down using 100 ml of ice-cold water. Afterwards, the water was removed by decantation, and diethylether was added to dilute the sol. More water was removed after phase separation and the sol was filtered using syringe PTFE filter (0.45 μm). Finally, a solvent exchange was undertaken by evaporation of the remaining diethyl ether and addition of proper solvent (THF) to obtain a 30 wt% solution. The resulting sol was stable for long time storage preferably at low temperature (-19 °C).

Synthesis of N-methylnifedipine and N-methylnifedipine ethyl ester derivative

The procedure followed for the direct synthesis of N-methylnifedipine and Nmethylnifedipine ethyl ester derivative (Figure 56) was based on that reported in the literature [142]. 

Synthesis of N-methylnifedipine ethyl ester derivative

In a 20 ml screw cap glass flask containing a magnetic stirrer, 1.51 g (10 mmoles) of 2-nitrobenzaldehyde dissolved in 2.86 g (22 mmoles) of ethyl acetoacetate were introduced, followed by 0.73 g of methylamine hydrochloride (12 mmoles) and 1 ml of pyridine. The flask was closed and heated at 85 °C in an oil bath under stirring for 8 h. Afterwards, the mixture was diluted with 20 ml of MeOH/H2O (90:10) and put at 5 °C overnight. After filtration on Büchner and careful washing with 3 x 10 ml cold MeOH/H2O (90:10) mixture and 2 x 20 ml H2O, the product (yellow crystals) was dried at 45 °C for 2 hours. 2.01 g of Nmethylnifedipine ethyl ester derivative was obtained (yield : 52%).

The 1 H NMR spectrum of N-methylnifedipine ethyl ester derivative is shown in 

Synthesis of xanthene-9-ethanol

A solution of LiAlH4 (0.43 g, 11.4 mmol, 1.3 eq.) in anhydrous Et2O (15.5 mL) was placed in two-necked round-bottomed flask, equipped with reflux condenser and dropping funnel, was stirred at RT. Xanthene-9-carboxylic acid (1.988 g, 8.79 mmol, 1 eq.) was gently added to this solution together with Et2O anhydrous (14 mL) to produce gentle reflux. The mixture was stirred under argon at RT for 1 h. H2O was added cautiously by cooling the mixture with ice-water bath before adding 10% of H2SO4 (10 mL) and 20 mL of EtOAc to decompose the excess of LiAlH4 and xanthene-9-carboxylic acid, resulting in a grey suspension.

The mixture was partitioned between EtOAc and H2O. The aqueous phase was extracted with EtOAc (30 mL x 3). The reunited organic phase was washed with H2O (30 mL x 1), dried over Na2SO4 and concentrated under vacuum to obtain a white powder. 1.694 g of xanthene-9-ethanol was obtained (yield: 91%). 

Synthesis of 9-xanthenemethyl phenylcarbonate

Xanthene-9-ethanol (1.49 g, 7.02 mmol, 1 eq.) was dissolved with DCM (6.76 mL). The solution was placed in a monocol equipped with magnetic stirrer.

Pyridine (0.85 mL) was added dropwise. The mixture was stirred and bubbled under argon for approximately 5 min. Phenyl chloroformate (1.33 mL, 10.6 mmol, 1.5 eq.) was added dropwise to this solution to form a yellow solution. The mixture was stirred under argon at RT for 2h. 10% of H2SO4 (10 mL) was added cautiously to the mixture followed by 20 mL of DCM to eliminate the excess of phenyl chloroformate and protonate the pyridine. The mixture was partitioned between DCM and H2O. The aqueous phase was extracted with DCM (30 mL x 3). The reunited organic phase was washed with H2O acidic (30 mL x 1), dried over Na2SO4 and concentrated under vacuum to give a pink-orange powder (1.20 g, yield: 52%). 

Synthesis of 9-xanthenylmethyl N-cyclohexylaminecarbamate

A solution of xanthenes-9-phenylcarbonate (0.500 g, 1.510 mmol, 1 eq.) in DMF (7.08 mL) was placed in a microwave tube and stirred under argon at RT. A solution of cyclohexylamine (0.19 mL, 1.650 mmol, 1.2 eq) in DMF (2.40 mL) was added dropwise by syringe into the mixture and stirred under argon at RT for additional 5 min. The microwave tube was then put inside the microwave and the reaction was set at 50 °C for 12 h (overnight). H2O (20 mL) was added. The mixture was partitioned between H2O and Et2O. The aqueous layer was extracted with Et2O (20 mL x 3). The reunited organic phase was dried over Na2SO4 and concentrated under vacuum resulting in a white pasty powder (0.443 g, yield: 95%). 

Microfabrication with silica sols

The MTEOS or GLYMO sols were mixed with the different photosensitizers in various ratios and concentrations to evaluate and optimize the fabrication process. Two types of photosensitizers were investigated, photo-acids and photo-bases.

Acidic catalysis using photo-latent acid catalysts

In the sol-gel process, the second step related to the network formation of the oxides can be associated to protonated silanol intermediates. Figure 62 illustrates the mechanism of condensation in acidic conditions. Usually this is achieved using mineral acids (HCl, HNO3). Triarylsulfonium hexafluorophosphate salts mixture (the commercial solution was 50% of compound in propylene carbonate) and photosensitizer anthracene (c).

Irgacure ® 250

Irgacure ® 250 was mixed with the MTEOS sol (30% in THF) and with (3-Glycidyloxypropyl) trimethoxysilane (GLYMO) sol (80% in methanol). The samples were irradiated with the nanosecond laser at the described conditions (Table 14). 

Triarylsulfonium hexafluorophosphate salts

Only GLYMO sol (80% in MeOH) was used as the silica source in the systems with triarylsulfonium hexafluorophosphate salts as an acid photocatalyst (Table 15). No fabrication is observed in any of the cases using the Irgacure 250. The same observation is done when using triarylsulfonium hexafluorophosphate salts as a photoacid in similar conditions. Indeed, the use of such photo-acid is not in favour of condensation reaction but mostly in favour of the hydrolysis. In our case the hydrolysis ratio becomes extremely high, close to 100% but basic catalysis becomes necessary to induce the condensation step.

In basic assisted condensation, the cross-linking starts at early stages in the process, and condensation rates are higher than in acid conditions (Figure 64). N-methylnifedipine has been slightly modified replacing the original two methoxy groups for two ethoxy groups to increase solubility and stability. To the best of our knowledge, this is the only compound reported in the literature which is able to release an OH -group according to Figure 65 [142].

9-xanthenylmethyl N-cyclohexylaminecarbamate

Photo-base (9-xanthenylmethyl N-cyclohexylaminecarbamate) was mixed with the silica sol in the concentration described in the Table 16. Afterwards, the microfabrication was performed.

Table 16. Compositions used in the 9-xanthenylmethyl N-cyclohexylaminecarbamate systems (Irradiation conditions: Exposure time 10-15 ms, Laser power 0.10-0.12 V).

MTEOS sol (g) Amount of photobase 0.20 g MTEOS sol (30% in THF) 13 mg photobase 1 + 0. 

Tetramethylguanidine phenyldioxilate (TMGPG)

Quaternary ammonium salts of phenylglyoxilic acid undergo a photodecarboxilation reaction releasing guanidine base when exposed to UV irradiation.

TMGPG has two peaks of maximum absorption at 246 and 357 nm and the reported pKa of the conjugated acid is 13.6 [141]. When a solution of TMGPG in EtOH was tested with pH paper and irradiated with an UV lamp, a vigorous change in pH was observed. The efficiency of TMGPG as a two-photon photobase initiator in our conditions ( =532 nm) was tested at the following concentrations (Table 17). In the case of sample 1, due to the high volatility of the THF (bp=66 °C), the sample evaporates quickly in our operating conditions (room temperature) inducing the recrystallization of the photo-base, and sometimes the solidification of the gel. Even so, polymerization can be provoked in some parts of the sample but cannot be washed afterwards. It can be improved by performing fast fabrication (Sample 2), which allowed achieving the network (Figure 70). However, the evaporation is still too fast and some of the sol tended to condensate around the performed structure prior to washing. Moreover, as it can be seen in the SEM images of Figure 70, the drawn lines are of about 930 nm width, which is little larger than focal point of the laser which is about 200 nm. This is due to diffusion of the produced pH change slightly out of the focus region. We have thus decided to add solvent with higher boiling point to the formulation, the benzyl alcohol (bp=205 °C). Interestingly, when increasing the benzyl alcohol amount (sample 6), the fabrication was not observed anymore. This can be attributed to the higher dilution of the sol and photo-base preventing from possible condensation between oligomers. Same situation was observed when decreasing the concentration of the sol confirming this result (sample 7).

Except benzyl alcohol other solvents with higher boiling temperature than THF were also added to the systems to avoid the recrystallization of the N-methylnifedipine derivative. The experimental conditions of each systems are listed in table 19. 

Fabrication of 3D microstructures

The synthetized N-methylnifedipine proved to have the best chemical efficiency to induce a complete condensation in the focal point and fabricate structures resistant to the washing process. The addition of co-solvents to the formulation turned out to be a setback for the oligomers bonding to form a 3D network, while the use of a volatile solvent like THF allows for the fabrication in the bulk of the sample. The use of the formulation 2 previously discussed successfully lead to 3D microstructures of 8 μm high, calculated approximately from the confocal microscope graduation (Figure 73). The amount of photobase in the sample needs to be significant enough to induce the inorganic polymerization. On the other hand, very high concentrations lead to nondesired condensation out of the focal point and thus a loss in the resolution. This extends the concept of two-photon 3D micro-fabrication often used on organic polymerization reactions toward the control of inorganic polymerization and possibilities to directly fabricate hybrid and inorganic materials.

The potentiality to further easily design microceramics using laser with submicronic resolution open tremendous perspectives in fields such as photonic crystals, optoelectronic devices, sensors. 
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	List of symbols and abbreviations T 8 H 8	octa(hydrido)octasilsesquioxane
	2PP TGA	two photon polymerization thermogravimetric analysis
	Acac THF	acetylacetone tetrahydrofuran
	APTES TMGPG	aminopropyltriethoxysilane tetramethylguanidine phenyldioxilate
	DCM TPA	dichloromethane two-photon absorption
	DI water	Deionized water
	DMF	dimethylformamide
	DMSO	dimethylsulfoxide
	DSC	differential scanning calorimetry
	Et2O	diethyl ether
	EtOAc	ethyl acetate
	EtOH	ethanol
	FTIR	Fourier transform infrared spectroscopy
	GLYMO	((3-Glycidyloxypropyl)trimethoxysilane)
	H2SO4	sulfuric acid
	HCl	hydrochloric acid
	KOH	potassium hydroxide
	LiAlH4	lithium aluminium hydride
	MeOH	methanol
	MTEOS	methyltriethoxysialne
	Na2SO4	sodium sulfate
	POSS	polyhedral oligomeric silsesquioxanes
	Pt(dvs)	platinum divinyltetramethyldisiloxane
	PTFE	polytetrafluoroethylene -Teflon
	PZT	Piezo Stage
	Q8M8 H	octakis(dimethylsiloxy)silsequioxane
	Q8M8 H/R	half-functionalized
		octakis(dimethylsiloxy)silsequioxane
	Q8M8 R	full-functionalized
		octakis(dimethylsiloxy)silsequioxane
	SCD	supercritical drying
	SCF	supercritical fluids
	SEM	scanning electron microscopy

Table 1 .

 1 pH vs. gel time dependence for solution of TEOS hydrolyzed with 4 equivalents of water and 0.05 equivalents of catalyst[START_REF] Brinker | Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing: Academic[END_REF].

	Catalyst	pH of the solution	Gelation time [h]
	HF	1.90	12
	HCl	0.05	92
	HNO3	0.05	100
	H2SO4	0.05	106
	AcOH	3.70	72
	NH4OH	9.95	107
	No catalyst	5.00	1000

The most widely used are acids such us HCl, HNO3 or H2SO4, and bases like NH4OH, NaOH, KOH, NaOMe. However, one can also use weak acids/bases e.g.: acetic acid, citric acid or hydrogencarbonate. The type of the catalyst affects the gelation time and some of the examples of this phenomenon are listed in Table

1

.

Table 2 .

 2 Chemicals for MTEOS sol preparation.

	MTEOS	Methyltriethoxysilane 98%	ABCR
	HCl	Hydrochloric acid	37%	POCH SA.
	C2H5OH	Ethanol	Synthesis quality	POCH SA.

Table 3 .

 3 Chemicals for Q8M8 H POSS functionalization by hydrosilylation reaction.

	Q8M8 H POSS	octakis(dimethylsiloxy) silsequioxane		ABCR
	Karstedt's	platinum(0)-1,3-	divinyl-1,1,3,3-	Pt~2% Sigma-Aldrich
	catalyst Pt(0)	tetramethyldisiloxane complex in	
		xylene		
		dimethylethoxyvinylsilane	97%	ABCR
	THF	tetrahydrofuran		99.8% POCH SA.

Table 4 .

 4 Additional chemicals.

	APTES	aminopropyltriethoxysialne	99%	ACROS
	MgSO4	magnesium sulfate	98%	POCH SA.
	Et2O	diethylether	99.5%	Sigma-Aldrich

3 Preparation of hybrid mesoporous silica xerogels

  

	The preparation of silica xerogels with POSS molecules involved three steps:
	1. Preparation of the MTEOS sol,
	2. Functionalization of POSS (Q8M8 H ) via hydrosilylation -full (Q8M8 R ) or half
	functionalization (Q8M8 H/R ),
	3. Synthesis of monolithic xerogels by introduction of functionalized POSS (Q8M8 R

Table 5 .

 5 Assignment of individual bands to appropriate vibrations.

		MTEOS reagent	
	Wave number [cm -1 ] Type of vibrations Origin of vibrations
	2974	vas (CH)	CH3 / SiOEt/SiCH3
	2928	vas (CH)	CH2 / SiOEt
	2883	vs (CH)	CH2 / SiOEt
	1484	(CH2)	SiOEt
	1442	(CH2)	SiOEt
	1380	(CH2)	SiOEt
	1367	(CH2)	SiOEt
	1295	(CH2)	SiOEt
	1264	(CH3)	SiCH3
	1167	(OCH)	SiOEt
	1100	v (CO)	(SiOET)
	1073	vas (Si2O)	SiOEt
	954	vas (SiO)	(C-C) + (SiO)
	818	(CH)	(SiCH3)
	778	(CH)	(SiCH3)
	732	(CH)	(CH3) + (SiC)
	643	vs (SiC)	(SiC) + (CH3)

Table 6 .

 6 Composition of silica xerogels with completely functionalized Q8M8 R POSS.

	Sample reference	MTEOS sol	Q8M8 R POSS	APTES	H2O
		(30 wt% in	(30 wt% in	[μl]	[μl]
		EtOH) [g]	EtOH)		
			[g]		
	S2	1.0	0.1	45	150
	S3	1.0	0.3	45	150
	S4	1.0	0.5	45	150
	S5	1.0	0.7	45	150
	S6	0.5	0.5	45	150
	S7	1.0	1.0	45	150
	S62	0.5	0.5	45	100
	S63 similar to S6	0.5	0.5	45	150
	S64	0.5	0.5	45	200
	1.2				

Preparation of silica xerogels modified with half -functionalized POSS (Q8M8 H/R

  

Table 7 .

 7 Composition of silica xerogels without and with Q8M8 H/R POSS.

	Sample reference	MTEOS sol	Q8M8 H/R POSS	APTES	H2O
		(30 wt% in	(30 wt% in	[μl]	[μl]
		EtOH) [g]	EtOH) [g]		
	P1	1	0	45	100
	P2	1	0	45	150
	P3	0.5	0.5	45	100
	P4	0.5	0.5	45	150
	P5	0.75	0.25	45	100
	P6	0.75	0.25	45	150
	P55	0.5	0.5	45	200

Table 8 .

 8 29 Si MAS NMR peaks.

			P3		P55	origins
	Signal	Position	Relative	Position	Relative	
		[ppm]	proportions [%]	[ppm]	proportions [%]	
	Q4	-108	11	-108	8	POSS
	Q4	-100	7	-103	11	POSS
	T3	-65	43	-65	36	MTEOS sol
	T2	-58	11	-58	16	MTEOS sol
	T1	-	-	-46	Very small peak	MTEOS
						sol
	D1 or D2	-19	9	-19	12	POSS
	or					
	D1/D2					
	M1 and	11	18	11	16	POSS
	M0					
		16	1	16	1	

Table 8

 8 

shows the peak assignment together with the relative proportion of each Si signals. Both samples exhibited peaks from the POSS cube and MTEOS sol. Looking on the structure of both compounds it is clear that each of them provided different type of peaks. MTEOS possess uniquely T units with different level of condensation. Contrary, partially functionalized POSS molecule shows all type of units except T.

  H/R POSS molecules are shown in Table 9 and Figure 46 andFigure 47.

	Sample reference	BET	Average	Total pore	Aspect
		surface area	pore	volume	
		[m 2 /g]	diameter	[cm 3 /g]	
			[nm]		
	P1	785	2.95	0.56	Transparent
	P2	767	3.11	0.60	Transparent
	P3	339	3.03	0.31	Slightly
					diffusing
	P4	419	12.42	1.03	Opaque
	P5	578.15	3.01	0.47	Slightly
					diffusing
	P6	557.96	3.37	0.51	Slightly
					diffusing
	P55	360	9.05	0.52	Opaque

Table 10 .

 10 Contact angle data of xerogels with/without of Q8M8 H/R POSS molecules.

	Sample	Contact angle (°)
	MTEOS/APTES/P1	108.41
	MTEOS/APTES/P2	96.66
	MTEOS/Q8M8 H/R /APTES/P3	111.53
	MTEOS/Q8M8 H/R /APTES/P4	130.79
	MTEOS/Q8M8 H/R /APTES/P5	117.79
	MTEOS/Q8M8 H/R /APTES/P6	119.23
	MTEOS/Q8M8 H/R /APTES/P55	138.30

  H NMR and FT-IR measurements, -The porosity measurement showed that the xerogels without addition of POSS exhibited the highest specific surface area of around 785 and 767 m 2 g -1 , but the lowest pore size centered at 2.95 and 3.11 nm with large fraction of micropores.

	Addition of POSS molecules affected the surface area. The samples prepared with
	lower POSS amount possessed 578 and 558 m 2 g -1 . The ones with higher POSS
	amount: 339 and 416 m 2 g -1 . It was also showed that POSS molecules favored the
	mesopores. The amount of micropores was decreasing with the amount of added
	POSS,
	-The thermal stability in air atmosphere of silica xerogels was established up to
	282 °C,

-The contact angle measurement showed that all obtained xerogels are hydrophobic due to the presence of non-polar methyl groups on the porous silica network. Addition of POSS leads to better hydrophobic properties because more methyl groups per unit volume are present in the xerogels network.

MTEOS/POSS based xerogels with excellent hydrophobicity were successfully prepared by ambient pressure drying method. The control over the porosity of obtained xerogels is very important for many practical applications including catalysis and adsorption.

Table 11 .

 11 Solvents.

	THF	Inhibitor-free, HPLC quality	Sigma-Aldrich
	DMSO	Analysis quality	Carlo Erba
	benzyl alcohol	Quality ReagentPlus , 99%	Sigma-Aldrich
	DMF	Analytical standard	Sigma-Aldrich
	EtOH	Synthesis quality	Sigma-Aldrich
	MeOH	Synthesis quality	Sigma-Aldrich
	propylene carbonate	99% quality	Sigma-Aldrich
	ethylene glycol	99.5%	Sigma-Aldrich
	pyridine	Pure quality	Carlo Erba
	acetone	Synthesis quality	Sigma-Aldrich
	DI water		
	Et2O	Laboratory Reagent, 99.5%	Sigma-Aldrich
	DCM	99% quality	Sigma-Aldrich
	Acac	99.5%	Sigma-Aldrich

Table 12 .

 12 Commercial photosensitive compounds.

	Irgacure®250	75% in propylene carbonate	BASF
	Triarylsulfonium	50% in propylene carbonate	Sigma-Aldrich
	hexafluorophosphate salts		
	mixture		
	Anthracene	Quality ReagentPlus , 99%	Sigma-Aldrich

Table 14 .

 14 Compositions used in the Irgacure ® 250 systems (Irradiation conditions:

	Exposure time 5-20 ms, Laser power 0.1-0.12 V).		
	Irgacure®250	Antracene
	(ratio based on total silane	
		amount)	
	0.25 g MTEOS sol (30% in THF)	5%	-
	0.25 g MTEOS sol (30% in THF)	5%	1%
	0.25 g MTEOS sol (30% in THF)	10%	1%
	0.5 g GLYMO sol (80% in methanol)	5%	1%
	0.5 g GLYMO sol (80% in methanol)	10%	1%

Table 15 .

 15 Compositions used in the triarylsulfonium hexafluorophosphate salts systems

	(Irradiation conditions: Exposure time 5-20 ms, Laser power 0.1-0.12 V).	
		Triarylsulfonium	Antracene
		hexafluorophosphate salts (ratio	
		based on total silane amount)	
	0.5 g GLYMO sol (80% in methanol)	10%	-
	0.5 g GLYMO sol (80% in methanol)	20%	2%

Table 17 .

 17 Compositions used in the TMGPG systems (Irradiation conditions: Exposure

	time 5-15 ms, Laser power 0.08-0.12 V).		
	Silica sol					Photobase amount
	0.25 g MTEOS sol (30% in THF)		17 mg TMGPG + 0.5 mL EtOH
	0.25 g MTEOS sol (30% in THF)		22 mg TMGPG + 0.5 mL EtOH
	0.25 g MTEOS sol (30% in THF)		29 mg TMGPG + 0.5 mL EtOH
	0.25 g MTEOS sol (30% in THF)		36 mg TMGPG + 0.5 mL EtOH
	No polymerization was induced in any of the systems. Despite having a high basic
	power by one-photon excitation, TMGPG structure, with a moderated -system, is not a
	suitable initiator for two-photon polymerization.	
	Two	types	of	known	photo-bases	(9-xanthenylmethyl	N-
	cyclohexylaminecarbamate	and	tetramethylguanidine	phenyldioxilate)	were

experimented in order to identify the mechanism involved in the condensation of the silica network. No fabrication was observed in both cases.

Table 18 .

 18 Experimental conditions used with N-methylnifedipine ethyl ester derivative.

	Sample Sol	Photobase	Solvent	Irradiation	Microfabrica
					Conditions	tion
	1	0.25 g MTEOS sol	17 mg	0.5 ml THF		Not
		(30 wt% in THF)	N-methylnifedipine			controlled
			derivative			
	2	0.25 g MTEOS sol	17 mg	0.5 ml THF	0.07-0.09V	Unstable in
		(30 wt% in THF)	N-methylnifedipine		Exposure	time and low
			derivative		time:10 ms	control
	3	0.25 g MTEOS sol	17 mg	0.5 ml THF +	0.08-0.12 V	Poor control
		(30 wt% in THF)	N-methylnifedipine	50 μl	Exposure	
			derivative	benzylalcohol	time:5-10 ms	
	4	0.25 g MTEOS sol	17 mg	0.5 ml THF +	0.08-0.12 V	Good control
		(30 wt% in THF)	N-methylnifedipine	69 μl	Exposure	
			derivative	benzylalcohol	time:5-10 ms	
	5	0.25 g MTEOS sol	17 mg	0.5 ml THF +	0.08-0.12 V	Good control
		(30 wt% in THF)	N-methylnifedipine	83 μl	Exposure	
			derivative	benzylalcohol	time:5-10 ms	
	6	0.25 g MTEOS sol	17 mg	0.5 ml THF + 165	0.08-0.12 V	No
		(30 wt% in THF)	N-methylnifedipine	μl	Exposure	fabrication,
			derivative	benzylalcohol	time:5-10 ms	too diluted
	7	0.15 g MTEOS sol	11 mg	0.25 ml THF +	0.08-0.12 V	Good control
	similar	(30 wt% in THF)	N-methylnifedipine	65 μl	Exposure	
	to 5		derivative	benzylalcohol	time:5-10 ms	

Table 19 .

 19 Compositions of MTEOS sol/ N-methylnifedipine derivative with different solvent.

	Sample Composition	Solvent
	8	0.15 g MTEOS sol (30% in THF) + 11 mg N-	65 μL ethylene glycol
		methylnifedipine derivative + 0.25 mL THF	
	9	0.15 g MTEOS sol (30% in THF) + 11 mg N-	65 μL propylene carbonate
		methylnifedipine derivative + 0.25 mL THF	
	10	0.15 g MTEOS sol (30% in THF) + 11 mg N-	65 μL DMSO
		methylnifedipine derivative + 0.25 mL THF	
		Successful 2-D fabrication was observed only in the samples with benzyl alcohol
	as a co-solvent.	

N-methylnifedipine ethyl ester derivative

This confirms the key role of the OH -entities in the mechanism of the basic catalysis in this derived sol-gel process (Figure 69). When exposed to the two-photon microscope laser beam, both Nmethylnifedipine and N-methylnifedipine ethyl ester derivative had the photochemical potential to induce the silica sol polymerisation. But due to its better solubility, Nmethylnifedipine ethyl ester derivative was chosen as the main photobase for the following studies. The role of the solvent and the photo-base concentration was investigated.

Preliminary tests allowed to assume that the most efficient system for the twophoton microfabrication was the one consisting of MTEOS sol and N-methylnifedipine ethyl ester derivative as a photobase generator. The experimental conditions are resumed in Table 18. 
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